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Resumen

Actualmente, el incremento en las emisiones de CO; de origen antropogénico ha
generado un cambio climatico (CC) que dara lugar a alteraciones en la distribucién y
abundancia de organismos marinos con disminuciones de capturas predichas en la
Peninsula de Yucatan (Golfo de México). La modelacién de nichos ecoldgicos es una
disciplina que permite describir los patrones de distribucién de las especies
caracterizando las condiciones ambientales donde las tasas intrinsecas de crecimiento
son positivas. A pesar de su utilidad, sus aplicaciones como herramienta de monitoreo
pesquero son escasas. Dada la vulnerabilidad de la regidn, el presente trabajo evalué
la utilidad de los modelos de nicho como herramientas de monitoreo pesquero y
pronostico las distribuciones y regiones de captura potenciales bajo escenarios de CC
para el recurso pulpo (Octopus americanus, O. insularis y O. maya). Para ello, el
presente trabajo se apoyd de datos fisiolégicos obtenidos de laboratorio (limites
térmicos), modelos de nicho correlativos (MC - asociaciones estadisticas entre datos
de presencias y capas ambientales) y modelos de nicho mecanisticos (MM - modelos
calibrados con datos fisioldgicos). Dentro de la presente tesis i) se analizé la
correlacion entre abundancia y posicidn en el espacio de nicho mediante elipsoides de
volumen minimo para verificar si la caracterizacién del nicho sirve como un indicador
de las capturas potenciales de O. maya provenientes de un muestreo intensivo del afio
2012, ii) utilizando una serie de tiempo de 15 afios (1993-2008) de capturas de O.
maya para Campeche y Yucatan, verifiqué si las capturas histéricas se encontraba
relacionada con la adecuacion anual calculada a partir de un MM (basado en alcances
metabdlicos térmicos) para establecer si los modelos de nicho pueden predecir las
tendencias de produccion pesquera, iii) mediante datos fisiolégicos (sensibilidad
térmica) estableci escenarios de CC con las tres especies de pulpo para generar
predicciones en cambios en la distribucion en el Golfo de México, iv) por ultimo,
proyecté un MC (Maxent) y MM para determinar la adecuacion, y distribucién potencial
del O. maya en escenarios de CC en el Golfo de México, la proyeccion de ambos
modelos se realizé con el objetivo de reducir la incertidumbre en las predicciones. Los
resultados muestran que la caracterizacion del nicho puede ser utilizado como una
herramienta util para el manejo de recursos pesqueros dado que este describio los
patrones espacio-temporales de captura de O. maya, particularmente agregaciones
estacionales (reclutamiento pesquero) que ocurren en la regidon occidental de la
Peninsula de Yucatan. Ademas, se encontré una relacién significativa entre los MM y
las tendencias histéricas de captura (1993-2008), mostrando un incremento a corto
plazo en los desembarcos de pulpo disponible, sin embargo, si un umbral de tolerancia
térmico se supera, es probable que exista una disminucion en los volimenes de
captura; un escenario que se estima que sucedera en el futuro. Por ultimo, los datos
fisiologicos, los MC y MM sefialan reducciones en la adecuacion y distribucion de O.
maya y O. insularis en escenarios de CC, por lo que si existe una relacién entre la
abundancia y posicion en el espacio de nicho, se prevé que las capturas potenciales
en la region disminuyan. Se debe sefalar que no fue posible realizar inferencias para
O. americanus porque los datos provienen de poblaciones adaptadas a regiones
templadas (Floriandpolis, Brasil). Si las relaciones descritas en el presente trabajo son
encontradas para otras especies, el marco de trabajo aqui seria una herramienta util
de monitoreo para recursos pesqueros. Por ultimo, los resultados sugieren que es
necesaria la reorganizacién de la pesqueria teniendo en cuenta los posibles cambios
de abundancia en un futuro por efecto del cambio climatico.



Abstract

Currently, the increase in anthropogenic CO, emissions has generated a climate
change (CC) that will lead to alterations in the distribution and abundance of marine
organisms with predicted decreases in catches in the Yucatan Peninsula (Gulf of
Mexico). Ecological niche modeling is a discipline that allows describing the distribution
patterns of species by characterizing environmental conditions where intrinsic growth
rates are positive. Despite its usefulness, its applications as a fisheries monitoring tool
are scarce. Given the vulnerability of the region, the present work evaluated the
usefulness of physiological data and niche models as fishing monitoring tools and
predicted the distributions and potential catch regions under CC scenarios for the
octopus resource (Octopus americanus, O. insularis, and O. maya). For this, | used
physiological data obtained from laboratory studies (thermal limits), correlative niche
models (CM - statistical associations between occurrence data and environmental
layers), and mechanistic niche models (MM - models calibrated with physiological
data). Within this dissertation i) the correlation between abundance and position in the
niche space was analyzed using minimum volume ellipsoids to verify if the niche
characterization serves as an indicator of the potential catches of O. maya from an
intensive sampling in 2012 , ii) using a 15-year time series (1993-2008) of O. maya
catches for Campeche and Yucatan, | verified if the historical catches were related to
the annual fitness calculated from a MM (based on the thermal aerobic scope) to
establish if the niche models can predict fishery catches trends, iii) using physiological
data (thermal sensitivity) | established the CC scenarios for the three octopus species
to generate scenarios that predict changes in distribution in the Gulf of Mexico, iv)
finally, | projected CM (Maxent) and MM models to determine the fitness and the
potential distribution of O. maya in CC scenarios in the Gulf of Mexico, the projection of
both type of models (MM and CM) were carried out with the objective of reducing the
uncertainty in the predictions. The results show that the characterization of the niche
can be used as a useful tool for the management of fishing resources since it described
the spatio-temporal patterns of catches of O. maya, particularly seasonal aggregations
(fishing recruitment) that occur in the western region. of the Yucatan Peninsula. In
addition, a significant relationship was found between MM and historical catch trends
(1993-2008), showing a short-term increase in octopus landing, however, if a thermal
tolerance threshold is exceeded, volume catches will likely decrease, a scenario that is
expected to happen in the future. Finally, the physiological data, CM and MM indicate
reductions in the fithess and distribution of O. maya and O. insularis in CC scenarios,
so assuming that there is a relationship between abundance and position in the niche
space, it is expected that potential catches in the region will decrease. It should be
noted that it was not possible to make inferences for O. americanus because the data
come from populations adapted to temperate regions (Florianopolis, Brazil). If the
relationships described in the present work are found for other species, the framework
here would be a useful monitoring tool for fishery resources. Finally, the results suggest
that the reorganization of the fishery is necessary, considering the possible future
changes in abundance.
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Capitulo uno - Introduccién general



1.1 Distribucion de especies y el nicho

Describir y comprender los patrones de distribucion de las especies a diferentes
escalas espaciales y temporales ha sido uno de los principales objetivos de la
ecologia. El modelado de “nichos” —el cual ha tenido un crecimiento exponencial en los
ultimos 20 anos (Guisan et al., 2013)—, ha sido una de las metodologias usadas para
inferir las areas de distribucion y redistribucién de las especies. Sin embargo, es
importante entender bajo qué definicibn de nicho han operado estos trabajos. A
grandes rasgos, el término nicho es comprendido bajos dos grandes enfoques, 1) el
efecto de las condiciones ambientales en la distribucion de especies, conocido como
nicho Grinelliano y; 2) la funcion que desempenan las especies en el ecosistema,
llamado nicho Eltoniano (variables relacionadas con las interacciones ecolégicas vy el
consumo de recursos) (Soberdn, 2007; Soberén y Nakamura, 2009; Peterson et al.,

2011).

Hutchinson (1957), definié al nicho como un espacio abstracto de n-dimensiones en
donde las variables abidticas (ej. temperatura, salinidad, oxigeno disuelto, entre otros)
y bidticas (competencia, depredacién, mutualismo, entre otros), constituyen
condiciones ideales para el establecimiento de poblaciones y, por ende, las tasas
intrinsecas de crecimiento (r) son positivas (r > 0) (Hutchinson, 1957; Maguire, 1973;
Peterson et al., 2011; Osorio-Olvera et al., 2019, 2020). Esquematicamente, estas
ideas fueron representadas por Soberén y Peterson (2005) mediante el diagrama BAM
(por sus siglas en inglés —Biotic, Abiotic y Movements—), la cual representa el efecto
conjunto de los factores biético, abidticos (i.e., el nicho fundamental [NF], definido
como el conjunto de condiciones ambientales bajo las cuales la r es positiva) y la
capacidad de dispersion determinan la distribucién de las especies (geografia ocupada
- GO). Por lo tanto, la expansién o disminucién en la distribucion de las especies
dependera de que existan las condiciones abidticas y bidticas favorables y que las

regiones geograficas sean accesibles a la especie (Figura 1). No obstante, el



desarrollo de los modelos de nicho se ha enfocado a la caracterizacion parcial del NF,
especificamente a la parte climatica, debido, en parte, a la dificultad de considerar
variables biondmicas (interacciones bidticas y dinamicas de recurso-consumidor;
Hutchinson, 1978). Por lo tanto, se ha argumentado a favor del concepto de nicho
sensu “Grinnell” enfocado en variables escenopoéticas (variables no interactivas, €j.,
temperatura; Hutchinson, 1978), porque, a costa de perder algo de generalidad, este
paso conduce a conceptos operativos y sencillos para la determinacién de nichos y
areas de distribucion (Soberén y Peterson, 2005; Soberén y Nakamura, 2009;

Peterson et al., 2011).

Por lo anterior, el objetivo de los modelos de nicho es inferir las condiciones
ambientales que se aproximan al NF de las especies (Soberén y Peterson, 2005;
Soberén, 2007; Soberon y Nakamura, 2009; Peterson et al.,, 2011; Soberén et al.,
2017). Ademas, la proyeccién de estas condiciones al espacio geografico ofrece
informacion sobre la distribucion (Peterson et al., 2011; Soberén et al.,, 2017) y
abundancia potencial de las especies al ser una representacion de la adecuacion de
estas (Martinez-Meyer et al., 2013; Yanez-Arenas et al., 2014; Osorio-Olvera et al.,
2019, 2020). En el contexto del cambio climatico antropogénico (CC), caracterizar el
NF permitiria una descripcion en la capacidad que tienen los organismos de responder
ante los cambios ambientales (Kearney y Porter, 2004, 2009; Poértner y Farrell, 2008;
Kearney et al., 2010; Portner y Peck, 2010; Moyano et al., 2020). Los métodos para

caracterizar el NF se discutira en la siguiente seccion.
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Figura 1. |) Las condiciones abidticas (A), las interacciones biéticas (B) y la capacidad
de movilidad (M) permiten que la poblacion de una especie habite una region
especifica (B N A N M = GO). Los puntos negros representan observaciones de
poblaciones fuente (r > 0); los puntos blancos son poblaciones sumidero (r < 0). Los
algoritmos correlativos realizan inferencias a partir de los puntos blancos y negros.
Mediciones directas del nicho fundamental (NF = A) son realizados por estudios
experimentales. La zona Gl es una regién con condiciones favorables pero que se ha
mantenido fuera de las capacidades de dispersion de la especie. Ante escenarios de
cambio climatico, dos respuestas del diagrama BAM pueden ocurrir: 1l) incrementa el
sobrelapamiento permitiendo una expansién de la GO de las especies (Gl se vuelve
accesible). Ill) Por el contrario, si las presiones en el nicho aumentan, el diagrama
BAM se desacopla, por lo que la GO de las especies son constrefiidas (se debe
sefialar que usualmente los efectos de B no son considerados en la modelacion de
nicho dado que el enfoque es el nicho sensu Grinell).
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1.2 Métodos para caracterizar el nicho fundamental

En su mayor parte, la caracterizacion del NF se ha realizado mediante la utilizaciéon de
modelos de nicho ecologico correlativos (MC). Los MC representan asociaciones
estadisticas entre las presencias registradas de una especie y un conjunto de
variables ambientales en forma de mapas raster (Martinez-Meyer, 2005; Kearney y
Porter, 2009; Guisan et al., 2013; Peterson et al., 2015). La amplia utilizacién de los
MC es producto de la accesibilidad de programas de cdmputo y disponibilidad de

datos en linea (Martinez-Meyer, 2005; Kearney y Porter, 2009; Peterson et al., 2015).

Aunque accesibles, los MC suelen producir informacion imprecisa del NF debido a que
dependen de la calidad de los datos con que se calibran. Por ejemplo, existe la
posibilidad de utilizar poblaciones sumideros (poblacidon ubicada en un habitat
inadecuado en el que la tasa de mortalidad supera a la de natalidad, r < 0), datos de
presencia mal identificadas o que la localidad precisa de su distribucion se encuentre
sesgada por efecto de factores involuntarios al observador, por ejemplo, sesgos de
muestreo (Martinez-Meyer, 2005; Kearney y Porter, 2009; Peterson et al., 2011;

Peterson et al., 2015).

Finalmente, es necesario considerar que las presencias no necesariamente reflejan el
NF de una especie, ya que la capacidad de movilidad (M) o las interacciones bidticas
(B) podrian evitar que las especies maximicen sus capacidades fisioldgicas (Soberdn 'y
Peterson, 2005; Soberén y Nakamura, 2009; Peterson et al., 2011). En ese sentido,
los métodos correlativos estiman por lo general un "nicho" intermedio entre el nicho
realizado (condiciones abidticas donde la especie puede sobrevivir limitadas por las
interacciones bidticas y el area accesible) y el NF (Jiménez-Valverde et al., 2008; Lobo

et al., 2010; Sillero, 2011; Peterson et al., 2011; Soberdn et al., 2017).

En contraste, los modelos mecanisticos (MM) estan basados en datos fisioldgicos

obtenidos a partir de experimentos en laboratorio (Figura 2) por lo que tienen la
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ventaja de ser mediciones directas del NF (Kearney y Porter, 2004, 2009; Elith et al.,
2010; Kearney et al., 2010; Peterson et al.,, 2015). Este tipo de datos, permiten la
identificacion de A (NF) sin M y B, los cuales suelen afectar a los MC. Por lo tanto, se
ha sugerido que los MM podrian ser mas adecuados que los MC para evaluar
escenarios de CC dado que el NF determina la respuesta potencial de las especies a
estas alteraciones (Kearney y Porter, 2009; Kearney et al., 2010; Peterson et al., 2015;

Evans et al., 2015).

No obstante, aunque los MM son de gran utilidad para conocer los limites fisioldgicos
de una especie y los intervalos donde su desempefio es maximo, los resultados
pueden ser dificiles de interpretar debido a que las mediciones usualmente se llevan a
cabo en pocas dimensiones ambientales (ej. Unidimensional), ya que la realizacion de
experimentos multifactoriales es excesivamente compleja. Ademas, la proyeccion de
estas mediciones a distribuciones geograficas potenciales requiere supuestos
importantes (B y M), por ejemplo, que las poblaciones medidas podrian estar
adaptadas localmente, disminuyendo su capacidad de extrapolacion a regiones mas
alld de donde se obtuvieron los datos (Kearney y Porter, 2009; Evans et al., 2015;

Peterson et al., 2015;).

Optimo

. Adecuacion maxima
(supervivencia,
crecimiento y
reproduccion
maxima)

Tmin Tmax

Adecuacion

Variable ambiental

Figura 2. Figura conceptual de tolerancia fisioldgica a la temperatura y su efecto en la
adecuacion. En las condiciones Optimas la adecuacion de la especie es maxima, por lo
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que su supervivencia, crecimiento y reproduccion es favorable (r > 0). Conforme se
aleja del valor optimo la adecuacion de la especie disminuye. Tipicamente se
considera que en las zonas de tolerancia minima (Tmin) y maxima (Tmax) solo una
existencia pasiva es posible (r < 0) (Portner y Peck, 2010), por lo que, basado en la
condicion fisiologica de las especies, estas representarian una poblacién sumidero en
un contexto macroecologico (Gutiérrez-Ruelas et al., 2019). Notese que esta figura
representa un nicho unidimensional, pero en realidad el nicho corresponde a muchas
dimensiones (n-dimensiones).

Considerando las ventajas y desventajas de los MC y los MM, se ha sugerido la
integracién de ambos modelos (Hijmans y Graham, 2006; Kearney y Porter, 2009;
Kearney et al., 2010; Kumar et al., 2014; Peterson et al., 2015). Una de las ventajas de
hacer esta integracién es la reduccion de la incertidumbre, dado que una comparacion
de ambos modelos podria dilucidar mas claramente las tendencias de distribucion,
redistribucion o abundancia de las especies. En ese sentido, en caso de que ambos
métodos coincidan, la utilizacién conjunta de MC y MM podria servir para la validacion
de los resultados (Hijmans y Graham, 2006; Kearney y Porter, 2009; Kearney et al.,

2010; Kumar et al., 2014; Peterson et al., 2015).

Por el contrario, encontrar diferencias podria dilucidar interesantes hipotesis. Por
ejemplo, ¢ las diferencias entre lo esperado y lo predicho se encuentran relacionadas a
adaptaciones locales? ¢jpodrian estas diferencias estar relacionadas a variables de
accesibilidad (M) o interacciones bidticas (B)? ¢la informacion bioldgica disponible es
suficientemente robusta como para aplicar MC o MM? Esclarecer estas incégnitas
mediante este enfoque integrador puede ofrecer una capacidad considerable de
prediccion y reflexibn para los investigadores, administradores de recursos vy

formuladores de politicas publicas.

1.3 Efecto del cambio climatico en los recursos pesqueros a nivel mundial
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El incremento en las emisiones de CO; desde inicios del siglo XX ha traido como
consecuencia un incremento en la temperatura del océano, aumento en el nivel del
mar, la estratificacién en la columna de agua, cambio en los patrones de corrientes,
surgencias, productividad primaria, reduccion de oxigeno y pH (Diaz y Rosenberg,
2008; Solomon et al., 2009; Keeling et al., 2010; Doney et al., 2012; IPCC, 2014). De
acuerdo con FAO (2018), se prevé que estas alteraciones ambientales modifiquen la
distribucion y abundancia de comunidades bidticas marinas, afectando Ila
disponibilidad de los recursos pesqueros. Los impactos del CC han sido ya
evidenciados en las alteraciones de las capturas pesqueras a nivel mundial (Simpson

et al., 2011; Cheung et al., 2013; Doubleday et al., 2016; Arreguin-Sanchez, 2019).

En relacion con esto, Poloczanska et al. (2013) indican que actualmente las tasas de
cambio en la distribucién y abundancia de organismos marinos son consistentes con
los cambios de la temperatura superficial del océano. Estas alteraciones en las
capturas representan una seria amenaza por su papel fundamental en la seguridad
alimentaria y la generacién de ingreso econémico para millones de personal a nivel

mundial (Sumaila et al., 2011; FAO, 2018).

Tan solo durante el 2017, la pesca a nivel mundial generd un ingreso total de 152 mil
millones de dolares en exportaciones. Mas de la mitad de ese ingreso provino de
paises en desarrollo, lo que produjo una derrama econdmica para ~40 millones de
personas (FAO, 2018). Si se considera a toda la cadena de valor, es posible
establecer que la pesca mundial beneficié indirectamente a mas de 200 millones de
personas. Ademas, como resultado de la pesca, las comunidades humanas
aseguraron al menos el 20% de su ingesta de proteinas de origen animal y se informa

que en algunos paises este valor fue tan alto como el 90% (FAO, 2018).

Los modelos que simulan distintos escenarios del CC han sefialado que debido a esta
condicion se espera una tropicalizacion de los ambientes marinos de altas latitudes.

Estos modelos también predicen que el CC puede llegar a contribuir con una
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redistribucion a gran escala del potencial de captura pesquera global, con un aumento
promedio de 30 a 70% en las regiones de latitudes altas y una reduccién de captura
hasta del 40% en los tropicos (Cheung et al., 2009, 2010). Esa migracion ha sido
explicada con base en que las especies tropicales se encuentran mas cercanos a los
limites superiores de sus ventanas térmicas (Poértner y Farrell, 2008; Pauly y Cheung,

2018; Lam et al., 2020 — Figura 3).

Cambios cn ¢l maximo potencial de captura (2051-2060 comparado al 2001-2010)
I 1
<-50% -21t0-50% -6t0-20% -1to-5% no data 0o 4% 5t019% 20t049% 50 to 100% >100 %

SO P e

Figura 3. Redistribucion global proyectada del potencial de capturas maximas de
~1000 especies de peces e invertebrados de importancia comercial, comparando los
promedios obtenidos para las décadas 2001- 2010 y 2051-2060 basadas en un
modelo climatico de calentamiento de 2°C. Este modelo no considera impactos de la
sobreexplotacién pesquera o la acidificacion del océano. Figura obtenida del IPCC
(2014).

1.4. Cambio climatico y México

En México, durante el 2018 se reporté un volumen de captura de aproximadamente 2
millones de toneladas de organismos marinos, los cuales representan
aproximadamente el 1% del Producto Interno Bruto (PIB). Si bien contribuye poco al
PIB del pais, esta actividad representa un ingreso para aproximadamente 300,000

pescadores quienes dependen directamente de esta activad. Ademas, este sector
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genera ~12 millones de empleos indirectamente (CONAPESCA, 2018). En ese
sentido, el CC conllevara a alteraciones ecolégicas, econdmicas y sociales a las
comunidades pesqueras, a la cadena de procesamiento y valor (empacado y
transporte de productos), asi como a los consumidores nacionales y mercados de

exportacion (Cisneros-Montemayor et al., 2013, 2020).

A pesar de los potenciales efectos del CC, cuando se inicié este trabajo (2017), eran
escasos los estudios que tenian por objetivo evaluar la vulnerabilidad de recursos
pesqueros en el Golfo de México y el Caribe mexicano. Martinez-Arroyo et al., (2011)
evaluaron el potencial efecto que tendria el CC en los ecosistemas costeros (gj.,
arrecifes de coral, pastos marinos, lagunas costeras, estuarios) y el impacto que este
conllevaria en 16 pesquerias comerciales (Pacifico y Atlantico) que contribuyen con el
70% del volumen y el valor econémico de la pesca. Los autores concluyeron que el
impacto sera negativo para las pesquerias debido a los cambios ambientales en los
ecosistemas en que habitan las especies. Adicionalmente, predijeron un efecto
sinérgico entre los impactos ya existentes tales como: contaminacion,
sobreexplotacion de especies y destruccion de habitat, los cuales todos juntos crearan

escenarios negativos para las pesquerias evaluadas.

Posteriormente, Cisneros-Mata et al. (2019). realizaron un modelo bioeconémico para
25 stocks pesqueros en el Golfo de California y la costa del Pacifico en el que
consideraron la biomasa, la captura y las ganancias econdémicas bajo politicas de
manejo contrastantes con y sin escenarios de CC. Aunque se estipula que el riesgo de
sobrepesca es mayor incluso que al del CC, los resultados muestran que de los 25
stocks pesqueros analizados, 24 de ellos sufriran disminuciones como consecuencia
directa del CC. Recientemente un modelo bioclimatico generado por Cisneros-
Montemayor et al. (2020) para 128 especies marinas predijo una disminucion total de
46% (+ 9%) en la captura potencial de organismos marinos para la costa del Atlantico

y del 4% (x 9%) para el Pacifico. De acuerdo con ese estudio, los cambios potenciales
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de captura mas fuertes se produciran en la region del Banco de Campeche y la

Peninsula de Yucatan.

1.5. Pesca de pulpo en el Golfo de México y plataforma continental de Yucatan

La pesqueria de pulpo es una de las mas importantes del pais. Se lleva a cabo
principalmente en las costas del Banco de Campeche, siendo la primera en cuanto a
volumen y la segunda en valor econdmico para esta region (DOF, 2014;
CONAPESCA, 2018). Esta pesqueria se encuentra integrada por tres especies: el
Octopus maya, O. americanus y O. insularis, cabe sefalar que estas dos ultimas
especies eran consideradas como O. vulgaris por la normatividad mexicana (DOF,

2014; 2018).

El pulpo O. maya es una especie endémica de la Peninsula de Yucatan, asociada a
pastos marinos, fragmentos de coral y oquedades (Voss y Solis-Ramirez, 1966; Zarco-
Perell6 et al., 2013). Suele pescarse en aguas someras (<30 m) (DOF, 2014) aunque
ocasionalmente se encuentra en aguas mas profundas (~60 m) (Avendafio et al.,
2019). En cambio, O. americanus se encuentra distribuida desde Argentina hasta
Rhode Island, EU (Avendafio et al., 2020b), siendo abundante entre 50 y 60 m
(Avendario et al., 2020a) de profundidad en donde habitan fondos duros y rocosos
principalmente (DOF, 2014). Por ultimo, O. insularis se distribuye desde aguas
subtropicales del Atlantico sur occidental en la costa brasilefia hasta México (Lima et
al., 2017; Avendano et al., 2020b) (Veracruz). Se pesca en bajos o lagunas arrecifales

a profundidades de 0 hasta 5 m (DOF, 2014 - Figura 4).
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Figura 4. Regiones aproximadas de pesca del pulpo por tipo de flota. La flota artesanal
en la Peninsula Yucatan se dedica a la captura del Octopus maya y a O. insularis en
Veracruz. La flota semi-industrial, captura O. americanus en el norte de la Peninsula
de Yucatan. Figura modificada de Galindo-Cortes et al., (2014).

La pesqueria del pulpo se inici6 en 1950 en Campeche y fue dirigida a la captura
principalmente de O. maya por parte de la flota riberefia de pequefia escala.
Posteriormente, en la década de los 60, la pesqueria se extendié hacia los demas
puertos de Campeche, alcanzando capturas de ~1300 t en 1965. Durante la década
de los 70, Yucatan, Quintana Roo y Veracruz incursionaron en la pesca del pulpo. En
1980 la captura de pulpo parecia que se habia estabilizado en 8000 t por afio; sin
embargo, en el ano de 1982 se concesionaron los permisos que permitieron el ingreso
de la flota mayor, lo que incrementd las capturas del O. americanus en la regién de la
Peninsula de Yucatan permitiendo la captura de 19000 t anuales de O. maya y 6500 t
de O. americanus durante las ultimas dos décadas (Salas et al., 2006; Galindo-Cortez

et al., 2014; CONAPESCA, 2018). De acuerdo con los anuarios estadisticos,

actualmente las principales zonas de captura corresponden a los estados de
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Campeche y Yucatan, con capturas comparativamente bajas en Veracruz y Quintana
Roo (CONAPESCA, 2018). En su conjunto estos estados reportan unas capturas de

pulpo totales de ~32000 t para el 2018 (CONAPESCA, 2018- Figura 5).

30000 1

20000 1
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10000 1

1960 1980 2000 2020

Ano

Figura 5. Volumenes de captura de pulpo durante el periodo de 1966 a 2018.

Con base en los registros oficiales de pesca se han reportado fluctuaciones anuales
en las capturas de pulpo (Salas et al., 2006; Galindo-Cortez et al., 2014; Arreguin-
Sanchez, 2019) con una tendencia al incremento en las descargas, particularmente del
O. maya (Arreguin-Sanchez, 2019). Estas oscilaciones han sido asociadas al CC,
dado que los aumentos de temperatura han favorecido el crecimiento, lo que ademas
de las importantes disminuciones de los principales depredadores, sugiere un
incremento en la supervivencia y el reclutamiento (Arreguin-Sanchez, 2019),
contradiciendo la nocion de la década de los 80 de que el recurso se encontraba
aprovechado al maximo sustentable (Solis-Ramirez y Arreguin-Sanchez, 1984;
Arreguin-Sanchez et al., 1987)
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1.6 Justificacion

En México es necesario generar conocimiento que permita evaluar los potenciales
efectos del CC en las pesquerias mas importantes en el Golfo de México con el fin de
elaborar estrategias de manejo y mitigacién ante un ecosistema cambiante. Dado que
la teoria del nicho se asocia a la adecuacion y por lo tanto a las tasas intrinsecas de
crecimiento (r), y las abundancias de las especies, los datos fisioldgicos, los MC y MM
son herramientas complementarias que permiten dilucidar los efectos potenciales del

CC en los recursos pesqueros de la region.

Hoy en dia se sabe que la abundancia de los recursos pesqueros esta cambiando
debido al CC. Por esa razon, es necesario determinar los motivos de estos cambios
con el objetivo de pronosticar las oscilaciones en los volimenes de captura en
escenarios futuros sobre las especies de pulpos, las cuales sostienen importantes
pesquerias en nuestro pais. Es particularmente preocupante la forma en que esta

pesqueria es abordada por la normatividad oficial mexicana (DOF, 2014) dado que:

1) Se asume que el recurso pulpo va a ser beneficiada por el CC.

2) Todas las especies, son tratadas como un taxon por el solo hecho de tener
similitudes morfolégicas (Lima et al., 2017). En realidad, cada especie tiene un
NF diferente que maximiza su tasa intrinseca de crecimiento. Por ejemplo,
mediciones directas de las respuestas fisiolégicas del O. maya (Noyola et al.,
2013; Caamal-Monsreal et al., 2016; Juarez et al., 2016; Lopez-Galindo et al.,
2019; Pascual et al.,, 2019) pronostican que el CC sera negativo para esta

especie.

En ese sentido, existen contradicciones y ausencias de informaciéon sobre el impacto

del CC.
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1.7. Objetivo general

Teniendo en cuenta todo la anterior, el presente trabajo fue disefiado con el objetivo
de desarrollar, integrar y validar datos fisioldgicos y modelos de nicho (correlativos y
mecanisticos) para evaluar su utilidad como herramientas de monitoreo y pronosticar
los potenciales efectos del CC en la distribucién de tres especies de octépodos de
importancia comercial: Octopus maya, O. insularis y O. americanus, para coadyuvar a
los tomadores de decisiones a planificar de la mejor manera estos importantes

recursos pesqueros.

1.7.1. Objetivos particulares

e Evaluar si la estructura del nicho (asociada a variables ambientales) representa
un indicador del potencial de las capturas de O. maya (Capitulo dos).

o Verificar si las tendencias histéricas de las capturas anuales del O. maya
pueden ser asociadas a la adecuacion del afio correspondiente por un MM, con
el fin de establecer si estos modelos son lo suficientemente robustos para
predecir las tendencias de producciones pesqueras (Capitulo tres).

e Establecer la relacién entre diversos escenarios de CC y la sensibilidad térmica
de los embriones de las tres especies de pulpo con el fin de generar escenarios
que proyecten los posibles cambios en la distribucion de estas especies
(Capitulo cuatro).

o Proyectar MC y MM para determinar la distribucién potencial y la adecuacion

de O. maya bajo diferentes escenarios de CC (Capitulo cinco).
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ARTICLE INFO ABSTRACT
Keywords: Correlative ecological niche models have been widely used to infer the organisms' environmental suitability;
Fundamental niche nevertheless, the relationship between this estimated suitability and their abundance is less clear. The ecological

Seasonal variation theory proposes that the internal structure of a species niche determines its abundance. Specifically, abundance

should decrease from the niche centroid to its margins (i.e., distance to the niche centroid-abundance hypothesis
- DNC-abundance), showing a negative relationship. This study tested this hypothesis using a high-quality dataset
of catch per unit of effort as a proxy of the abundance of the red octopus (Octopus maya) collected during its
fishing season in the Yucatan Shelf, Mexico in 2012. Species' niche was estimated with half of the abundance data
taken as presence-only records and environmental variables that consisted of temperature and salinity. The
remaining data were used to analyze the DNC-abundance. The protocol was repeated using the abundance and
environmental data corresponding to each month of the fishing season. The effect of estimating the species niche
was also examined using two different environmental datasets: one that matched abundance in a more finely
temporal resolution (average values of the corresponding month in 2012 at a resolution of 9 km?) versus another
one with a coarser temporal resolution (long-term data: salinity [1955-2006] and temperature [2002—2010] ata
resolution of 1 kmz). A consistent inverse relationship was found between abundance and distance to the
centroid for the most evaluated scenarios, suggesting that niche structure could be informative for fishery
monitoring even under climate change scenarios. In addition, contrary to our expectations, relationships were
stronger when the coarse temporal resolution variables were used, which suggests that longer temporal envi-
ronmental conditions may determine population abundance, probably due to seasonal aggregation in the western
region of the Yucatan Peninsula.

Distance to niche centroid
Abundance
Octopus maya

1. Introduction multivariate environmental space representing an organism's potential
tolerance (Hutchinson, 1957). He also suggested an “optimal” region of
Hutchinson originally conceived the niche as a hypercube in a the niche where conditions for survival are maximized (Holt, 2009).
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This idea was later adopted and extended by Maguire (1973) describing
the niche as an ellipsoid in correspondence with many experimental
studies of organism physiology (Biggs and McDermott, 1973; Birch,
1953; Blaszkowski and Moreira, 1986; Haefner, 1969; Hooper et al.,
2008; Rothlisberg, 1979). Maguire (1973) stated that different regions
of the ellipsoid-like niche structure correspond to different carrying
capacities (K) and intrinsic growth rates (r) of populations, and in the
center of the ecological niche is where environmental conditions are
optimal for populations. In this region, K and r are maximized, poten-
tially allowing populations to achieve higher abundances or densities
(Fig. 1).

Brown (1984) admitted the impossibility of considering the influ-
ence of environmental variables on population attributes due to the
difficulty of obtaining the necessary inputs, which was one significant
issue decades ago. Nowadays, environmental data and biological in-
formation are widely available because of large scale digitization of data
that allows public access to species presence records and environmental
information (Soberon and Peterson, 2004). In contrast to the idea that
abundance should decrease with the distance to the center of the
geographic distribution (geographic-abundance hypothesis Brown,
1984), the highest abundance should occur in the center of the niche,
and as populations get farther away from it, abundance decreases
(Martinez-Meyer et al., 2013; Yaiez-Arenas et al., 2012). This expected
negative relationship is usually denominated as the distance to the niche
centroid-abundance hypothesis (DNC-abundance), and it is currently a
hot topic in the field of ecological niche modeling (Yanez-Arenas et al.,
2020).

For instance, Martinez-Meyer et al. (2013) found a consistent nega-
tive DNC-abundance relationship across different species of terrestrial
vertebrates. This relationship should not be casual since the DNC-
abundance represents the species' fundamental niche internal struc-
ture. While some studies have provided empirical support to this hy-
pothesis (Escalante and Martinez-Meyer, 2013; Martin et al., 2016;
Martinez-Gutiérrez et al., 2018; Osorio-Olvera et al., 2020b; Urena-
Aranda et al., 2015; Yanez-Arenas et al., 2014b), others have found

Y2

Environmental variable

X4 Environmental variable Xz

Fig. 1. Representation of the ecological niche and its internal structure sensu
Maguire (1973). The dashed lines represent the environmental tolerance to
variables Y and X. The square made by the dashed lines gives a two-dimensional
representation of the niche space where there is no interaction between the
variables. The purple curved dashed line illustrates tolerance limits when var-
iables interact. The ellipse center shows the combinations of levels of envi-
ronmental factors X and Y where r and K are maximum. In D, conditions and
beyond species population cannot survive for an ecologically meaningful time
(sink populations). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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weak or no support at all (Dallas et al., 2017; Dallas and Santini, 2020;
Santini et al., 2019). However, on the one hand, low quality of occur-
rence data due to sampling bias (Knouft, 2018; Yanez-Arenas et al.,
2014a), low pixel resolution (multiple abundance data points falling
within a single climate pixel losing environmental information), or
inappropriate methodological decisions (e.g., the use of convex hull to
represent the niche) (Soberon et al., 2018) can obscure the relationship,
even if it exists (Osorio-Olvera et al., 2020b; Osorio-Olvera et al., 2019;
Soberon et al., 2018). On the other hand, processes like transitory states,
the heterogeneous spatial structure of suitability, Allee effects (Osor-
io-Olvera et al., 2020b), and unfilled niches due to biotic or dispersal
limitations (Soberén and Nakamura, 2009; Soberén and Peterson, 2005;
Yanez-Arenas et al., 2020) would break down the expected relationship.

In addition, under the usual modeling approach, the ecological niche
is estimated using environmental layers that consist of long-term yearly
or monthly averages (defined here as “coarse temporal resolution” -
CTR). Although these approaches are helpful, a problem not tradition-
ally considered arises, the environmental conditions do not accurately
match occurrence dates. Such procedures could influence niche esti-
mations reducing the DNC-abundance relationship, especially in cli-
mates with marked seasonal differences. The proposal in this study is
that if the occurrences and environments had a higher temporal match
(defined here as “finer temporal resolution” - FTR), the DNC-abundance
relationship might increase if compared to the CTR. To our knowledge,
no previous work related to DNC-abundance has reviewed the effect of
the temporal match between environmental and occurrence data.

Therefore, the objective of this research is to test the viability on the
DNC-abundance hypothesis on an endemic holobenthic marine organ-
ism of commercial importance in the Yucatan Shelf, Mexico — the red
octopus (Octopus maya Voss and Solis-Ramirez, 1966). Additionally, a
second goal is to compare the FTR and CTR datasets of environmental
variables for estimating the species' niche. It is important to highlight
that a critical assumption needed to test the DNC-abundance hypothesis
is fulfilled in the case of this species. That is, presence and abundance
records span most of their entire geographic range (Osorio-Olvera et al.,
2020b). Thus, this study anticipates finding a negative correlation be-
tween the niche centroid and the red octopus abundance.

Conceivably, if environmental heterogeneity exists in the Yucatan
Shelf, the DNC-abundance relationship will be more reliable than if
conditions are homogenized since no area should be preferred. If a link
can be found between the DNC-abundance hypothesis, understanding
the processes that determine the spatio-temporal patterns of the species
abundance may increase. In turn, the description of this relationship
could help predict the impact of threats, such as climate change, redi-
recting the predictions to catch potential instead of only suitability
values. It would be very important, especially in heat-sensitive species of
commercial importance, such as the red octopus (Juarez et al., 2015;
Pascual et al., 2019; Sanchez-Garcia et al., 2017).

2. Material and methods
2.1. Study area

The Yucatan Peninsula (YP) is a biogeographical province placed in
southeast Mexico that has an extensive continental shelf with a gentle
slope (Monreal-Gomez et al., 2004). The region is formed by three
Mexican states (Campeche, Yucatan, and Quintana Roo), Belize, and
part of Guatemala and divides the Gulf of Mexico from the Caribbean
Sea. Generally, in the western region of the YP, the temperature varies
from 21 °C in January to 30 °C in September with oscillations up to 4 °C
in a summer day (Juarez et al., 2015). However, in the northeastern
region, The Yucatan Current generates seasonal upwelling (spring-
summer) (Enriquez and Marino-Tapia, 2014; Monreal-Gomez et al.,
2004) that keeps this region colder if compared to the western region
(Angeles-Gonzalez et al., 2017).

During autumn and winter, the Yucatan Shelf temperature is usually
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close to 22.5 °C (Enriquez et al.,, 2010; Monreal-Gomez et al., 2004).
Regarding salinity, studies in the Northern region during summer indi-
cate that salinity values range from 36.25 to 36.75 PSU. However, the
process of evaporation or precipitation can provoke quick changes in
those values (Enriquez et al., 2013). A haline front forms in the western
region due to the discharge of various rivers (Czitrom et al., 1986), with
an apparent decrease in salinity in the westernmost region of the YP with
values lower than 30 PSU (Phleger and Ayala-Castanares, 1971).

2.2. Species distribution and environmental preferences

The red octopus is a species that can reach mantle lengths of up to
200 mm and weigh as much as 2 kg (Markaida et al., 2016). This species
is associated with areas covered by seagrass (Thallassia testudinum), coral
fragments, and calcite mudstone basins at the seabed bottom (Voss and
Solis-Ramirez, 1966; Zarco-Perello et al., 2013). It is usually fished in
shallow waters at depths of <30 m and is endemic to the YP (Diario
Oficial de la Federacion, 2014). Nevertheless, evidence indicates that
this species can be occasionally found in deeper water (— 60 m) than in
the regions where they are traditionally fished (Avendano et al., 2019).

Physiological studies about this species have reported that their
optimal temperatures change notably during their ontogenetic devel-
opment, reporting thermal windows from 20 to 26 °C in embryos,
17-33 °Cin juveniles, and 21-27 °C in adults (Tremblay et al., 2017). In
addition, laboratory studies have been validated in wild populations, e.
g. Angeles-Gonzalez et al. (2017) detected a strong seasonality in the YP
western region were mature individuals' proportion increase when
temperatures are lower. In contrast, adult octopuses are found all year
round in the northeastern region due to the relatively stable lower
temperatures. Unfortunately, no studies about the salinity preferences of
the red octopus have been done. However, successful acclimatization
occurs at >32 PSU (Rosas et al., 2014).

2.3. Data collection

Monthly landing samplings of the small-scale fishing fleet were
carried out during the fishing season of red octopus (from August to
December 2012) in the ports of Sabancuy, Champoton, Seybaplaya,
Campeche, Isla Arena, Celestun, Sisal, Progreso, Telchac, Dzilam, San
Felipe, El Cuyo, and Holbox in the YP, Mexico (Gamboa-Alvarez et al.,
2015) (Fig. 2). The abundance was standardized to catch per unit effort
(CPUE), representing the number of octopuses caught per hour of
effective fishing (organism per hour). For each month and for a com-
posite database consisting of the whole fishing season (August-De-
cember), the abundance databases were randomly partitioned into two-
half sets (training and testing) (Supplementary material 1). One group
was used to calibrate different models, while the other one was retained
with the abundance data to be used in a subsequent analysis (described
below). It is important to emphasize that this process was performed for
two different environmental datasets: MARSPEC (Sbrocco and Barber,
2013) and the GLORYS12V1 product from the Copernicus Marine
Environment Monitoring Service.

The environmental layers from MARSPEC characterize the inter-
annual means, extremes, and variances in sea surface salinity
(1955-2006) and temperature (2002—2010). Layers were used at a
resolution of ~30 arcseconds (~1 km?) for this study. In contrast,
GLORYS12V1 provided real-time information on surface temperature
and salinity at resolutions of ~5 arcminutes (~ 9 km?), covering a
temporal period that matched the sampling data. Additionally, since the
data were monthly-derived environmental layers, a composite layer was
also generated by averaging each month's pixel values. MARSPEC
bathymetric data of a corresponding resolution was used for both
environmental datasets. Environmental variables used for the two
datasets are shown in Supplementary material 2. The environmental
layers were chosen because of their importance in controlling the fitness
of the red octopus (Judarez et al., 2015; Pascual et al., 2019) and other
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Fig. 2. Study area on the Yucatan Peninsula (YP) continental shelf, showing the
ports where the coastal fleet samplings were performed. The dots represent
fishing trips where red octopus (Octopus maya) were registered (1162) during
the sampling periods from August-December 2012 (fishing season). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

marine organisms (Brown et al., 1992; Criales et al., 2011).

2.4. Ecological niche model

The ecological niche of the octopus was modeled using minimum
volume ellipsoids (MVE). The MVE is an estimator based on an ellipsoid
that includes a determined percentage of n observations (Van Aelst and
Rousseeuw, 2009). This process was done with the ‘ntbox’ library
(Osorio-Olvera et al., 2020a) from the programming language R (R Core
Team, 2020). This methodology was selected since ellipsoids are a good
estimator of species' fundamental niches (Qiao et al., 2016; Soberon
etal., 2018). A monthly MVE was fitted using half of the occurrence data
(see above) specific for each period and the entire fishing season.
Different MVE were fitted, including 90%, 95%, and 99.9% of occur-
rence records to leave out environmental outliers.

Via this methodology, a total of 1638 and 72 ecological niche models
were fitted for the CTR (period averages from MARSPEC) and FTR
dataset (monthly averages from GLORYS12V1), respectively, consid-
ering two to three dimensions (the number of environmental variables
considered to fit MVE) for FTR dataset and two to four dimensions in
CTR. Niche models were then projected into geographic space as envi-
ronmental suitability maps as a representation of the species' fitness (the
closer to the niche centroid, the higher suitability). Finally, models were
evaluated with the area under the curve ratio of the partial Receiver
Operating Characteristic (pROC) technique. Only the models that met
statistical significance (P < 0.05) were retained.

2.5. DNC-abundance relationship

A Mahalanobis distance to the niche centroid was calculated for each
abundance-testing data point (see above) using the Mahalanobis func-
tion in base R. For this purpose, the abundance from the test data was
overlapped on the suitability maps obtained from the MVE analysis.
Later, the relationship between species abundance and Mahalanobis
distance was assessed using the Spearman's rank correlation coefficient,
a nonparametric measure of rank correlation, selecting the remaining
models with the highest negative correlations (Supplementary material
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3) following the procedures by Osorio-Olvera et al. (2020b).

Additionally, the relationship with quantile regressions (QR) was
also analyzed, estimating standard errors using Kernel's estimate of the
sandwich with the package ‘quantreg’ (Koenker, 2019). The QR can
provide a more complete view of causal relationships between ecolog-
ical processes than classical approaches, such as ordinary least squares,
which occurs because conventional methods tend to estimate mean
value change rates (Cade and Noon, 2003). However, abundance data
usually have high variation levels, creating skew data (Jiménez-Valve-
rde, 2012). In contrast, the QR allows estimating multiple rates of
change defined by some specified quantiles (1), providing a more com-
plete picture of the relationships between variables (Cade and Noon,
2003). Since the hypothesis is to find mainly a relationship between the
abundance and the niche centroid in the highest quantiles due to red
octopus aggregation near the centroid, multiple high values of T were
tested (75th, 80th, 85th, 90th, 95th’ and 100th). It is important to point
out that although evidence exists that the red octopus may be found in
deeper waters than in the regions where the data was recollected
(Avendano et al.,, 2019; Guarneros-Narvaez et al., 2020), a sampling
effort proportional to the species local densities can still be useful to test
the DNC-abundance relationship (Yanez-Arenas et al., 2014a).

3. Results
3.1. Fishing season data

A total of 76,043 octopuses were collected from ~1162 fishing trips
during the fishing season. The months with the highest numbers of total
catches and CPUE by fishing trip were obtained in August and
September, while the lowest ones were obtained in November and
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December (Fig. 3A). The environmental conditions associated with the
presence of the red octopus varied between the two temporal resolution
datasets of variables (Fig. 3B). For the CTR dataset, individuals are found
at temperatures and salinities of 25-27 °C and 36.1-36.5 PSU
throughout the year. In the FTR dataset, clear seasonal environmental
conditions are found with higher mean temperatures in August and
September (—29 °C), decreasing 4° during November and December. In
contrast, salinity values are lower from August to October (~36 to 36.3
PSU) than in November and December (~36.3 to 36.5 PSU). Regarding
sea depth, red octopuses catch occur at ~10 m, rarely surpassing 30 m.

3.2. Geographic patterns of environmental suitability

In general, niche models showed that the highest suitability tends to
occur in the western and northwestern regions of the Yucatan Shelf,
from Sabancuy to Dzliam port. In contrast, the northeastern region tends
to show lower estimated suitability (Fig. 4 — Supplementary material 4),
particularly in November. The highest suitability is restricted to the
northwestern region except for the data that included 90%, which pre-
dicts suitable conditions along the coast. The maps obtained with the
FTR and CTR datasets predict similar trends, although some differences
could be observed in ellipses that include 99.9% of species' occurrences
(Fig. 4 - Supplementary material 4).

3.3. Niche centroids descriptions

For FTR models, bathymetry and temperature were usually chosen
with a stable centroid at shallow waters (7 to 10 m), while temperature
diminishes through the year (28-29 °C to 25 “C) and salinity values of 36
PSU when selected (e.g., December). In CTR models, bathymetry and

Fig. 3. Total catch and catch per unit effort by fish-
ing trip (a proxy of abundance) are shown at the top
of the figure (A). Mean sea surface temperature and
salinity where the red octopus (Octopus maya) was
fished during the 2012 fishing season (August-De-
cember). Left column corresponds to values obtained
from the coarse temporal resolution, while the right
column are values obtained from the finer temporal
resolution. Median values are shown in each panel
above the box (B). (For interpretation of the refer-
ences to colour in this figure legend, the reader is

B) Coarse temporal resolution

Finer temporal resolution

referred to the web version of this article).
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Fig. 4. Niche models as environmental suitability maps obtained through a minimum volume ellipsoid approach that included 95% of red octopus (Octopus maya)
occurrences for the fishing season (August to December) and a composite scenario for coarse temporal and finer temporal resolution models (CTR and FTR
respectively). The closer to the niche centroid the higher suitability. The environmental suitability maps obtained with an inclusion of 90% and 99% of occurrences
are presented in the Supplementary material 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).

environmental variables related to temperature and salinity were usu-
ally chosen (range, variance, mean). However, in August, bathymetry
and annual salinity were selected (Supplementary material 5).

Table 1
Spearman correlations between the distance to the niche centroid and the catch per unit effort (organism per hour — a proxy of abundance) of the red octopus (Octopus
maya) for different inclusion percentages of occurrences in ellipsoids.

Time Training Testing Inclusion Finer temporal resolution Coarse temporal resolution
P value Rho value P value Rho value
August 226 226 90% 0* —0.39 0 -0.4
95% 0* -0.32 0* -0.37
99.9% 0* —0.34 o* -0.37
September 156 155 90% 0 -0.27 0 —0.34
95% 0.005* —0.22 o* —0.34
99.9% 0.003* -0.17 0 —-0.38
October 114 114 90% 0* -0.39 0* -0.39
95% 0* —-0.35 o* -0.41
99.9% 0* —0.38 0 —0.4
November 43 42 90% 0.3 0.14 0.01 —0.39
95% 0.3 0.14 0.006* —-0.41
99.9% 0.3 0.14 0.01% -0.39
December 43 43 90% 0.1 0.23 0.01% —0.36
95% 0.08 0.27 0.01% —0.36
99.9% 0.2 0.11 0.01% —0.36
Fishing Season 581 581 90% 0* -0.17 0% -0.35
95% 0* —-0.14 0* —0.34
99.9% 0.001* -0.13 o* -0.39

Statistical significance (P < 0.05) is shown with an asterisk (*).
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3.4. Relationship between the distance to the niche centroid and
abundance

Overall, the highest abundance was aggregated near the niche
centroid and decreased consistently when moving further away to the
niche margins. This pattern was observed for environmental datasets
and ellipsoids with different inclusion percentages of occurrences (90%,
95%, 99.9%). Non-significant results (P > 0.05) were observed in
November and December when using the FTR dataset. Regarding the
comparison of the models generated with CTR vs those obtained with
the FTR dataset, higher negative correlations were observed in the
former one regardless of the percentage of occurrences included in the
ellipsoids (Table 1, Fig. 5, Supplementary Material 6).

The relationship between the DNC-abundance tends to be triangular
or wedge-shaped, indicating that although higher abundance occurs
nearby the centroid, high variability is observed in the data. The QR
analyses show a significant relationship between abundance and the
distance to the niche centroid of red octopus, particularly at the highest
values (i.e., 90th, 95th, and 100th). This relationship is more noticeable
for August, September, October, and the composite database, particu-
larly for CTR models. In contrast, for November and December (CTR and
FTR), non-significant relationships (P > 0.05) were found (Table 2
Fig. 6, Supplementary material 7).

4. Discussion

Our results show that generally, the highest abundance tends to be

August - FTR August - CTR
40 40
=-0.32, p<0.001 9 p=-0.37, p < 0.001
30 30 o
20
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found near the centroid of the ellipsoid; therefore, as occurrences move
further away from the centroid, the potential abundance diminishes,
coinciding with what has been reported in other studies (Martinez-
Meyer et al., 2013; Osorio-Olvera et al., 2020b; Urena-Aranda et al.,
2015). It is important to point out that the relationships were mainly
driven by the right-skewed distribution of the data at low distances of
the niche centroid and outliers on the right. They could have been due to
ecological processes not being accounted as predictors in the niche
estimation (Cade and Noon, 2003), presumably, biotic interactions
(Soberon and Nakamura, 2009; Soberén and Peterson, 2005). It is also
possible that occurrences far from the niche centroid were due to red
octopuses' active migrations searching for suitable conditions or
wrongly georeferenced records (Peterson et al., 2011).

When comparing the CTR and FTR environmental datasets, it is
important to highlight that the relationship between the niche centroid
and abundance is less noticeable in November and December when
using the FTR environmental dataset. One possible explanation for a
weaker relationship in these months may be that the samples were not
large enough to ensure a good niche characterization, which has been
previously identified as an important issue that could bias DNC-
abundance correlations (Yanez-Arenas et al., 2014a). Even more sur-
prising was that in the CTR dataset, the DNC-abundance relationships
were higher than FTR, contradicting the hypothesis in this study that a
finer temporal match between the environmental data and the occur-
rence date would improve correlations. Regardless of those mixed re-
sults, insightful conclusions can be achieved since theoretical grounds
support our results.
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Fig. 5. Correlation plots between the catch per unit effort (organism per hour — a proxy of abundance) and the distance to niche centroid (Mahalanobis distance) of
red octopus (Octopus maya) for coarse temporal resolution and finer temporal resolution models. Black lines show the trend of the data. These relationships were
computed with ellipsoids that included 95% of species’ occurrences. Relationships for the models that included 90% and 99% are presented in Supplementary
material 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Table 2
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Quantile regressions between distances to niche centroid and the catch per unit effort (organism per hour — a proxy of abundance) of red octopus (Octopus maya) for

different quantiles.

Quantiles  Finer temporal resolution Coarse temporal resolution
Intercept Slope Intercept Slope
Value  Standard P Value Standard Pvalue  Value  Standard P Value Standard P value
error value error error value error

August 75 8.65 0.59 0* —0.56 0.12 0* 9.23 0.69 0* —-0.37 0.19 0.05

80 9.88 0.68 0* -0.68 0.13 0* 1027 0.72 0* -0.43 0.19 0.02*

85 11.06  0.75 0* -0.8 0.13 0% 11.14  0.68 0% —-0.19 0.098 0.04*

90 14.88 1.45 0* —0.67 0.21 0.001* 13.3 0.83 0* —-0.27 0.08 0.002*

95 18.18 2.08 0* -0.18 0.21 0* 16.26 1.12 0* —0.31 0.078 0*

100 39.49 0.0001 0* -2.19 0.00001 0* 36.97 0.00013 0* -1.09 0 0*
September 75 7.12 0.36 0 -0.02 0.008 0.01*% 8.02 0.41 0* -0.013  0.0045 0.002*

8 8.06 0.41 0* -0.025  0.008 0.004*  8.04 0.38 0* —0.014  0.0041 *

85 8.16 0.38 [ -0.02 0.007 0.001% 9.03 0.42 0= -0.016  0.0036 [

90 11.05 0.7 0* —0.04 0.08 0* 11.02 0.61 0* —0.02 0.0033 0*

95 13.14 0.63 0* —0.04 0.0067 0* 13.02 0.72 0* —0.02 0.003 0%

100 17.28  0.00009 0* -0.07 0 0* 17.07  0.0001 0* —-0.03 0 0*
October 75 6.04 0.48 [ -0.1 0.06 0.1 6.35 0.43 0% -0.19 0.04 0*

80 7.02 0.52 0* -0.07 0.06 0.2 7.18 0.48 0* —0.21 0.04 0*

85 8.04 0.58 0* -0.11 0.06 0.06 7.94 0.53 0* —0.21 0.04 0*

90 8.04 0.49 0* —0.04 0.07 0.5 9.32 0.66 0* —0.25 0.04 0*

95 10.04 0.56 0¥ -0.11 0.05 0.04* 10.29 0.58 0% -0.28 0.04 0%

100 16.12  0.00018 0* -0.35 0.00001 0* 21,97  0.00015 0* —0.64 0 0*
November 75 4 0.55 0* 0 0.05 1 5.00 0.67 0= —0.001 0.004 0.7

80 5 0.63 [ 0 0.06 1 5.00 0.62 0* —0.001 0.004 0.7

85 5 0.57 o 0 0.058 1 5.00 0.57 0= —0.001 0.003 0.7

90 5 0.6 0* 0 0.06 1 6.00 0.71 0* —-0.002  0.005 0.6

95 7 0.91 0= -0.09 0.03 0.01% 7.00 0.73 0= —0.004  0.001 0.005*

100 10.56  0.00005 0* -0.21 0 0 10.01  0.000004 0* -0.008 0 *
December 75 4.79 0.84 0* 0.23 0.15 0.1 6.14 0.73 0* —0.25 0.14 0.09

80 5.79 0.93 0* 0.12 0.14 0.4 7.05 0.79 0* -0.3 0.15 0.04*

85 5.93 0.88 [ 0.11 0.14 0.4 7.06 0.72 0% -0.31 0.14 0.03*

90 6.73 0.96 0* 0.11 0.16 0.4 7.26 0.76 0* —0.32 0.16 0.05

95 11.81 2.91 o* -0.3 0.24 0.2 8.82 0.84 0* —0.41 0.07 0*

100 17.84 0.00007 0* —0.69 0 o* 12.35 0.00006 0= —0.63 0 0=
Composite 75 7.17 0.24 [l -0.14 0.02 0* 7.04 0.23 0% —0.02 0.007 0*

80 8.16 0.29 0* -0.18 0.02 0* 8.02 0.29 0* —0.02 0.006 0*

85 9.18 0.36 o* -0.21 0.02 0* 9.05 0.36 0* —0.031 0.0057 0*

90 11.02 0.53 0* -0.2 0.05 o* 11.05 0.51 0= —0.03 0.005 0=

95 13.73 0.84 [ -0.17 0.12 0.1 13.09 0.59 0* —0.04 0.0043 0*

100 37.6 0.00009 0* —0.86 0 0* 37.23 0.00015 0* —0.14 0 0*

Statistical significance (P < 0.05) is shown with an asterisk (*). The correlations showed here were obtained with ellipsoids that covered 95% of occurrence data. The

remaining tables are shown in Supplementary Material 7.

For instance, it seems that the long-term environmental data is the
primary source of predictability in the abundance of the red octopus. In
this sense, the long environmental data describe well the red octopus
abundance probably because of the seasonal “fidelity”, that is, periodic
and recurrent aggregations in the western region of the YP (Arreguin-
Sanchez et al., 2019; Gamboa-Alvarez et al., 2015). Thus, perhaps the
DNC-abundance relationship could be better described from the com-
posite conditions in the western region of the YP during most of the
fishing season and not just from what the individuals experienced in a
particular month. In this sense, monthly data could be long-term
incomplete trends. Indeed, even the composite dataset for FTR and
CTR gave good results describing the DNC-abundance relationship
(Figs. 5 and 6). In addition, the higher resolution of the pixel in the CTR
dataset may have allowed extracting a greater amount of environmental
information, increasing the evidence of the DNC-abundance hypothesis
(Soberon et al., 2018).

Regarding the octopuses aggregation detected, the results in this
study could be related to the Yucatan shelf environmental heterogeneity
in temperature and salinity. Indeed, a visual inspection of the temper-
ature and salinity data and abundance allows linking them intuitively
(Fig. 7 and Supplementary material 8). Individuals tend to aggregate to
suitable conditions in the western region, where temperatures are higher
and salinity lower from August to October. As speculated, an increase in
food availability could be associated with the discharge of freshwater
(which would lower salinity and increase its variability) in the western

region of the YP during the rainy season, creating a pulse in primary
productivity (Arreguin-Sanchez and Chavez, 1995) (a predictor not
considered in this study). In turn, the red octopus would aggregate
nearby this region, searching for food that favors gonadal maturation
and reproduction (Arreguin-Sanchez, 2019; Arreguin-Sanchez et al.,
2019). This situation would be consistent with the smaller octopuses
fished from Sabancuy to Campeche (Gamboa-Alvarez et al., 2015),
indicating that younger ones (with preferences up to 30 °C in compar-
ison of adults up to 27 °C — Tremblay et al., 2017) are being over-
represented; probably due to suitable temperatures (Angeles-Gonzalez
et al., 2017).

Conversely, during November—December, adults are abundant in the
Yucatan Shelf which is associated with lower temperatures (Angeles-
Gonzalez et al., 2017). However, it was noted that if there is no differ-
ence in patch attractiveness due to a homogenization of environmental
conditions (Fig. 7, Supplementary Material 8), the DNC-abundance
relationship may be challenging to characterize, especially if no envi-
ronmental data is available to characterize as much of the fundamental
niche as possible. This situation probably happened in November, when
abundance data was restricted to the northwestern region. Similarly, the
use of procedures that reduce the dimensionality, such as the principal
component analysis (PCA), usually used to test the DNC-abundance
relationship, could make the ecological interpretation of results diffi-
cult (e.g. Dallas et al., 2017). Finally, variable selection can vary ac-
cording to the percentage of occurrences used in the ellipsoid
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Fig. 6. Relationships between the catch per unit effort (organism per hour — a proxy of abundance) and distances to niche centroids (Mahalanobis distance) obtained
from quantile regressions for different quantiles (t). The relationship showed here was obtained with ellipsoids that covered 95% of occurrence data. Relationships
for the models that included 90% and 99.9% are presented in Supplementary material 7.

(Supplementary material 3). One way to solve this problem is to fixate in
the model environmental variables relevant to the species. In this sense,
researchers should choose environmental variables linked to organism
preferences if the intention is resource monitoring since the model se-
lection based on the highest relationship may not always be easily
generalized.

Accepting the conjecture that species fitness reaches its maximum
value at the center of the n-dimensional fundamental niche and that it
decreases with distance to this hypothetical “centroid” some open
questions would be (1) What are the dimensions (variables) of the
fundamental niche that strongly relate to fitness? (2) Are they the same
as the ones selected by statistical criteria? (3) Do they affect fitness
equally? It probably depends on the organism, for example, soil pH
might not be as important as temperature for a terrestrial mammal as for
a mangrove.

Since the ontogenetic shifts in environmental preferences are prev-
alent in marine organisms (Carr et al., 2003; Robinson et al., 2011) and
could influence the DNC-abundance relationship, future empirical
works could test this hypothesis according to the development stage.
This idea has been proposed theoretically, for instance, Osorio-Olvera
et al. (2016) used a mathematical model where the projection matrix
depends on a diagonal matrix defined by species suitability by stage.
Moreover, Soberon and Peterson (2020) conjecture that niches could
show different suitability trajectories during the life cycle. Thus, ideally,
the niche for adults and juveniles should be characterized separately and
tested to avoid the problems described above, but it was outside the
scope of this study although it would link seasonal cycles and abundance
with the ontogenic development under a DNC-abundance framework.

Future works could also consider biotic factors, accessibility, and sub-
strate type since they could influence the abundance and distribution of
the red octopus.

Concerning the capacity to predict abundance via the distances to the
niche centroid, we would refrain from trying to use it as a tool to
accurately predict changes due to the high variability of the data.
However, QR seems to be an appropriate tool to test the DNC-abundance
relationship. If abundance is considered coming from a network of a
complex of environmental, biotic, and dispersal processes (Soberdn and
Peterson, 2005), an increasing number of factors not measured increase
the heterogeneity of the organism response (Cade and Noon, 2003). In
this sense, mean value change rates are not useful to predict abundances;
but the focus on the highest T values in QR would be a valuable tool to
detect regions with maximum potential catches (Torres et al., 2012;
VanDerWal et al., 2009), particularly if combined with primary pro-
ductivity since it alters the ecosystem capacity (maximum K), to support
fishery catches (Fernandes et al., 2013). Indeed, the potential changes of
catches of different marine resources could be followed, which is espe-
cially important for the red octopus, a species that has been predicted to
migrate to the north in the upwelling zone (Angeles-Gonzalez et al.,
2017; al,, 2021) or deeper waters
(Angeles-Gonzdlez et al., 2021) where lower temperatures could favor
its reproduction (Angeles-Gonzalez et al., 2017). Climate change pro-
jections suggest that it could be outcompeted by O. insularis, if it invades
the region (f\ngeles-Gonz:ﬂe?. et al., 2020; Lima et al., 2020). How other
octopuses in the region may respond to climate change is unknown;
however, O. americanus (previously known as O. vulgaris type II -
Avendano et al., 2020), another fishery resource of the Gulf of Mexico, is

Angeles-Gonzalez et
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Fig. 7. Sea surface temperature of the Yucatan shelf for the fishing season and composite values with catch per unit effort (a proxy of abundance) overlapped. The
environmental data were obtained from the GLORYS12V1 product from the Copernicus Marine Environment Monitoring Service. The resolution is ~9 km? by pixel.
The circles represent the catch per unit effort of the red octopus (Octopus maya). Salinity maps are added as Supplementary material 8. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

usually associated with colder waters than the red octopus (Guarner-
os-Narvdez et al., 2020). In this sense, this species could be monitored
with the DNC-abundance relationship since it may also be vulnerable to
warming scenarios.

5. Conclusions

The DNC-abundance hypothesis may be a helpful tool to understand
how environmental variables may control abundance patterns in marine
organisms of commercial importance as it has been similarly seen in reef
fishes around the world (Waldock et al., 2019). However, if this tool is

used in fisheries, environmental variables that can be easily interpreted
should be used, especially for climate change scenarios. Moreover, the
pixel size should have enough resolution to describe the DNC-abundance
relationship more accurately. The results also suggest that at least for the
red octopus, longer temporal environmental conditions may determine
population numbers. Therefore, researchers are encouraged to test this
hypothesis with more marine species. Finally, when interpreting the
results, researchers should be aware that the abundance patterns came
from a network of complex ecological and geographical processes
(Doney et al., 2012), so arguments in favor and/or against the DNC-
abundance relationship should be considered.
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Abstract

Studies of the fishing yields of the red octopuses (Octopus maya) indicated that it was
fully exploited by the year 1980s, at landings of ~8000 t in the Yucatan Peninsula.
Nevertheless, from the mid-1980s onwards, the fishery nearly doubled. As for 2018,
the landings reached about ~32000 t; thus, the increase in catches contradicts the
notion that this species was fully exploited. It has been argued that, based on fishery
trends, temperature increase, and predators' fishing, the octopus stock is increasing
and would increase in the future even in climate change scenarios. Based on the ideas
above, we argue that the current increase in the fishing yield occurred due to an
increase in temperature that in turn, has increased the red octopus fitness. Therefore, if
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thresholds of temperature are surpassed, we could expect a decrease in octopus
landings. In this sense, we tested these ideas using physiological studies of
survivability of red octopus juveniles as a proxy of fithess and the fishing effort (number
of boats with permission to fish red octopus) as they influence the catches. Our results
show that as for the period 1993-2008, the increase of red octopus’ landings can be
linked to the increase of fitness. Therefore, warming seas have been favorable for the
moment. However, if the species' fitness is reduced under climate change scenarios,

this could be reflected in a decrease in the total landings of the region.

1. Introduction

The octopus's exploitation in the Yucatan peninsula mainly focuses on the red octopus
(Octopus maya). The red octopus is an endemic benthic species that inhabits the
Yucatan continental shelf's shallow waters at depths of ~ 32 fathoms. Its distribution
ranges from the waters adjacent to Isla del Carmen in Campeche to Holbox, Quintana
Roo (Gamboa-Alvarez et al., 2015) (Figure 1). This species represents the seventh
most important fishery in Mexico by volume and the fourth most important by economic

output (CONAPESCA, 2018; DOF, 2018).

Previous studies of the fishing yields of the red octopuses indicated that it was fully
exploited by the year 1980s (Solis-Ramirez and Arreguin-Sanchez, 1984; Arreguin-
Sanchez et al.,, 1987) at landings of ~8000 t. Nevertheless, from the mid-1980s
onwards, the fishery nearly doubled. As for 2018, the landings of red octopus reached
about ~30000 t (CONAPESCA, 2018; DOF, 2018; Arreguin-Sanchez, 2019); thus, the
increase in catches contradicts the idea that this fishing resource was fully exploited

(Arreguin-Sanchez, 2019).

One important environmental variable that controls populations fitness is the
temperature since they regulate the organisms' physiology (Frederich and Portner,

2000; Portner and Farrell, 2008; Angilletta, 2009; Portner et al., 2017); such effects on

42



the physiology makes them essential to account in the management in fishery
resources (Portner and Peck, 2010). Indeed the effects of climate change on the region
seem to influence marine species. For example, it has been hypothesized that the
decrease in the fishery stocks and/or sightings of the Farfantepenaeus duorarum;
Epinephelus morio, and Eretmochelys imbricata can be accounted on harmful climate
conditions by climate change (Arreguin-Sanchez, 2009, 2012; del Monte-Luna et al.,
2012; Arreguin-Sanchez et al., 2015). In this sense, the fitness of species is highly
dependent on climate variability. Thus, if the species' fithess increases or decreases, it
would be logical to expect that the abundance and, therefore, the catches and sighting
would change. Such ideas correspond to the distance to the niche centroid-abundance

hypothesis.

In that hypothesis, Maguire, (1973) stated that different regions of the niche correspond
to different carrying intrinsic growth rates (r) of populations. This hypothesis expresses
that the highest abundance, growth, and reproduction should occur in the niche's
center, that is, the fundamental niche. The niche's center would correspond to a
combination of environmental variables where the species' fitness is greater. As the
population gets farther away from it, the fitness of populations would decrease.
Validation of this hypothesis has shown overall a medium to good performance
explaining the abundance of species (Martinez-Meyer et al., 2013; Yanez-Arenas et al.,
2014; Urena-Aranda et al., 2015; Waldock et al., 2019; Osorio-Olvera et al., 2020).
Therefore, we propose that the increase of the red octopus' fishing yield reported could

be associated with the species' niche, particularly temperature.

Physiological study of the red octopus (actual measurements of the fundamental niche
- Soberdn and Peterson, 2005; Peterson et al., 2011; Peterson et al., 2015) has shown
that optimal temperatures occur between 20-26 °C in embryos (Caamal-Monsreal et
al., 2016), 17-33 ° C in juveniles (Noyola et al., 2013), and 21-27 ° C in adults (Juarez
et al, 2015, 2016; Lopez-Galindo et al., 2019). Due to differences in thermal

preferences during the ontogenic development, the red octopus could migrate toward
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favorable environmental conditions if the warming ocean trends continue (Angeles-
Gonzalez et al.,, 2017). On the other hand, Arreguin-Sanchez, (2019) argues that;
based on fishery trends, temperature, and predators' decreases, the octopus stock

would increase.

Based on the ideas above, we argue that the increase in the fishing yield of red
octopus occurred derived from temperature increases. Therefore, if thresholds of the
temperature are surpassed (i.e. > 27 °C), we could expect a decrease in catches. In
this sense, we tested these ideas using physiological studies as a proxy of fitness and
the number of active fishers as they can influence the catches, something that
Arreguin-Sanchez, (2019) didn't account for (Maunder and Punt, 2013; Pauly et al.,

2013).
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Figure 1. Yucatan Penisula. Red polygon represents the fishing areas of Campeche,
while blue ones from Yucatan are considered in this work. The polygons used here are
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based on the fishing region of the red octopus (Octopus maya) reported by Gamboa-
Alvarez et al., (2015).

2. Material and methods

2.1 Catch and fishing effort data

We reviewed official sources of red octopus landings from the Small-scale fleet for
Campeche and Yucatan since most fishing production occurs in those states (DOF,
2018) (Table 1 — Figure 2). For some years, the catches of red octopus and common
octopus (Octopus americanus - Avendafno et al.,, 2020) were recorded together;
however, after the year 1998, the data has been separated by species. Nevertheless,
since most of the red octopus catches occur near the coastal region while the O.
americanus is targeted by the semi-industrial fleet far from the coast (Galindo-Cortez et
al., 2014), we considered catches before 1998 as red octopus. In addition, the fishing
effort (number of vessels dedicated to octopus fishing) for Campeche and Yucatan
data were obtained from the Diario Oficial de la Federacion, (DOF 2014) with data
available from 1993 to 2008. Since we only used catch data from 1993 to 2008 to test
our hypothesis, we considered only the fishing effort for that period in our analysis

(Figure 2).

Table 1. Time series of catches of Campeche and Yucatan and data on the population
growth rate of the red octopus (Octopus maya).

Period Resolution Source
Time series
Red octopus catches from the 1964-2015 Annual SAGARPA
states of Campeche and Yucatan (2015)
Red octopus catches 1999-2014 Monthly SAGARPA,
from the states of (August Yucatan;
Campeche and Yucatan December) by: CRIP
Yucalpeten
Captures and income SAGARPA,
of species landed in Yucatan;
Sisal, Yucatan by: CRIPA
Yucalpeten
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Figure 2. Total landings in tonne (top) and fishing effort by the number of fishing boats
of red octopuses for the state of Campeche and Yucatan.

2.2 Physiological data of red octopus

The relationship between temperature (°C) and mean red octopus fitness for juveniles
was calculated using the methodology of Paschke et al., (2018). For that purpose,
juveniles of red octopus obtained from embryos incubated at 24°C were acclimated at
different temperatures in a range from 13 to 33°C. The temperature was used to induct
a standardizable low (LMR) and high metabolic rate (HMR) as proxies of standard and
maximum metabolic rate. Thermal metabolic scope (TMS) was calculated as HMR —
LMR. This scope represents the surplus proportion of the energy flux (Paschke et al.,

2018) and was associated with fitness since it reflects survivability (Figure 3).
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Figure 3. Gaussian distribution showing the temperatures that maximize and diminish
the fitness on fertility on females of the red octopus (Juarez et al., 2015).

2.3 Environmental layers

We downloaded daily (365 days) data of bottom temperature (°C) from the
GLORYS12V1 product from the Copernicus Marine Environment Monitoring Service

(https://resources.marine.copernicus.eu/) from the year 1993-2008 at a resolution of 9

km?2. The layers were cropped according to the polygons of figure 1; one for Campeche
and one for Yucatan. From these daily data, a yearly average (1993-2008) was

calculated for both regions.

2.4 Modeling process

A generalized additive model (GAM) was used to model the relationship between

temperature (°C) and red octopus’ fithness. We used this approach since it can fit
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nonlinear responses. The model assumed a Gaussian error distribution and identity link
The GAMs models were created using the library "mgcv" (Wood, 2017); we set a value
of "k" (degrees of smoothness) of 15 to fit the data. Once the model was created, it was
projected to the yearly average layer of bottom temperature from 1993 to 2008 for
Campeche and Yucatan (see above), obtaining a fithess map for each year. We
calculated a mean average of fitness for each layer and state. Later we create a
database with the catch and fitness data for year and state. Finally, with this database,
another GAM model was applied to set a k value of 3 to avoid overfitting. We used
Campeche and Yucatan's total landings as a response variable and fitness and fishing
effort as predictors variables The GAMs were built using the “mgcv” library (Wood

2017) from the R software.

3. Results

From 1993 to 2008, the fitness of the red octopus has been relatively steady (Figure X)
in Campeche and Yucatan, although a peak existed in 1996. However, the GAM model
showed that the main effect of the number of boats was not significant (P > 0.05). In
contrast, the main effect of fithess and fitness interaction with the fishing effort was
statistically significant (P = 0.01). In this sense, as the fitness increases, the total
landing of red octopus increases (figure 4); conversely, as the fithess decreases, the
octopus's landings decrease. The GAM model explained 42.9% of the variance with an

R?of 0.363.
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Figure 4. Visualization of the two main factors, fithess and fishing effort in the landing of
red octopus (Octopus maya).

4, Discussion

The warming occurring in the Yucatan Peninsula seems to be increasing the fitness of
the red octopus (Figure 4). Such a trend would explain why the catches have been
currently increasing (Salas et al., 2006; CONAPESCA, 2018; Arreguin-Sanchez, 2019).
These new conditions are not necessarily favorable only for survivability but also for the
spawning rates, growth, survivability, and physiological and immunological conditions
(Juarez et al., 2015, 2016; Caamal-Monsreal et al., 2016; Lépez-Galindo et al., 2019;
Pascual et al., 2019). Therefore, according to our results, we propose that warming

trends may allow an increase in the species' overall fitness at least in the short term.
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Figure 5. Mean bottom temperature for Campeche and Yucatan during the period 1993
to 2008.

Overall, it has been noticed a global proliferation of cephalopods catches (Doubleday
et al.,, 2016). Indeed, studies demonstrate that cephalopod populations are highly
responsive to environmental change, with ocean warming and the lack of predators
being the main driver of the observed increase (Arreguin-Sanchez, 2019). In addition, it
is thought that elevated temperatures accelerate the life cycles of cephalopods,
increasing the abundance (Caddy and Rodhouse, 1998; Rodhouse et al., 2014;
Arreguin-Sanchez, 2019). This pattern would be true only if the optimal temperatures
are not exceeded and there is enough food to sustain the populations (Angeles-

Gonzalez et al., 2017; Caddy and Rodhouse, 1998).

The points above mentioned are pretty essential to consider because the Carta
Nacional Pesquera in Mexico; an instrument that provides precise and up-to-date
information on where, when, and how much fishing is allowed, assumes that climate
change is favorable for the red octopus (DOF, 2018). Therefore, based on our results,
we agree with Arreguin-Sanchez, (2019) that environmental conditions are optimal for
red octopuses for now. However, if the warming process continues, the stocks of red

octopuses could fall.
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We need to determine the temperature threshold that the red octopus’ fitness could
tolerate if proper monitoring of the fishing resource will be made. Multiple laboratory
(Juarez et al., 2015; Caamal-Monsreal et al., 2016; Sanchez-Garcia et al., 2017,
Roumbedakis et al., 2018; Lépez-Galindo et al., 2019) and field samplings studies
(Pascual et al., 2019) have determined a temperature threshold of about 30 °C. Based
on this, it has been suggested that populations of the red octopus could migrate
eastward where the upwellings could keep the temperatures lower (Merino, 1997;
Monreal-Gomez et al., 2004; Juarez et al., 2013; Enriquez and Marifio-Tapia, 2014). If
this is the case, then in a climatic warming scenario, populations could be concentrated
in the upwelling zone in Yucatan (Angeles-Gonzalez et al., 2017) (Figure 6). In turn,

this would significantly reduce the fishing yields on the state of Campeche.
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Figure 6. Mean bottom temperature for the Yucatan peninsula for the period 1993-
2008. An upwelling influences northern region of the Yucatan Peninsula. The data was
obtained from the GLORYS12V1 product from the Copernicus Marine Environment
Monitoring Service (https://resources.marine.copernicus.eu/) at a resolution of 9 km?.
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From this work, we propose interesting hypotheses. For instance, we expect an
increase in the fishing yields for the following years; however, the fisheries' landings
would fall when the fitness threshold is exceeded. Particularly this would be noticed
first in Campeche than in Yucatan. In turn, changes in populations' distribution could be
used to indicate the effects of climate change since we are expecting a migration of
octopuses eastward. In fact, if populations migrate to Yucatan, landings could
momentarily increase in the region (Angeles-Gonzalez et al.,, 2017). Finally, using
physiological data as a proxy to measure the "healthiness" of the catches is an exciting
development of this work. As far as we know, no other study has related direct
measurements of fithess and catches. Thus, this work could help create a "bridge"
between the fishery biologists and ecophysiologists, where experimental data could

validate and predict catches reports.
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Using data related to thermal optimal and pejus of the embryos of Octopus americanus from Brazil and O. insularis
and O. maya from Mexico, this study aimed to project the potential distribution areas in the Gulf of Mexico and
predict distribution shifts under different Representative Concentration Pathway scenarios (RCP 6 and 8.5) for
the years 2050 and 2100. The different thermal tolerances elicited different responses to current and future
scenarios. In this sense, O. insularis and O. maya thermal niches stretch from the Caribbean to Florida. Never-
theless, O. insularis may inhabit warmer areas than O. maya. Surprisingly, no area was considered thermally
habitable for O. americanus, which could have been associated with the use of data of populations thermally
adapted to temperate conditions south of Brazil. According to models, a warming scenario would cause a re-
striction of the available thermal niche of O. maya, while O. insularis could expand under RCP 6 scenarios. This
restriction was more substantial in the RCP 8.5 scenario. Nevertheless, under the RCP 8.5 scenario, the tem-
perature in 2100 may negatively affect even O. insularis, the species most thermal tolerant. If our results are
accurate, the fishing yield of O. insularis will increase in the future, replacing the heavily exploited 0. maya in the
coasts of the southern Gulf of Mexico. Regarding O. americanus, no inference might be made until thermal tol-
erances of locally adapted populations can be studied.

1. Introduction

Cephalopods are essential organisms in the World Ocean involved in
a wide range of trophic positions (Judkins et al., 2009), which represent
a group of a high production/biomass ratio (Boyle, 2002). However,
cephalopod fisheries contributed only from ~2 to ~5% of the global
landings from 1960 to 2014 when compared to marine fishes (Arkhipkin
et al., 2020). Nonetheless, their importance has been steadily increasing
despite their different life histories. The above has been associated with
increase in temperature, fishing effort (Doubleday et al., 2016), and
overfishing of predators and competitors (Caddy and Rodhouse, 1998).

For the Gulf of Mexico and the Caribbean, numerous cephalopod
species have been reported. For instance, a checklist for this region by
Judkins et al. (2010) reported 116 cephalopod species within 27 fam-
ilies. Specifically, the Octopodidae family is very diverse with ~19
species for the Gulf of Mexico and the Caribbean (Judkins et al., 2010).
However, few members of this family are commercially exploited.
Species, such as Amphioctopus burryi, Macrotritopus defilippi, Octopus
Jjoubini are not associated with any fishery.

Conversely, three important commercially-exploited octopus species
live in the shallow waters of different thermal environments in the Gulf
of Mexico and Caribbean: O. americanus (Avendano et al., 2020a)
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previously known as O. vulgaris type II (Avendano et al., 2020b),
0. insularis (Gonzalez-Gomez et al., 2018), and O. maya (Gamboa-Al-
varez et al., 2015). These three species represent almost 100% of the
exploited octopuses in Mexican waters of the Atlantic with around 20
000 t/year (DOF, 2014).

Octopus americanus is broadly distributed in the American continent
from Mar del Plata, Argentina, Brazil through the Caribbean Sea, the
Gulf of Mexico to the coast of Virginia from temperate to warm envi-
ronments (Avendano et al., 2020b) . Octopus insularis is a species of wide
tropical distribution in the Atlantic Ocean (Lima et al., 2017). It has been
recently recorded in the Veracruz Reef System in the Gulf of Mexico
(Flores-Valle et al., 2018) where sea temperature is similar to the trop-
ical areas of Brazil where it was described (22-30 °C) (Leite et al., 2008).

Octopus maya is a coastal species that inhabits shallow waters adja-
cent to the continental shelf of the Yucatan Peninsula (states of Cam-
peche, Yucatan, and Quintana Roo, Mexico). This species is often
associated with areas covered by seagrass (Thallassia testudinum), coral
fragments, and empty gastropod shells (Voss and Solis-Ramirez, 1966).
Recent studies of O. maya had demonstrated that growth and repro-
duction were favored by the presence of summer upwelling that main-
tained the bottom of one part of the continental shelf temperature below
27 °C, just in front of the state of Yucatdn (Fig. 1). Conversely, warmer
waters are found in the Campeche Bank (~27 °C) where mature adults
are found seasonally in winter, which supports the hypothesis that
temperatures below 27 °C appear to be favorable for functional repro-
ductive maturation (Angeles-Gonzalez et al., 2017; Judrez et al., 2016).

Despite these species have similar habitat requirements, such as
occurrences in rocky reefs, coexistence in the Gulf of Mexico could not

Journal of Thermal Biology 94 (2020) 102753

be possible mainly because they prefer different thermal zones. How-
ever, increase in seawater temperature could influence species distri-
bution dynamics causing population expansion, retraction, or
displacement along their occurrence area (Perry et al., 2005). Since
temperature is considered an important regulator in species well-being
and fitness (Portner and Farrell, 2008) at a population level, the ani-
mals might migrate searching for a thermal optimum. Recently, studies
have demonstrated that O. maya adult population is overlapping with
O. americanus in waters at a depth greater than 30 m where temperatures
of 25 °C or lower were recorded during surveys (Avendano et al., 2019,
2020a). Although O. maya is now found in an area that was previously
considered exclusively of O. americanus for many years, it is still not
known if O. maya population has always been there and misidentified
(Lima et al., 2017) or is the result of the adult population moving and
searching for lower temperatures for reproduction (Angeles-Gonzilez
et al., 2017).

Thermal preferences are linked with the processes of uptake, trans-
port, and supply of oxygen. According to Fry and Hart (1948), the dif-
ference between the standard and maximum metabolic rates allows
calculating the species aerobic scope (AS). Thus, temperature that cau-
ses a maximum AS will indicate an optimal energy production. The
thermal optimum allows species to increase performance and fitness,
maximizing their responses in processes, such as growth and repro-
duction (Portner and Farrell, 2008). Ideally, in the wild, species would
be found in the zones that maximize their fitness, which does not always
occur because the processes that control population are also related to
biological interactions or accessibility to optimal zones (Soberon and
Peterson, 2005).

28°N

25°N

22°N

19°N

I
95°W 90°W

85°W 80°W

Fig. 1. The average daytime sea-surface temperature in the Gulf of Mexico during the year 2019. Numbers indicate the states that conform to the Yucatan Peninsula;
(1) Campeche, (2) Yucatan, (3) Quintana Roo. The upwelling effect upwelling can be observed in front of the state of Yucatan. Data were obtained from the sensor

MODIS-Aqua.
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The species may also be found in non-optimal but tolerable areas,
called the “Pejus” zone, where the AS decrease. Regardless of this stress,
species populations can be found in this zone, but their performance is
reduced. If thermal stress continues and aerobic capacity is exhausted,
anaerobic metabolism and the antioxidant system can be activated to
eliminate free radical excess and supply cellular energy demands. This
process is known as critical temperature. It is the last resort of an or-
ganism (Frederich and Portner, 2000) before “denaturation” tempera-
tures when tolerance becomes increasingly passive and time-limited
(Portner and Farrell, 2008).

In marine environments, temperature may have increased up to 4 °C
by 2100, which might promote severe consequences in the physiolog-
ical, behavioral, and demographic patterns of aquatic organisms (Bijma
etal., 2013; Hoegh-Guldberg and Bruno, 2010). Particular, in the Gulf of
Mexico and Caribean Sea, temperature increments have been predicted
around 0.01 - 0.02 °C yeaf1 (Glenn etal., 2015), suggesting increases in
the area of the Yucatan Peninsula around 1 °C every 50 years. If the
North Atlantic current slows down as it has been predicted, it may be
anticipated that a reduction on Yucatan upwelling will be observed with
consequences in the distribution area of those octopus species. Taking
into consideration that a key phase of species survival is embryonic
growth (Caamal-Monsreal et al., 2016) and spawning areas are linked
with adult octopus thermal tolerances (Juarez et al., 2015, 2016;
Lopez-Galindo et al., 2019), this study used published and unpublished
data to identify the optimum and pejus of O. maya, O. insularis and
O. americanus. With this data, the potential distribution areas were
projected based on the thermal niche of these octopus species in the Gulf
of Mexico to predict the shifts or distribution expansion under different
future global warming scenarios. This study was based on the idea that
predicting the potential consequences of increasing sea temperature for
marine organisms is essential to promote species conservation strategies
and sustainable development plans for these critical fishery resources.
Considering that O. insularis is a widely distributed species living in
environments under different temperature levels, it could take advan-
tage of future climate change and expand its distribution boundaries. In
the Gulf of Mexico, warming could promote shifts on O. maya distri-
bution towards deeper waters or higher latitudes where it should
compete for space and food with O. americanus or be competitively
excluded by O. insularis that is tolerant to warm environments (Lenz
et al., 2015; Lima et al., 2014). Currently, the effect of a warming sce-
nario for O. americanus distribution is difficult to hypothesize because of
the (i) lack of laboratory data evaluating the thermal tolerance of the
Gulf of Mexico population and (ii) scarce data of the wild population.
Therefore, this study used embryo thermal sensitivity data obtained
from southern Brazil, in the area of the city of Florianopolis, capital of
the state of Santa Catarina.

2. Material and methods
2.1. Selection of thermal optimal and thermal pejus

To describe octopus species distribution in the Gulf of Mexico, the
thermal optimum and pejus for 0. maya (Tremblay et al., 2017; Caa-
mal-Monsreal et al., 2016), O. insularis and O. americanus embryos
(unpublished results) were obtained from experiments done in the
aquaculture facilities of Universidad Nacional Auténoma de Mexico
(UNAM) in the Faculty of Sciences at Sisal, Yucatan, Mexico for O. maya
and Q. insularis and for O. americanus, in the facilities of the Uni-
versidade Federal de Santa Catarina in Brazil.

Although marine species change their thermal preferences along
with their ontogenetic development, embryos and spawning adults have
comparable thermal preferences (Portner and Farrell, 2008; Tremblay
etal., 2017). For that reason, this study used published and unpublished
data of the embryos of those species to estimate their potential species
distribution. The described thermal optimum and pejus were obtained
for each guide and recommendations of the European Union (EU)
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Directive 2010/63/EU for animal experiments. This project was
approved by the Committee of the Faculty of Chemistry at UNAM, Sisal.
Permit Number Oficio/FQ/CICUAL/099/15.

2.1.1. Octopus maya data

Octopus embryos were obtained from aquaculture facilities where
juveniles are frequently produced from captive broodstock. Four tem-
peratures (18, 22, 26, and 30 °C) were considered to assess incubation
temperature effects on morphological characteristics and growth, as
well as on hatchling performance measured as survival after 10 days of
fasting. The results of that study indicated that optimum temperatures
for embryo development were in the ranges from 22 to 26 °C. A
reduction of hatchling performance, survival, and morphological
anomalies were recorded in embryos incubated at 30 °C, indicating that
this temperature could be in the pejus range of this octopus species
(Caamal-Monsreal et al., 2016).

To corroborate those conditions, embryos were later exposed to a
thermal ramp from 24 to 30 °C with increments of 1 °C every five days,
evaluating the respiratory metabolism and antioxidant defense mecha-
nisms (Sanchez-Garcia et al., 2017). The results indicated that embryos
experienced changes in the antioxidant defense mechanisms above
27 °C and were not able to recover. These results suggest that pejus of
O. maya embryos is from 27 to 30 °C, of which 30 °C is close to an
extreme thermal condition where hatching and survival are too low (less
than 5%). A similar response was observed in spawners when exposed to
30 °C (Judrez et al., 2015, 2016). For projections, this study chose a low
pejus range of 12 °C, an optimum from 22 to 27 °C and a high pejus of
30 °C (Fig. 2A).

2.1.2. Octopus insularis data

Octopus embryos were obtained from adults captured in the Vera-
cruz Reef System (Flores-Valle et al., 2018) and transferred by plane to
the aquaculture facilities of Sisal, Yucatan, Mexico. These adults were
adapted to laboratory conditions for 10 d. Later, females were placed in
a spawning area where seawater was maintained at 24 °C (Rosas et al.,
2014). The effects of incubation temperature on hatchling performance
of O. insularis embryos artificially incubated were evaluated at two
thermal conditions. One group was maintained at 24 °C and the other
one was exposed to a thermal ramp from 24 to 31 °C changing 1 °C every
other day (Sanchez-Garcia et al., unpublished data). As in O. maya
embryos, those of O. insularis were also evaluated based on changes in
hatchling performance, morphological characteristics, and growth.

Embryo oxygen consumption was estimated every change of tem-
perature to verify when a switch between optimum and pejus could be
identified. The results indicated that optimum temperatures for embryo
development were in a wide thermal range from 24 to 29 °C. Although a
reduction of hatchling performance was not observed, morphological
anomalies were recorded in embryos incubated at 30 °C, indicating that
30 °C could be the beginning of the pejus range of this octopus species up
to 33 °C. For the projections of this study, a low pejus range of 18 with an
optimum from 24 to 29 °C and a high pejus of 33 °C were used (Fig. 2A).

2.1.3. Octopus americanus data

Octopus embryos were obtained from adults captured in the coastal
zone of the Coral Island close to the city of Florianopolis, Brazil. Once
captured, animals were transferred by land to the mariculture facilities
of Florianopolis. Once there, adults were individually acclimated to
laboratory conditions for 30 days until spawning. During that time,
animals were maintained at 21 °C.

To assess the effects of incubation temperature on hatchling perfor-
mance of O. americanus embryos, they were artificially incubated and
evaluated at two thermal conditions. One group was maintained at 18 °C
constant, and the other one was exposed to a thermal ramp from 18 to
24 °C changing 1 °C every five days (Guzella et al., unpublished data). As
in the other species, embryo changes in morphological characteristics,
growth, and hatchling performance were evaluated. In this species, the
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Fig. 2. Thermal ranges used to predict the potential consequences of increasing sea temperature to spawners and embryos of Octopus insularis, O. maya and
O. americanus inhabiting the American Atlantic Ocean. Data of O. maya from Caamal-Monsreal et al. (2016), Sanchez-Garcia et al. (2017), and Juarez et al. (2015).
Data of O. insularis from Sanchez-Garcia et al. (unpublished data). Data of O. americanus from Guzella et al., (unpublished data).

antioxidant defense mechanisms during embryo development were also
assessed. The results indicated that optimum temperatures for embryo
development were in the range from 19 to 22 °C. A reduction of
hatchling performance, survival, and morphological anomalies were
recorded in embryos incubated at 23 °C, indicating that this temperature
could be in the pejus range of this octopus species. At the same time,
24 °C was identified as a critical temperature (Fig. 2B).

2.2. Environmental layers

World environmental layers of maximum and minimum benthonic
temperatures (°C) were downloaded from Bio-Oracle (Assis et al., 2018)
at a resolution of 5 arcmins (9.2 x 9.2 km, approximately). The
maximum and minimum temperatures were chosen over mean tem-
perature because of the relationship that exists among niche breadth and
species distribution range (Slatyer et al., 2013),

Given that focal cells include a range of depth values in the process of
downscaling in Bio-Oracle, different bathymetrical choices are avail-
able: maximum, average, and minimum depth (see Assis et al., 2018 for
details). The minimum depth layer was chosen since these octopus
species are restricted to shallow benthic areas (Leite et al., 2009, 2008;
Batista and Leite, 2016; Avendano et al., 2019, 2020a).

The downloaded environmental layers were for current (values ob-
tained from a weighting process from 2000 to 2014) and future (2050
and 2100) scenarios based on the Representative Concentration Path-
ways (RCP) 6 and RCP 8.5 scenarios (Fig. 4 and Fig. 5). The RCP 6
scenario is considered as a medium-based scenario where emissions
peak approximately 2080 and then decline while RCP 8.5 is a high
emission scenario rising through the 21st century and beyond for some
amount of time (van Vuuren et al., 2011; IPCC, 2014).

The environmental layers were cropped according to the ecoregions
proposed by Spalding et al. (2007) that make up the Gulf of Mexico.
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These ecoregions cover an area of the Caribbean (Fig. 3). According to
Spalding et al. (2007), ecoregions can be defined as areas of homoge-
neous species composition. Each one has also characteristics determined
by upwelling, nutrient inputs, temperature, bathymetric complexity,
and many more. This study chose those ecoregions since they represent
areas where these octopuses are fished and could potentially disperse in
a warming scenario. Moreover, since O. maya has been recorded up to
maximum depths of ~60 m (Avendano et al., 2019) and O. insularis at
~30 m (Batista and Leite, 2016), the optimal and pejus temperatures
were projected to depths up to 100 m.

2.3. Projections for present and future scenarios

Binarized maps of optimal and pejus temperatures were projected for
the different scenarios selected. Literature recommending the values
that should be used to binarize suitability or probability maps is vast
(Jiménez-Valverde and Lobo, 2007; Liu et al., 2005, 2013). Despite
those recommendations, a different approach was considered, that is,
using pejus temperature as an end of the thermal available areas for
octopus species following the ideas of Frederich and Portner (2000).
Presence-absence for both species were produced, emphasizing that if at
any time a pixel, either minimum or maximum temperature was outside
the pejus tolerance of the octopuses, it was considered as absence.

These maps were superimposed to view the overlapping areas of
thermal availability of the octopus species. Finally, the proportion of
thermal available distribution (km?) was calculated for current and
future scenarios. The number of pixels (presences had a value of 1 and
absences of 0) was added and multiplied by the area of the pixel (~9.2 x
9.2 km). This process was done using the programming language R (R
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Core Team, 2020) with the help of “raster” (Hijmans, 2020), “mapdata”
(Becker et al., 2018) and “prettymapr” (Dunnington, 2017) libraries.
The results obtained were graphed in a stacked barplot with “ggpubr”
(Kassambara, 2020). Environmental layers and a code are added as
supplementary material for the replication in the creation of raster files.

3. Results

Surprisingly, using the experimentally obtained data of embryos
from Brazil, no area was considered thermally habitable for
0. americanus in the Gulf of México where current temperatures have
been higher than the optimum range experimentally obtained in
southern Brazil. Therefore, the results have been focused on O. insularis
and O. maya. The projection of binarized maps showed that both species
currently shared a wide area of thermal niche. However, optimal areas
are very restricted for O. insularis and O. maya, which are mainly
composed of pejus areas. These species thermal niche stretches from the
Caribbean to Florida. Nevertheless, O. insularis may inhabit more
tolerant warmer regions that are found in southern Belize, El Salvador,
the state of Campeche in Mexico, and southern Florida.

The scenario RCP 6 for 2050 shows a contraction in the available
thermal niche of O. maya while O. insularis seems to be favored by
thermal changes. Due to thermal stress, O. maya could take refuge in
greater depths although this pattern only becomes stronger in 2100. This
pattern is stronger in RCP 8.5 scenario, especially in 2100 when even
O. insularis finds unsuitable areas in the Caribbean in southern Belize
and parts of El Salvador, Campeche in Mexico, and Florida due to
temperatures >33 °C (Fig. 6). In fact, under this catastrophic scenario,
both species lose favorable thermal areas. Losses or gains in km? of

Bathymetry (m)
30°N — L o

26°N —

22°N

Temperate Northern Atlantic
43. Northern Gulf of Mexico
Tropical Atlantic

68. Western Caribbean
69.Southern Gulf of Mexico
70. Floridian

Species -
Octopus maya BQ-:
Octopus insularis -9
Octopus americanus neo

18°N

0 2000 4000 6000 8000 United States

Fig. 3. Study area. The realms and ecor-
egions of the Gulf of Mexico and part of the
Caribbean were proposed by Spalding et al.
(2007). Purple line outlines the Temperate
Northern Atlantic realm, which is composed
by ecoregion 43. The green line outlines the
Tropical Atlantic, which is formed by the
ecoregions 68, 69, and 70. Octopus maya
occurrences are shown in red color and come
from a  bibliographic  review by
Angeles-Gonzdlez et al. (2020), while
O. insularis occurrences are in blue color and
were obtained from the Ocean Biodiversity
Information System and Global Biodiversity
Information  Facility.  Occurrences of
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Avendano et al., 2020a.
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Fig. 5. Values of minimum temperature (°C) by pixel for present and future scenarios Representative Concentration Pathway (RCP) 6 and RCP 8.5 for the years 2050

and 2100 in the ecoregions of the Gulf of Mexico and part of the Caribbean Sea.

thermal zones can be seen more clearly in Fig. 7.
4. Discussion

Evidence has demonstrated the displacement of marine organisms to
higher latitudes or deeper waters due to warming (Poloczanska et al.,
2016). The results obtained for O. maya and O. insularis agree with the
tendencies described above. According to field and laboratory data,
0. maya (Noyola et al., 2013; Judrez et al., 2015, 2016; Lopez-Galindo
etal., 2019; Pascual et al., 2019) has an affinity for colder temperatures
compared to O. insularis (Lenz et al., 2015; Lima et al., 2014).

For instance, during 2006-2015 a temperature increase of 2 °C
affected O. maya landings in the western region of the Yucatan Peninsula
negatively, leading to the hypothesis that octopus migration to the
eastern region (Angclcs-Gonzélcz et al., 2017) occurred in search of
seasonal upwelling (Enriquez et al., 2013). Moreover, specimens
collected in warmer waters (28-30 °C) reflected metabolic stress while
those captured at lower temperatures were in better physiological con-
ditions, e.g. larger size organisms, high hemocyanin concentrations, and
low phenoloxidase system activity. These results indicated that animals
living in cold environments were healthier and immunologically

well-prepared than others living in warm waters (Pascual et al., 2019).
Similarly, laboratory studies have described that temperatures above
27 °C may inhibit the reproductive performance of adult, embryo
development and juvenile growth (Caamal-Monsreal et al., 2016; Juarez
etal., 2015, 2016; Sanchez-Garcia et al., 2017), which explained in part
why juveniles and adults living in warm waters of the Yucatan Peninsula
migrated to waters where upwelling favored temperatures lower than
26 °C (Angclcs-GtmLélcz et al., 2017).

Literature regarding thermal thresholds in O. insularis is less
numerous since it is a recently described species (Leite et al., 2008).
However, this species has been reported at estuarine areas and tidepools
where significant temperature variation can occur as a consequence of
high evaporation or local river discharge, which is found around a broad
span of temperatures (22 °C-32 °C) (Leite et al., 2009, 2016).

The lack of suitable areas for O. americanus observed in this study
could have been related to differences between the Yucatan Peninsula
ecosystem and the Floriniapolis populations. Florianopolis populations
are part of the Temperate South America realm, while the occurrences
reported by Avendano et al. (2019) are in the Tropical Atlantic realm
(Spalding et al., 2007). In this regard, realms are characterized by high
levels of endemism driven in part by temperature and isolation
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Fig. 6. Binary maps showing occurrence/absence of Octopus maya and O. insularis for present conditions and two future projections (2050 and 2100) for the
Representative Concentration Pathway (RCP) 6 and RCP 8.5 scenarios in the ecoregions of the Gulf of Mexico and part of the Caribbean Sea.

(Spalding et al., 2007). Such isolation under different thermal regimes
would generate evolving phenotypes (Angilletta, 2009; Angilletta et al.,
2002) with higher fitness in their native environment. This factor could
mean that an estimation obtained from a single located population could
not be useful to infer the behavior of faraway populations because of
local adaptation processes (Angeles-Gonzlez et al., 2020).

Warming will cause a contraction in suitable thermal areas of
0. maya if compared to O. insularis. This tendency was observed for both
RCP scenarios. Nonetheless, the loss of available suitable thermal areas
was more substantial in the RCP 8.5 scenario. Under the RCP 8.5 sce-
nario, by 2100 sea temperature may be too warm even for O. insularis.
Besides, changes in temperature could bring alterations in the balance of
mortality, growth, and reproduction rates (Portner and Pecl, 2010).

Projections overestimated the known distribution for both species.
For example, to our knowledge, no reliable reports of O. maya exist in
the Mexican State of Veracruz or the United States. In this regard, the
mechanistic approaches allow us to measure the fundamental niche
(Soberon and Peterson, 2005 and set of environmental variables that
permit a species to exist, thus, akin to optimum and pejus temperatures.
Even so, most species occupy a realized niche, a subset of the funda-
mental niche caused by the presence of negatively interacting species
(Soberdn and Peterson, 2005). Although mechanistic approaches allow
us to measure the fundamental niche, overextension of distribution
occurred because these methods do not consider the limiting process
already mentioned above ( Kearney and Porter, 2009).

Furthermore, other environmental variables that could be acting

synergistically with temperature were neglected. In this case, not using
salinity for predictions could stand out as an essential variable that
potentially restricts O. maya to the Yucatan Peninsula. Possibly, O. maya
distribution could have been confined due to the discharge of the
Grijalva-Usumacinta rivers (Located at the North-West Gulf of Mexico
coast), which modified salinity, substrate, and generated discharge of
organic matter (Rabalais, 2004). Conversely, O. insularis, is a highly
tolerant organism to salinity, characteristic that could allow this species
to pass through the Grijalva-Usumacinta river influence zone to colonize
the benthic ecosystem of the Yucatén Peninsula (Leite et al., 2009; Lima
et al., 2017).

Regarding the availability of thermally habitable areas in the
Caribbean for O. maya, this study considered that interspecific compe-
tition does not allow them to establish viable populations. In the
Caribbean, mesocosm studies showed that O. briareus outcompeted the
lobster Panulirus argus limiting local accessibility of lobsters to shelters
and reduced lobster abundance (Butler and Lear, 2009). Nevertheless, it
is unknown if similar processes are playing a role in distribution re-
striction to 0. maya in the Caribbean reef zone, but it may be a viable
hypothesis. Dispersion is also an essential factor, O. maya cannot
disperse along sea currents due to the lack of paralarvae. Paralaravae is
the planktonic stage of cephalopods that lack true metamorphosis
(Young and Harman, 1988). This lack of planktonic stage does not allow
0. maya to overcome environmental barriers, and suitable areas cannot
be explored. In contrast, O. tetricus has recorded a range extension in
Southern Australia (Edgar and Stuart-Smith, 2014) associated with the
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Representative Concentration Pathway (RCP) 6 and RCP 8.5 scenarios.

dispersal capacity of their paralarvae and strengthening of the East
Australian Current (Ramos et al., 2018, 2014). In this sense, mer-
oplanktonic cephalopods (unlike O. maya) could disperse faster (Villa-
nueva et al, 2016) under warming scenarios, which implies that
populations from lower latitudes of the Caribbean could migrate pole-
ward if connectivity enables them to establish viable populations
(Ramos et al., 2018).

Octopus insularis is a recently described species; for that reason, this
study could not validate whether the projected distribution was over-
estimated. Until now, no peer-reviewed study has reported occurrences
of O. insularis for the Gulf of Mexico coast of the United States. Further
studies should confirm if this species is colonizing those zones, might
have been misidentified, or simply, not present yet. Nevertheless, the
coral reefs of the Caribbean area seem to be an ideal place since they
prefer rock-bottom habitats (Leite et al., 2016). To our knowledge, oc-
currences of O. insularis have not been observed in the Yucatan coast;
perhaps, this species is actively avoiding the cold waters caused by
seasonal upwelling (Enriquez et al., 2013) or outcompeted although
their physiology could allow them to inhabit this region.

It is essential to highlight the low availability of optimal areas for
both species, even in the present, which does not mean that species
never find areas that maximize their AS. However, it could be an indi-
cator that species are continually migrating looking for thermally
favorable regions (Pierce et al., 2008). In fact, recent results demon-
strated that a fraction of the O. maya population occurred from 30 to 60
m deep where temperatures, independently of upwelling, are usually
around 22-24 °C all the year (Avendano et al., 2019). If that range of
temperatures favors O. maya reproduction (Angeles—Gonz;ﬂez et al,
2017) this fraction of population could be contributing to their
recruitment explaining the continuous migration of this species in the
Yucatdn Peninsula.

The predicted spread of O. insularis in the Gulf of Mexico could
jeopardize even more O. maya if the life cycle of both species is

considered. For instance, these species share preferred habitats with
similar diets; additionally, O. insularis is a highly fertile species pro-
ducing ~85 000 eggs (Lenz et al., 2015) while O. maya produces only
1000-2000 eggs (Tercero et al., 2015). Probably, the main problem
regarding the vulnerability of O. maya is its lack of ability to move to
newly suitable areas, thus being more vulnerable to stochastic distur-
bances (Sunday et al., 2015). Therefore, due to thermal stress, over-
lapping diets, and refuges, their lower fertility and inability to disperse
from warming waters, O. insularis could out compete O. maya.

Finally, it is important to point out the effects that future scenarios
would bring to fishers who depend on these resources. In the Yucatan
Peninsula, O. maya is currently the most important fishing resource due
to its productivity, economic value, and international demand (Cabrera
et al., 2012), contributing >60% of the fishing production in the region
(Velazquez-Abunader et al., 2013). Human populations that tradition-
ally depended on this resource could suffer substantial economic losses.
However, if warming scenarios are unavoidable, the fishing effort could
be redirected to O. insularis. Indeed, this species is heavily fished in
Brazil (Leite et al., 2009; Lima et al., 2017) with several hundred tons of
catches each year (Braga et al., 2007).

4.1. Data caveats

Although our results are useful to describe possible future patterns on
octopus distribution, considerations must be taken into account. Pro-
jections show the movement of species to high depths; nevertheless, it is
still unknown if shelters or prey availability could sustain migrating
populations. Moreover, climate change will affect several attributes of
an ecosystem, such as food webs (Portner and Peck, 2010), phenology
(Poloczanska et al., 2016, 2013) or even habitats (Martinez-Arroyo
et al., 2011). The measurement of those attributes was out of the scope
of this study.

The most critical shortage of this study was related to the use of
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octopus embryo data only although it was justified considering that
reproduction is a key phase of the species life cycle and adults will spawn
and care for the embryos during embryo development. In consequence,
the thermal environment where reproduction and embryo development
occur was considered also as the key factor to evaluate changes in spe-
cies distribution. These procedures were based on the idea of indicating
the widths of thermal preference shifts within life stages (Portner and
Farrell, 2008) with lower tolerances than expected in earlier stages and
spawning adults (Portner, 2010; Portner and Farrell, 2008). Despite
taking this into consideration, it is interesting to notice that O. insularis
was favored under specific future scenarios. Moreover, it is necessary to
redirect effort in characterizing the thermal tolerance of O. americanus
adapted locally to the Gulf of Mexico. Only then could predictions be
made about the impact of climate change on this octopus species.

Remarkably, the coasts of Campeche, Mexico, an area characterized
by O. maya fishing-was not predicted as favorable. Nevertheless, a pulse
of recruitment exists in this coast (Gamboa-Alvarez et al., 2015); thus,
fisheries exploited might be juveniles who have a higher thermal
tolerance than adults (Noyola et al., 2013) and embryos (Caa-
mal-Monsreal et al., 2016). Adults, and potentially embryos could be
more common when the water temperature is lower (Angeles-Gonzalez
et al., 2017). With the problems mentioned above, variation in thermal
tolerance should be considered throughout ontogeny when the objective
is to describe the effect of the climate change scenarios (Klockmann
et al., 2017).

5. Conclusions

Higher thermal tolerance of O. insularis could increase their fishing
yield, especially in the RCP 6 scenario, replacing the heavily exploited
O. maya in the coasts of the Yucatan Peninsula. If a population could
establish in the northern Gulf of Mexico, it would also be exploited, but
uncertainty still exists. Nevertheless, under the most catastrophic sce-
nario (RCP 8.5 during the year 2100), both resources will experience a
reduction in their distribution. The information obtained and derived
from this study should be considered by fishery managers for better
monitoring of marine resources.
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1. Introduction

Fisheries play critical roles in food supply security, livelihoods, and
income generation for human communities worldwide. During 2017,
fisheries generated USD 152 billion in exports, providing an income for
~40 million people and indirectly supporting over 200 million people
(FAO, 2018). In Mexico, catches have reported ~2 million t, repre-
senting an income of ~1% of ross domestic product (GDP) (http://www.
fao.org/fi/oldsite/FCP/es/MEX/profile.htm). Given its little contribu-
tion to the GDP, fishery importance could be considered secondary to
other economic activities. Nevertheless, fishery provides income for at
least ~300 000 fishers. Particularly, the Gulf of Mexico (GM) and the
Caribbean region contribute to 15% of the fisheries landings in Mexico
(CONAPESCA, 2018).

Marine communities are complex networks linked by their biological
interactions and environmental factors. However, alterations in envi-
ronmental variables, such as temperature, salinity, and oxygen have
occurred worldwide due to anthropological climate change (CC). In
turn, such alteration has provoked shifts in marine communities on ac-
count of species physiological intolerance (Doney et al., 2012). Thus,
changes in marine community distribution threaten food security, live-
lihoods, and human community income (FAO, 2018). Indeed, the
modeled scenarios highlight latitudinal changes, predicting an increase
from 30-70% of potential catches in high-latitudinal regions and a
reduction of up to 40% in the tropics (Cheung et al., 2010).

Correlative niche models (CNMs) are valuable tools to assess such
potential changes in distribution. The CNM objective is to characterize
the fundamental niche, a multivariate environmental space that defines
species physiological limits (Hutchinson, 1957) using georeferenced
occurrences and environmental layers linked through algorithms
(Martinez-Meyer, 2005). The wide abundance of spatial environmental
data and species occurrence makes CNMs more feasible than mecha-
nistic niche models (MNMSs), which use physiological data. However,
these models are biased by the assumption that occurrences are in
equilibrium with their environment, which would not always be the case
due to dispersal limitations, biotic interactions, or sample biases
(Peterson et al., 2011; Soberén and Peterson, 2005). Nevertheless, few
studies in marine realms have used CNMs to predict future impacts of
climate change and species invasion and have been focused mainly on
conservation planning (Robinson et al., 2011), Particularly, models in
the GM have focused on spatio-temporal description of fishing resources
(e.g. Avendano et al., 2020, 2019; Gamboa-Alvarez et al., 2015;
Lopez-Rocha and Arreguin-Sanchez, 2013) with few studies related to
CC (Lima et al., 2020; Martinez-Arroyo et al., 2011; Muhling et al.,
2011).

In contrast to CNMs, the use of MNMs has been proposed as a more
suitable approach to predict CC impact on species. Indeed, direct
physiological measurements may be preferable since they characterize
the species fundamental niche (Kearney and Porter, 2004; Kearney et al.,
20105 Peterson et al., 2015). Thus, to locally predict changes of marine
species in the GM, thermal tolerance has been determined in the
Multidisciplinary Research and Education Unit of the Faculty of Sciences
at Sisal-UNAM (Universidad Nacional Auténoma de México), Yucatdn,
Meéxico (Noyola et al., 2015; Tremblay et al., 2017).

Particularly, significant focus has been placed on the red octopus,
Octopus maya (Voss and Solis-Ramirez, 1966) (Caamal-Monsreal et al.,
2016; Juarez et al, 2015, 2016, 2015; Lopez-Galindo et al., 2019; San-
chez-Garefa et al., 2017), an endemic species of the Yucatan Peninsula
(YP), which represents one of the most important fisheries in Mexico by
volume and economic output (Diario Oficial de la Federacion, 2018).
Product of those studies, Angt‘lcsf(.'-m17:ilc7 et al. (2020a) used physio-
logical data to predict CC impact on red octopus embryos. Nonetheless,
similarly to CNMs, the use of MNM also has drawbacks. For example, the
use of locally adapted populations may be incurred and lacks consid-
eration of biotic interactions or dispersal process. Moreover, due to
experiment complexity, efforts tend to be directed only to a few
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environmental variables (Peterson et al., 2015).

Currently, a global increase in cephalopod catches linked to rising
temperatures and predator overfishing has been noted in fishing yields
(Doubleday et al., 2016), and specifically for the red octopus since 1990
(Arreguin-Sanchez, 2019); thus the notion exists that red octopus may
benefit under the CC (Arreguin-Sanchez, 2019; Diario Oficial de la
Federacion, 2018). Possibly at the moment, the increase in temperature
may be favorable for cephalopods. However, if the optimal environ-
mental conditions are exceeded, the species fitness may decrease. Thus,
other authors have proposed that under CC scenarios, the red octopus
might migrate to thermally favorable areas (Sanchez-Garcia et al., 2017;
Tremblay et al., 2017) north of the YP, an area characterized by seasonal
upwelling (Enriquez et al., 2013; Enriquez and Marino-Tapia, 2014;
Monreal-Gomez et al., 2004). Those proposals are based on the
consideration that temperatures below 30 °C are favorable for the red
octopus fitness (Caamal-Monsreal et al., 2016; Juarez et al, 2015, 2016,
2015; Lopez-Galindo et al., 2019; Pascual et al., 2019).

The CNMs and MNMs are helpful tools to test such hypotheses.
However, as shown above, both CNMs and MNMs have strengths and
weaknesses. Nevertheless, a comparison between both outputs could
provide certainty to predictions if the results agree (Kearney and Porter,
2009; Peterson et al., 2015). Conversely, if differences are found, the
next step would be to inquire about the reasons for those differences
(Strasburg et al., 2007; Webber et al., 2011). In this sense, this study was
meant to complement the predictions made by the physiological studies
performed in Sisal-UNAM to help decision-makers establish adaptation
plans to CC. Based on the measurement of the fundamental thermal
niche of the red octopus, this study hypothesizes that CC will negatively
affect the red octopus populations. This situation greatly contrasts with
the idea that the red octopus may increase its fitness under warming
scenarios (Arreguin-Sanchez, 2019; Diario Oficial de la Federacion,
2018).

2. Material and methods
2.1. Study area

The YP western region has a strong seasonality with surface tem-
peratures ranging from 24 to 30 °C; while the northern region has
temperatures from 23 to 29 °C in the Nortes (northern winds) and Rainy
seasons, respectively (Angeles-Gonzalez et al., 2017). Lower tempera-
tures of the YP northern region occur due to the Yucatan Current, which
generates seasonal upwelling during spring and summer (Enriquez et al.,
2013; Enriquez and Marino-Tapia, 2014; Monreal-Gomez et al., 2004)
lowering the temperature. Regarding salinity, studies indicated that
values from 36.25 to 36.75 PSU are found in the northern region of the
YP in summer (Enriquez et al., 2013). However, in the western region
near the Sabancuy port, a haline front exists due to the discharge by
various rivers (Czitrom et al., 1986), reducing salinity to values of ~30
PSU (Phleger and Ayala-Castanares, 1971). This is particularly notable
in the Terminos Lagoon (Fig. 1).

2.2. Correlative niche model

Fig. 2 shows the complete workflow of the CNM. Subsequent sections
explain the processes in detail.

2.2.1. Occurrence records

Occurrence records of red octopus were obtained from a literature
review by Angclc&G(mza’llcz et al. (2020b), which consisted of 62 ref-
erences that recorded 1621 occurrences along its distribution area from
1966 to 2020. However, on average, most of the occurrences were ob-
tained during the 2012-2013 period (Gamboa-Alvarez et al., 2015).
Since sampling bias can lead to an environmental over-representation of
higher sampling regions (Boria et al., 2014), only one occurrence by
pixel was considered, leaving a total of 94 occurrences. Subsequently,
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Fig. 1. Study area on the Yucatan Peninsula continental shelf, showing the ports where coastal fleet samplings were performed. The polygon represents the area
where the red octopus (Octopus maya) is typically fished (Gamboa-Alvarez et al., 2015). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

75% of occurrences were randomly extracted for training, while 25% of
the remaining data were used for testing (Supplementary material 51).
In addition, a joint dataset (100% of occurrences) was used to evaluate
model complexity (see below).

2.2.2. Environmental layers for the correlative niche model

Environmental layers for maximum and minimum temperature (°C)
and salinity (PSU) were downloaded from Bio-ORACLE (Assis et al.,
2017) for benthonic and surface environments for current (2000-2014
period) and Representative Concentration Pathways (RCP) 2.6, 4.5, 6,
and 8.5 (2040-2050 and 2090-2100 period) scenarios (Table 1) at a
resolution of ~9 km?. In the RCP 2.6 scenario, carbon dioxide (CO5)
emission will have declined by 2020 and gone to zero by 2100. The RCP
4.5 scenario is an intermediate one, where emissions will have peaked
by around 2040, eventually declining. The RCP 6 scenario consists of a
scenario in which CO; emissions will have peaked by 2080; then, they
will gradually decline. Finally, the RCP 8.5 scenario represents an
exponential growth of greenhouse gases (IPCC, 2014).

All scenarios were chosen since some researchers consider that more
catastrophic scenarios may occur (Schwalm et al., 2020a, 2020b,
2020b), while others do not agree (Hausfather and Peters, 2020) or
point out the need for a broader range of global scenarios (Pedersen
et al., 2020). In reality, this is a hotly debated topic that has not been
settled yet.

Environmental layers were cropped according to an accessibility
hypothesis (M) for the red octopus; this M region represents the cali-
bration area delimitation and the ideal area for model calibration and
testing (Barve et al,, 2011). For such endeavor, this study used the
marine ecoregions developed by Spalding et al. (2007) and the package
“ENMGadgets” using the function “CropRaster” (Barve and Barve, 2013)
of R 4.0.0 software (R Core Team, 2020). Additionally, since no red

octopus occurrence has been found beyond depths of ~50 m (Avendano
et al., 2019), calibration was performed at depths of ~50 m since no
reliable information was available about the possibility that red octo-
puses inhabit greater depths. Later, variables that summarized the
environmental information of occurrences were filtered using the vari-
ance inflation factor (VIF) with the R package “usdm” using the “vifstep”
function (Naimi et al., 2014). The VIF is the ratio of a full model vari-
ance, divided by a model variance with one term alone. Values above 10
indicate that a variable might have a collinearity problem (Kutner et al.,
2004); if this threshold was surpassed, the environmental layer was
deleted.

2.2.3. Calibration and selection of the best performing correlative niche
model

CNMs were generated using the Maxent algorithm (Phillips et al.,
2006). Maxent uses the maximum entropy to correlate occurrence re-
cords with environmental variables to estimate suitability. Candidate
models were generated, consisting of different combinations of regula-
rization multipliers (RM - 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4) and features
(Linear - L, Linear-Quadratic - LQ, Linear-Quadratic-Product - LQP)
using the R package “kuenm” (Cobos et al., 2019b). Model selection was
based on statistical significance, predictive ability, and complexity - in
that order of priority.

A total of 24 candidate models were generated using the training
dataset. The performance of the models was evaluated with the test
dataset considering first the statistical significance (P < 0.05) with the
partial Receiver Operating Characteristic (pROC), an analysis derived
from the classical ROC. Graphically, the x-axis represents the suitable
proportion of M, while the y-axis evaluates an acceptable level of
omission error (see Peterson et al., 2008 - E = 5% in this study).
Candidate models without statistical significance were eliminated. The
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Table 1

Environmental variables were used to model the correlative niche model. Ab-
breviations were used on the online repository GitHub (https://github.com/ejo
symart/octopusNiche) and results. The asterisk (*) indicates environmental
layers remaining after the calibration process. For more details about the envi-
ronmental layer see Assis et al., (2017).

Environmental layer Units Abbreviation
Maximum surface temperature °C Sur_tem_max*
Minimum surface temperature °C Sur_tem_min
Maximum surface salinity PSU Sur_sal_ max*
Minimum surface salinity PSU Sur_sal_min*
Maximum benthic temperature at minimum depth °C Min_tem_max
Minimum benthic temperature at minimum depth °C Min_tem_min
Maximum benthic salinity at minimum depth PSU Min_sal_max
Minimum benthie salinity at minimum depth PSU Min_sal_min

remaining models were chosen according to an omission rate at 5%
(ORs). Values above that threshold typically indicate model overfitting
(see Peterson et al, 2008). Next, with the joint dataset, the model
complexity evaluation was done via delta Akaike Information criterion
(AAICc), a metric that reflects the model goodness-of-fit and complexity
(Warren and Seifert, 2011). Models with a value of AAICc < 2 were the
last remaining in the filtering process, where the model with the lowest
value was chosen.

Finally, using the jackknife test built-in Maxent, an estimation of the
most important variables was done. For example, if an environmental
variable had a low regularized training gain (how much better the
Maxent distribution fits the presence data than a uniform distribution)
when analyzed alone and in conjunction with other variables, it was
eliminated, and the calibration process was repeated (Fig. 2).

2.2.4. Correlative niche model projections to current and future scenarios

The selected CNM was projected onto current and future climate RCP
2.6, 4.5, 6, and 8.5 scenarios (2040-2050 and 2090-2100 periods) at
depths of ~50 m to obtain suitability maps. Maxent allowed to easily
choose three different types of model response: extrapolation, extrapo-
lation with clamping, and truncation. An extrapolation response was
used where response curves in non-analogous conditions (environ-
mental conditions differ to the calibration regions) followed trends
calculated in the calibration region (Cobos et al., 2019b; Owens et al.,
2013).

2.2.5. Extrapolation risk analysis

The model interpretation outside the calibration range can be per-
ilous; for instance, a positive linear relationship between environmental
variables and suitability could indefinitely increase in a future scenario
regardless of ecological viability. Therefore, the mobility-oriented parity
metric analysis was used to detect non-analogous regions. This analysis
calculates a multivariate environmental distance between calibration
and transference region based on a user-specified proportion. A value of
5% was chosen for this study. This calculation allows quantifying
environmental similarity between calibration and transfer (projection)
regions and highlights regions in geographic space where extrapolation
occurs, that is, non-analogous conditions (Owens et al., 2013).

2.3. Mechanistic niche model

2.3.1. Physiological data

The relationship between temperature (°C) and mean red octopus
fitness for juveniles was obtained from Ripoll et al., (unpublished data)
and calculated using the method of Paschke et al. (2018). For that
purpose, juveniles of red octopus obtained from embryos incubated at
24 °C (Rosas et al., 2014) were acclimated to laboratory conditions at
different temperatures in a range from 13 to 33 °C. Briefly, once animals
were acclimated for 30 days, low and high metabolic rate were
measured following the method of Paschke et al. (2018) where the
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temperature was used to induct a standardizable low (LMR) and high
metabolic rate (HMR), as proxies of standard and maximum metabolic
rate used in athletic fishes (Chabot et al., 2016). Thermal metabolic
scope (TMS; Paschke et al., 2018) was calculated as: HMR - LMR, also
considered a proxie of aerobic scope (Lecuwis et al., 2019; Rodri-
guez-Fuentes et al., 2017) (Fig. 3). This scope represents the surplus
proportion of the energy flux left after basal maintenance costs of an
organism are met (Paschke et al., 2018). In optimal temperatures, en-
ergy production is maximized, increasing fitness of the species (survival
in this work); in addition, the species also has “pejus” temperatures,
where although fitness is reduced, it is still positive, so they represent
the limit range of species distribution (Frederich and Portner, 2000).

2.3.2. Model fit of physiological data

A generalized additive model (GAM) approach was used to model the
relationship between temperature (°C) and red octopus fitness. This
approach was selected since it fit nonlinear responses for a wide range of
statistical distributions. The model assumes a Gaussian error distribu-
tion and identity link:

g(n)=p, +s (Bottom temperature, k)

where f3 is the intercept, n is an estimate of fitness of the red octopus
and g is the link function between n and additive predictors (= p); s(X)
denotes a tensor spline smoother function of the covariate X, and k is the
degree of smoothness. A high value of k (15) was set to adjust the model
to the physiological data. The GAMs were built using the “mgev” library
(Wood, 2017) from the R software.

2.3.3. Environmental layer for the mechanistic niche model

Mean benthic temperature at minimum depth was downloaded from
Bio-ORACLE (Assis et al., 2017) for current (2000-2014) and RCP 2.6,
4.5, 6, and 8.5 (2040-2050 and 2090-2100) scenarios at a resolution of
~9 km?. As in the CNM dataset, layers were cropped according to an M
(Barve et al., 2011) using the ecoregions proposed by Spalding et al.
(2007) with the library ENMGadgets (Barve and Barve, 2013).

2.3.4. Mechanistic niche model projections to current and future scenarios

The MNM were projected onto current and future climate RCP 2.6,
4.5, 6, and 8.5 scenarios (2050-2100) to obtain suitability maps. The
projections of all the scenarios were done down to ~50 m in depth,
following the procedure of CNMs. Since this model represents an actual
measurement of the fundamental thermal niche (Kearney et al., 2010;
Peterson et al., 2015), there was no need to calculate any extrapolation
risk.

2.4. Potential red octopus distribution

Potential distribution (PD - presence-absence maps) were made from
the environmental suitability maps of the CNM selected and the MNM.
For the CNM, the PD was obtained from suitability maps using the fifth
percentile training presence method, a threshold value that leaves out
5% of occurrence records with the lowest suitability values (Peterson
et al., 2008). This threshold was used to prevent the consideration of
ocurrences from sink populations, taxonomic misidentifications, or
wrongly georeferenced occurrences (Peterson et al., 2008) while
generating PD maps. In the case of the MNMs, values above 0 were
considered presence because they represent the pejus range — temper-
atures that delimit the range of maximum performance and scope for
activity which defines the geographic distribution limits (Frederich and
portner, 2000). Maps obtained from both procedures were overlapped
for each RCP scenario and compared.
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3. Results 3.1.3. Regions of non-analogous conditions for future scenarios

3.1. Correlative niche model results

3.1.1. Characteristics of the selected correlative niche model

A configuration of ‘L’ features with RM of 0.5 was selected as the best
model. The procedure showed that the model had statistical significance
with a pROC of P < 0.05 and a performance value of ORs = 0.04.
Furthermore, variables selected with the Jackknife test were Sur_tem_-
max, Sur_sal_max, and Sur_sal_min. Overall the variable that contributes
the most to the training gain of the model is Sur_tem_max. According to
the model in this study, detrimental environments are found at surface
temperatures of ~30 °C. Similarly, despite the uncertainty, surface sa-
linities values below 30 PSU might harm the red octopus, however, it
was not possible to characterize the upper salinity tolerances (Fig. 4).

3.1.2. Correlative niche model on landscape and future scenarios

The results suggest that suitable areas of red octopus are restricted
mainly to the YP in Mexico. In the western YP, suitability decreased
nearby the Sabancuy port (Fig. 5). The Maxent results showed that
higher suitable areas occurred north of the YP. Under CC, by 2040-2050
suitability will have decreased in the western YP area and to a lesser
extent in the north for most scenarios. Nevertheless, the RCP 2.6 sce-
nario showed the possibility for the red octopus to have regained and
maintained its current suitability by 2090-2100. Under the RCP 4.5
scenario, suitability will be higher on the northern coast of the YP by the
2040-2050 and 2090-2100 periods. However, stronger environmental
pressures will have significantly reduced the overall suitability of red
octopus by 2090-2100 in the RCP 6 and 8.5 scenarios (Fig. 5).

Analogous conditions were detected north of the YP in all scenarios
for the year 2050. However, by the year 2100, most of the YP will have
shown non-analogous conditions during the RCP 4.5, 6, and 8.5. In
contrast, the RCP 2.6 scenario showed analogous conditions in the
western and northeast regions of the YP (Supplementary material §2).

3.2. Mechanistic niche model results

3.2.1. Mechanistic niche model on landscape and future scenarios

The MNMs showed suitable regions in the western region of the GM,
the Yucatan shelf, and the Caribbean mainly at greater depths. Never-
theless, the lowest suitabilities were predicted in the Caribbean region
and the western region of the Yucatan shelf. Therefore, suitabilities on
those regions will have been the most negatively affected under
warming scenarios, particularly the RCP 6 and RCP 8.5 scenarios by the
2090-2100 period. Regarding the coastal region of the Yucatan shelf
where the species is fished, the northern region seems more suitable and
acts as a “refuge” under warming scenarios. However, higher suitabil-
ities will have been found away from the coast at deeper waters if
warming intensifies (RCP 8.5, 2090-2100 period - Fig. 6).

3.2.2. Potential distribution of red octopus according to correlative and
mechanistic niche models for current and future scenarios

The presence-absence outputs for CNM (threshold value of 0.14)
show PD on the shores of the Yucatan shelf and in the western region of
the GM. For the CNM, a contraction in PD exists toward the coast area
for most scenarios. However, under RCP 2.6, 4.5, the red octopus will
have retained most of its current PD and even recovering most of it (RCP
2.6 period 2090-2100), which was not the case for RCP 6 and 8.5 at
2090-2100 scenarios since a significant reduction in PD is predicted. On
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the other hand, binary maps obtained from MNM predict as PD regions
the whole calibration area. According to the binary output obtained
from MNM, the red octopus will have retained its PD for most scenarios
except at the RCP 8.5 scenario in 2090-2100, where the western and the
Mexican Caribbean regions surpass the threshold of thermal tolerance.
Lastly, PD areas obtained from the MNM were noted to be more stable
than those obtained from CNM (Fig. 7).

4. Discussion
4.1. Current suitability and potential distribution of the red octopus

The CNM showed statistical significance and good performance.
According to the jackknife test, the Sur_tem_max contribute more to the
regularized training of the model. The importance of predicted tem-
perature is not surprising because it influences the metabolism and
physiology in ectothermic animals due to its effects on oxygen uptake
(Portner et al., 2017; Portner, 2012; Portner and Farrell, 2008).
Although octopus species are usually associated with bottom environ-
ments, the Sur_tem_max contributed more to the model, which could be
explained because the red octopus was usually found nearby the coast.
In addition, data calculated from satellite measurement may be more
reliable than the interpolation process of bottom temperatures from
oceanographic models like the ones used in the environmental layers of
Bio-ORACLE (Assis et al., 2017). For the most part, predictions of suit-
ability and PD are consistent with the known distribution of the red
octopus (Angeles-Gonzalez et al., 2020b; Gamboa-Alvarez et al., 2015).
However, it was noted that it could potentially inhabit the western re-
gion of the GM (Fig. 7).

In contrast, the MNM predicted suitable and PD regions far from

where the red octopus is reported. That the MNM predicted a wider PD is
not surprising (Gutiérrez-Ruelas et al., 2019). For instance, the CNM
indirectly includes biotic interactions in their calculations, while phys-
iological data do not account for such information (Soberon and Peter-
son, 2005). Perhaps negative interactions, (competitors or predators)
prevent species expansion (Guticrrez-Ruelas et al., 2019; Soberon and
Peterson, 2005) which could be the case of the red octopus, particularly
to deeper waters where other octopus species inhabit (Avendano et al.,
2020). Also, it is possibly that the red octopus occurrences used for the
CNM may have been biased to the coast — a phenomenon that could be
generalized for marine species due to the greater ease of being fished out
or observed; thus, the niche characterizaton would be only partial.

In addition, using a single variable as a proxy to a multivariate niche
in a MNM may expand their suitability and PD since other limiting
variables were not considered (Soberon and Arroyo-Pena, 2017), for
example, salinity. Indeed, although both CNM and MNM found PD re-
gions in western GM, no reliable source of occurrence has been reported
in that area. Unfortunately, no salinity tolerance data exist for this
species. However, successful cultures occur at >32 PSU (Rosas et al.,
2014), with lower values being detrimental for the red octopus, ac-
cording to our model (Fig. 4). Thus, the distribution could be restricted
due to the sharp decrease in salinity (<30 PSU) nearby the Terminos
Lagoon (Phleger and Ayala-Castanares, 1971). Moreover, the
Grijalva-Usumacinta rivers (further west than Sabancuy) modify
salinity, substrate, and organic matter (Rabalais, 2004), which could
affect octopus populations negatively (Sobrino et al., 2002), probably
restricting, even more, the red octopus distribution.

Therefore, the over predictions by the MNM in comparison to CNM
suggest that salinity acts as an environmental barrier. Similarly, in the
Mexican Caribbean region, no well-founded occurrence of red octopus

75



L.E. Angeles-Gonzalez et al.

Estuarine, Coastal and Shelf Science 260 (2021) 107502

RCP 2.6 2040-2050

idmt  RCP 2.6 2000-2100 4 -vidme

RCP 4.5 2040-2050

idmtd  RCP 4.5 2090-2100

Present

RCP 6 2040-2050

RCP 6 2090-2100

RCP 8.5 2040-2050

0.
0.6 \‘_
0.4

0.2

dmt  RCP 8.5 2000-2100 4 -vidmtt

Fig. 5. Suitability outputs of correlative niche models for the present (2000-2014) and the Representative Concentration Pathways scenarios (2.6, 4.5 6, and 8.5) for
2040-2050 and 2090-2100 for the red octopus (Octopus maya). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

exists; this region is characterized by mean temperatures even higher
than in the western region of the YP. Perhaps, although the red octopus
could tolerate the temperatures of that region according to physiological
data (Angeles-Gonzalez et al., 20202) and the MNM, it may not inhabit it
since ectothermic species tend to have a “safety thermal buffer”
(Angilletta, 2009).

Finally, both the CNM and MNM showed high suitability in the
northern fishing region of the YP- a region characterized by upwellings
that keep temperatures ~27 °C (Enriquez et al., 2013; Ruiz-Castillo et al.,
2016; Zavala-Hidalgo et al., 2006). The conditions of that region have
been hypothesized to optimize octopus fitness. For instance, laboratory
studies have shown that below 27 °C, reproduction success and em-
bryonic development increase (Caamal-Monsreal et al., 2016; Judrez et
al, 2015, 2016), and growth rate in juveniles is optimum (Noyola et al.,

2013). Whereas temperatures of ~30 °C, fitness and performance
decrease when thermal stress begins to express itself in the octopus
(Caamal-Monsreal et al., 2016; Judrez et al, 2015, 2016, 2015;
Lopez-Galindo et al., 2019; Pascual et al., 2019).

4.2. Future potential distribution of the red octopus

As environmental alterations continue to affect species performance,
distribution changes may occur to find favorable temperatures (Poloc-
zanska et al., 2013, 2016). In this sense, suitability and PD suggest a
negative impact on red octopus due to the negative relationship with
temperature, indicating potential metabolic stress for the red octopus in
the future. In this sense, the vulnerability of the red octopus to the CC
can be easily explained due to their restricted distribution
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(Angeles—(}(mnﬂez et al.,, 2020b; Gamboa-Alvarez et al., 2015), low
dispersal capabilities (lack of planktonic stage - Rosas et al., 2014), and
cold tolerance affinities (Caamal-Monsreal et al., 2016; Juarez et al,
2015, 2016, 2015; Noyola et al., 2013).

Indeed, this study noted that the red octopus populations in the YP
western region are particularly vulnerable to warming scenarios, espe-
cially under the RCP 8.5 scenarios where the CNM and MNM suggest
that the thermal window threshold will have been overcome by the
2090-2100 period. Nevertheless, the MNM also suggests that deeper
waters can potentially act as thermal refugia under the RCP 8.5 sce-
narios. However, not all CNMs scenarios are catastrophic. For example,
the most favorable scenario, RCP 2.6, showed that the red octopus might
retain most of its distribution with little change, whereas the RCP 4.5
scenario showed a slighter reduction in suitability and PD in the western

region. At the same time, higher suitabilities of the red octopus could
occur at the north of the YP for most scenarios, as hypothesized by
Angeles-Gonzalez et al. (2017). Therefore, this would indicate that
landings in the YP’s northern coast could be more stable than in the
western region.

Regardless of the differences in the results, both approaches usually
predicted a reduction in suitability in all RCP scenarios. It is worth
pointing out that even if the species retains its PD -as the MNM suggests-
overall suitability is reduced. Therefore, assuming that a relationship
between abundance and the niche exists (e.g., Martinez-Meyer et al.,
2013; Osorio-Olvera et al., 2020; Yanez-Arenas et al., 2012), landings in
the region will be reduced. In addition, if MNM predictions are accurate,
it would also suggest that red octopus could take refuge in deeper wa-
ters. Therefore, the resource would be less accessible for small-scale
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fisheries, and it would be exploited mainly by the medium-scale
fisheries.

4.3. Caveats

Predicting accurately how the communities will behave is difficult
since they are complex networks of ecological processes. For instance,
the CC is expected to affect several of the ecosystem attributes, including
food webs (Portner and Peck, 2010; Noyola et al., 2015), phenology
(Poloczanska et al. 2013; 2016), and habitats (Martinez-Arroyo et al.,
2011). However, the analyses of such effects are usually out of the scope
of niche models. Moreover, both CNM and the MNM models accounted
mainly for effects of thermal stress. Nonetheless, evidence indicates that
vulnerability of ectotherms to temperature generally increased when

10

they were exposed to additional stressors, such as reduced oxygen, CO»,
and ocean acidification (Deutsch et al.,, 2015; Portner et al.,, 2005;
Portner and Peck, 2010).

An inherent uncertainty is also possible in the CNM procedures
where algorithm and parameter settings selection can create different
outputs predicted (Cobos et al., 2019a; Peterson et al., 2018). Moreover,
for the MNM, this study used only the data of juveniles that tend to have
higher thermal tolerance than adults or embryos (Tremblay et al., 2017),
so the impact of CC might be more substantial if all life stages of the red
octopus are considered. Several authors suggest that MNMs should also
incorporate morphology, behavior, and demography in their calculation
(Kearney and Porter, 2009; Peterson et al., 2015). Future work could
associate laboratory data of the complete life cycle of the red octopus
with demographic processes to evaluate the impact of CC on the entire
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ontogenetic development of the species. Additionally, the projections of
models to different circulation global models may further reduce the
uncertainty (Cobos et al., 2019a; Peterson et al., 2018) instead of one
environmental source as it was done in this work. Finally, assessing if
octopuses could potentially adapt to CC or the effect of biotic interaction
was not part of the scope of this study. Nonetheless, the possibility
should be weighed.

5. Conclusions

The models developed in this study seemed to be helpful tools for
inferring climate change impact direction. Although the results differed,
both correlative and mechanistic niche model predicted an overall
reduction in suitability. Thus, considering the scenarios, an eastward or
more profound water migration could occur (Angeles-Gonzalez et al.,
2017) at least for the bulk of the red octopus population available to the
small-scale fisheries. The fact that the species could move from places
that have been historically accessible indicates the need to develop
contingency plans for this fishing resource. This is especially important
since Mexican regulations assume that this species will benefit from
climate change (Diario Oficial de la Federacion, 2018), which is not
supported by the results in this study. Finally, all the codes and input
data to replicate this study are provided in the following GitHub link: htt
ps://github.com/ejosymart/octopusNiche.
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6.1 Discusion

Durante la realizacion de este trabajo, se demostrdé que la caracterizacion del nicho
ecoldgico (sensu Grinnell) puede ser utilizado como una herramienta util para el
manejo de recursos pesqueros, dado que la relacion de centralidad del nicho con la
abundancia describe los patrones espacio-temporales de captura de Octopus maya
(Periodo 2012) (capitulo dos). A través del analisis de las tendencias histéricas de
captura (1993-2008), los resultados sugieren un incremento a corto plazo en los
desembarcos de O. maya en la Peninsula de Yucatan (capitulo tres), sin embargo, si
se rebasa un umbral de tolerancia fisioldgica (temperatura >30 °C) los volumenes de
captura disminuiran. Adicionalmente los resultados obtenidos a partir de los datos
fisiologicos, los MC y MM sefnalan reducciones en la adecuacion y distribucion de O.
maya y O. insularis en escenarios de CC (capitulo cuatro y cinco) particularmente en

los escenarios de calentamiento mas fuerte.

La relacion obtenida entre la captura por unidad de esfuerzo (CPUE) y su posicion con
respecto al nicho es consistente con las hipotesis ecoldgicas derivadas de Maguire,
(1973). Maguire (1973) describe el nicho como un elipsoide (con base en estudios
fisiolégicos — ej. Birch, 1953; Haefner, 1969; Biggs y McDermott, 1973; Blaszkowski y
Moreira, 1986; Hooper et al., 2008), estableciendo que diferentes regiones de la
estructura del nicho corresponden a diferentes tasas de crecimiento intrinseco (r) de

las poblaciones.

De lo anterior, se desarroll6 la idea de distancia al centroide del nicho (DCN) como una
medicion que se relaciona con atributos de la adecuacién, como lo es la abundancia.
Esta propuesta estipula que en el centro del nicho (en el espacio ambiental) existen las
condiciones ambientales Optimas para las poblaciones y, por ende, la adecuacién
maxima, y conforme se aleja de éste la adecuacion y la abundancia disminuyen
progresivamente (Escalante y Martinez-Meyer, 2013; Yafez-Arenas et al., 2014;
Urefa-Aranda et al., 2015; Martin et al., 2016; Martinez-Gutiérrez et al., 2018; Osorio-

Olvera et al., 2020). Con base en los resultados de este trabajo se corrobord que esta
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relacién existe en O. maya. Asi también, aportando posibles nuevos paradigmas a

estudiar.

Por ejemplo, es interesante notar que en el presente estudio se establecié que los
datos de temperatura (2002-2010) y salinidad (1955-2006) obtenidos para intervalos
temporales de varios afios tuvieron una mayor correlaciéon con las CPUE de O. maya
que los datos correspondientes a una escala temporal de mayor resoluciéon (mensual).
Esto probablemente debido a que los datos de temperatura y salinidad provenientes
de periodos largos estan mejor correlacionados con las agregaciones periédicas y
recurrentes en la regién occidental de la Peninsula de Yucatan (Arreguin-Sanchez,
2000; Gamboa-Alvarez et al., 2015; Arreguin-Sanchez, 2019; Arreguin-Sanchez et al.,
2019), lo que produce una “fidelidad estacional” facilmente reconocible a partir de las
variaciones de la CPUE, tal estacionalidad se reflajaria en el reclutamiento (Mufiz et
al., 2021). Esta fidelidad estacional de la abundancia contrasta con las variaciones
mensuales de las capturas, las cuales aparecen como tendencias incompletas de la

CPUE.

Este tipo de relacion podria ser el caso particular de una especie benténica con una
capacidad de dispersion baja como O. maya. Sin embargo, posible la asociacion entre
las fechas de presencia y los datos ambientales en especies de alta movilidad (ej.,
especies nectbénicas) pueda ser diferente (Ingenloff y Peterson, 2021; Torrejon-
Magallanes et al., 2021), particularmente considerando que los organismos marinos
pueden responder rapidamente a los cambios ambientales (Pinsky et al., 2013), lo que
se reflejaria en una relacion mas estrecha entre los cambios mensuales de

condiciones ambientales y la captura.

Otro factor importante es la relacion entre la heterogeneidad ambiental y la distribucion
de la poblacion de O. maya en la plataforma de Yucatan. Se ha observado que los
juveniles tienden a agregarse en temperaturas mayores de 25 °C en la regién
occidental durante agosto a octubre en la plataforma yucateca (Gamboa-Alvarez et al.,

2015), donde existen florecimientos de productividad primaria (Arreguin-Sanchez y
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Chavez, 1995; Arreguin-Sanchez, 2019; Arreguin-Sanchez et al., 2019), un predictor
no considerado en este estudio. Aunque no existe un estudio ecolégico detallado que
considere los florecimientos de productividad primaria, se ha especulado que este
favorece la madurez de los pulpos por via del enriquecimiento de las redes troficas
asociadas con la abundancia de nutrientes (Arreguin-Sanchez, 2000, 2019; Arreguin-

Sanchez et al., 2019).

En contraste, durante noviembre y diciembre, los vientos procedentes del norte
provocan que el ambiente costero se homogenice, por lo que los adultos, con
preferencias por temperaturas mas bajas (24 °C), presentan abundancias mayores en
la plataforma de Yucatan, particularmente en zonas cercanas a la costa donde las
hembras adultas desovan (Angeles-Gonzalez et al., 2017). Bajo tales circunstancias,
la relacion DCN-abundancia disminuye, indicando que es altamente sensible a la

heterogeneidad ambiental (Figura 6).

Agosto Septiembre

Octubre Noviembre

Diciembre Promedio

Figura 6. La temperatura de la superficie del mar de la plataforma de Yucatan para la
temporada de pesca de pulpo. Los datos ambientales se obtuvieron del producto
GLORYS12V1 del Servicio de Monitoreo del Medio Marino de Copernicus
(https://www.copernicus.eu/). La resolucion es de ~ 9 km? por pixel.
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Dado que las preferencias en condiciones ambientales cambian durante el ciclo de
vida (Carr et al., 2003; Pértner y Farrell, 2008; Robinson et al., 2011; Tremblay et al.,
2017), los cambios ontogénicos deben tener un efecto en la relacion DCN-abundancia.
En la teoria del nicho desarrollada parte de la idea de Maguire, (1973) se ha sugerido
que el nicho en realidad es una estructura que cambia en funcion de la ontogenia de
las especies modificando las tasas de crecimiento, los habitos alimenticios y la

condicion reproductiva (Portner y Farrell, 2008; Soberdn y Peterson, 2020) (Figura 7).
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Figura 7. Ventana térmica de Octopus maya a lo largo de su ciclo de vida. Los
embriones (Caamal-Monsreal et al., 2016), juveniles, preadultos (Noyola, Caamal-
Monsreal, et al., 2013; Noyola, Mascaro, et al., 2013) y adultos (Juarez et al., 2015,
2016) fueron aclimatados a temperaturas de 18, 22, 26, 30 °C. En los embriones las
curvas de respuesta indican en las temperaturas en las que estos se desarrollan en un
tiempo menor al que sobreviviria una hembra durante el cuidado parental. En los
juveniles los intervalos indican las temperaturas preferidas. En los pre adultos y
adultos corresponden a las temperaturas en la que los organismos desovan Estos
rangos de tolerancia térmica pueden interactuar con otras variables como oxigeno
disuelto, CO- o productividad primaria modificando las preferencias térmicas (Pdrtner
et al., 2005; Angilletta, 2009), aunque actualmente se desconoce el efecto de estas
variables en O. maya. La figura se encuentra basada en el trabajo de Tremblay et al.,
(2017).
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Los datos de embriones de O. maya proporcionan evidencia de la importancia en
estos cambios ontogénicos y en la estacionalidad al delimitar distribuciones. En
Campeche las temperaturas maximas superan el umbral térmico de embriones de O.
maya (28 °C); sin embargo, el evento reproductivo es muy estacional ocurriendo
principalmente en invierno (Markaida et al., 2016; Angeles-Gonzalez et al., 2017)
cuando las temperaturas mas bajas (< 25 °C) permiten desoves y eclosiones exitosos
(Juarez et al., 2015; Caamal-Monsreal et al., 2016). Lo anterior muestra que especies
de ciclos de vida anual, como el O. maya, tienen nichos no convexos, particularmente
en ambientes estacionales (Soberén y Peterson, 2020), por lo que, para el caso
particular de los embriones, considerar la estacionalidad podria ser util para delimitar

distribuciones dinamicas (Ingenloff, 2017; Ingenloff y Peterson, 2021).

Los efectos en la plasticidad fenotipica de los organismos (Angilletta, 2009; Semsar-
kazerouni y Verberk, 2018) y en la alimentacion (Angilletta, 2009; Semsar-kazerouni et
al., 2020) no suelen ser considerados en los modelos de nicho (Soberén y Nakamura,
2009; Peterson et al., 2011), probablemente debido a la dificultad de obtener
informacion confiable sobre todo de las poblaciones silvestres, por lo que abre la
oportunidad a desarrollar trabajos futuros que exploren la forma en la que el nicho es

modulado por estos elementos.

Los cambios de condiciones ambientales se reflejan no solo en la distribucién espacio-
temporal de las especies, sino también en los registros de capturas comerciales
(Simpson et al., 2011; Cheung et al., 2013; Doubleday et al., 2016). Con base en los
resultados obtenidos, es posible proponer que el aumento en el rendimiento de la
pesca de O. maya reportado (Salas et al., 2006; DOF, 2014, 2018; Arreguin-Sanchez,
2019) se debe a un incremento en la adecuacién de la especie como resultado al
aumento de la temperatura. En estudios realizados en otras especies de cefalépodos
se ha observado un fenédmeno similar (Doubleday et al., 2016; Lopes et al., 2021). Por
ejemplo, en series de tiempo de O. insularis en Brasil, las capturas incrementaron a

medida que aumentd la temperatura superficial del mar, reportdndose mayores
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descargas a 28 °C (Lopes et al.,, 2021), lo cual corresponde a sus preferencias
fisiologicas. Considerando que O. insularis tiene una adecuacion Ooptima a
temperaturas mas altas (~28 °C) que O. maya (~24 °C en adultos y embriones), esta
especie se vera menos afectada por el CC. Incluso podria desplazar al O. maya
alcanzando abundancias que le permitan convertirse en una pesqueria potencial (Lima
et al., 2020). No obstante, si los umbrales del NF son superados, el rendimiento

pesquero disminuira (Cheung et al., 2013; Doubleday et al., 2016).

Los efectos que el CC tendra en los recursos pesqueros siempre estaran sujetos a un
nivel de incertidumbre intrinseca debido a las metodologias asociadas a la seleccion
de modelos o a su parametrizacion (Peterson et al., 2015, 2018; Qiao et al., 2015;
Cobos et al., 2019). Con la finalidad de mitigar el margen de incertidumbre en los
resultados obtenidos de los MC y MM, estos fueron integrados en el capitulo cinco del
presente estudio (Kearney y Porter, 2009; Kearney et al., 2010; Kumar et al., 2014;

Peterson et al., 2015; Meineri et al., 2015).

En ese sentido, los datos fisioldgicos utilizados en los MM y MC indican que el CC
provocara una contraccion en las condiciones favorables de O. maya en el Golfo de
México, lo que se vera reflejado en un cambio de distribucion potencial. Dado que en
el presente estudio se asume que existe una relacion entre la abundancia y el nicho
(Osorio-Olvera et al., 2016; Osorio-Olvera et al., 2020), los resultados sugieren que los
desembarques en la regién de O. maya disminuiran dado que este pulpo se podria
refugiar en aguas mas profundas. No obstante, las corrientes frias procedentes de la
surgencia estacional en la regién norte de la plataforma continental adyacente a
Yucatan permiten suponer que mientras esa surgencia permanezca, la zona norte
tendera a ser térmicamente mas favorable indicando que las capturas podrian ser mas

estables en esa region (Angeles-Gonzalez et al., 2017).

El hecho de que la especie pudiera migrar de lugares que ha sido histéricamente
accesible indica la necesidad de desarrollar planes de manejo que permitan la

reorganizacion de la pesca en escenarios futuros teniendo en cuenta los posibles
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cambios de abundancia. Esto es especialmente importante ya que estudios previos
(Arreguin-Sanchez, 2019; Arreguin-Sanchez et al., 2019) y regulaciones mexicanas
(DOF, 2014) suponen que los pulpos, y en particular el O. maya, se beneficiara con el
CC, lo cual, acorde a esta y otras investigaciones (Noyola, Mascaré, et al., 2013;
Juarez et al., 2015, 2016; Caamal-Monsreal et al., 2016; Lopez-Galindo et al., 2019;

Pascual et al., 2019), no podria ocurrir.

Desafortunadamente, con los datos fisiolégicos de O. americanus no fue posible
realizar inferencias en su distribucion. Esto podria estar relacionado con diferencias
entre el ecosistema de la Peninsula de Yucatan y las poblaciones de Florinapolis,
Brasil (regién de donde provienen los datos). Las poblaciones de Floriandpolis
pertenecen a regiones templadas de América del Sur (Spalding et al., 2007), mientras
que las presencias registradas por Avendafo et al. (2019) se encuentran en el
Atlantico Tropical (Spalding et al., 2007). Tal aislamiento bajo diferentes regimenes
térmicos generaria fenotipos con mayor adecuacion en su entorno nativo (Angilletta et

al., 2002; Angilletta, 2009).

Se destaca que los resultados en la relacion DCN-abundancia y los MC y MM difieren
en la delimitacion de la region geografica mas favorable en la Peninsula de Yucatan.
La diferencia en estos resultados probablemente depende del sesgo asociado a la
calibracion de los modelos. En la relacién DCN-abundancia, se model6 un proceso de
reclutamiento ocasionado por un incremento en la productividad, en tanto que en el
MC, el proceso de filtrado (una presencia por pixel) redujo este efecto de
reclutamiento, caracterizando principalmente un nicho “térmico” que corresponde con
los resultados del MM. Aceptando la conjetura de que estos andlisis son
representaciones de la adecuacién de la especie, algunas preguntas podrian ser
planteadas: (1) ¢Cuales son las dimensiones (variables) del NF que se relacionan
fuertemente con la adecuacién? (2) ;Qué proceso ecoldgico intentamos representar

(un proceso de reclutamiento, reproduccion o supervivencia)? Esta claro que
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dependera del objetivo de la investigacion y es un elemento a considerar durante el

desarrollo de los analisis, particularmente para monitorear un recurso pesquero.

A pesar de que el enfoque integrativo para la evaluacion y monitoreo de recursos
pesquero es prometedor, trabajos posteriores podrian dilucidar mas a fondo algunas
de las incognitas observadas durante este estudio. Por ejemplo, aunque los cambios
en la composicion pesquera estan asociados a procesos como el calentamiento global
(Simpson et al., 2011; Cheung et al., 2013; Doubleday et al., 2016), no existen otras
comparaciones directas entre el estado fisiolégico de las poblaciones y las capturas
histéricas. Si efectivamente las relaciones descritas en el presente trabajo son
encontradas para otras especies, el marco tedrico aqui propuesto podria ser una

herramienta poderosa de monitoreo para recursos pesqueros.

Finalmente, es necesario desarrollar modelos que nos permitan evaluar el ciclo de vida
completo de las especies y vincularlo a las variables ambientales (Klockmann et al.,
2017). Por ejemplo, existe un fuerte cambio en las ventanas térmicas en O. maya
durante su desarrollo ontogénico (Tremblay et al., 2017); la utilizacién de matrices que
consideren preferencias térmicas a lo largo del nicho ontogénico podrian ser una
metodologia que resuelva esta problematica (Osorio-Olvera et al.,, 2016),
especialmente porque permitiria un monitoreo dinamico de recursos (al considerar la
estacionalidad) o separar la modelacion por estadio de vida y procesos ecoldgicos,

estimando los nichos de las especies con mayor detalle.

6.2 Conclusiones

Este trabajo busco evaluar la capacidad de la teoria del nicho ecolégico como
herramienta para el manejo pesquero, particularmente con el interés de comprender el
efecto potencial del CC en las pesquerias de pulpo del sur del Golfo de México, una

zona identificada como vulnerable. Las conclusiones de esta tesis son las siguientes:
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e Existe una correlacion negativa entre la CPUE y la DCN, lo que sugiere que la
modelacion de la estructura interna del nicho ecolégico puede ser utilizada
como una herramienta de monitoreo en las capturas.

e Los resultados muestran que el incremento histérico de capturas de O. maya
reportado en los anuarios estadisticos se ha debido al aumento en su
adecuaciéon en su regién de pesca, como consecuencia del aumento de la
temperatura del mar. Lo anterior sugiere que, una vez que se supere un umbral
de tolerancia, las capturas podrian disminuir.

e Para la especie O. maya, los datos fisioldgicos de embriones muestran que el
CC tendra un impacto negativo en las poblaciones de la Peninsula de Yucatan.
El pulpo O. insularis, al ser una especie adaptada a mayores temperaturas, es
mas tolerante a los escenarios de CC; sin embargo, si el calentamiento rebasa
su limite de tolerancia térmica (~33 °C) esta especie también se veria afectada
negativamente.

e Los MC y MM indicaron una disminucién de la adecuacion en la Peninsula de
Yucatan para O. maya. Adicionalmente los modelos mecanisticos sugieren la

posibilidad de que el O. maya se refugie en aguas mas profundas.
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