
The Malacological Society of LondonJournal of

Molluscan Studies
Journal of Molluscan Studies (2017) 83: 280–288. doi:10.1093/mollus/eyx013
Advance Access publication date: 4 April 2017

Temperature modulates spatio-temporal variability of the functional reproductive
maturation of Octopus maya (Cephalopoda) on the shelf of the Yucatan Peninsula, Mexico

Luis Enrique Angeles-Gonzalez1, Reyna Calva2, Josefina Santos-Valencia3,
Omar Hernando Avila-Poveda4,5, Alberto Olivares6, Fernando Diaz7 and Carlos Rosas8,9

1Facultad de Ciencias Biologicas y Agropecuarias, Universidad Autonoma de Yucatan (UADY), Merida, Yucatan, Mexico;
2Facultad de Ciencias del Mar y Limnologia, Universidad Nacional Autónoma de México, UMDI-Sisal, Yucatán, México;

3Centro Regional de Investigaciones Pesquera (CRIP-Yucalpetén), Instituto Nacional de Pesca (INAPESCA), Yucalpetén, Yucatán, México;
4Facultad de Ciencias del Mar (FACIMAR), Universidad Autonoma de Sinaloa (UAS), Mazatlan, Sinaloa, Mexico;

5Direccion de Catedras-CONACYT, CONACYT, Ciudad de Mexico, Mexico;
6Departamento de Biotecnología, Facultad de Ciencias del Mar y Recursos Biologicos, Universidad de Antofagasta, Antofagasta, Chile;

7Laboratorio de Ecofisiologia de Organismos Acuaticos, Departamento de Biotecnologia Marina, Centro de Investigacion Cientifica y de Educacion Superior de Ensenada (CICESE),
Ensenada, Baja California, Mexico;

8Unidad Multidisciplinaria de Docencia e Investigación, Facultad de Ciencias, Universidad Nacional Autonoma de Mexico (UNAM), Sisal, Yucatan, Mexico; and
9Laboratorio de Resiliencia Costera (LANRESC), CONACYT, Sisal, Yucatan, Mexico

Correspondence: O.H. Avila-Poveda; e-mail: oavila@uas.edu.mx, ohavilapo@conacyt.mx and C. Rosas; e-mail: crv@ciencias.unam.mx

(Received 28 September 2016; editorial decision 6 March 2017)

ABSTRACT
Laboratory studies have demonstrated that high temperatures inhibit spawning of Octopus maya; therefore,
in oceanic warming scenarios the population dynamics may be affected. The aim of the present study was
to go beyond laboratory studies under controlled temperatures to examine the possible relationship
between large-scale thermal patterns and reproductive season (represented by functional maturation) of
O. maya in the wild on the continental shelf of the Yucatan Peninsula, where it is endemic. The macroscopic
maturity index (MaMI) was obtained in females, and reproductive complex index (RCI) and number of
spermatophores in males. Associations between these indices and environmental temperature regime were
inferred by sampling octopuses in an upwelling zone (Z-I), a transition zone (Z-II) and a nonupwelling
zone (Z-III). The reproductive condition of O. maya differed between Z-I and Z-III. In all zones, the pro-
portion of adults showing functional maturity was highest in both females (MaMI: 36–71% of values ≤0.2)
and males (RCI: 12–40% of values ≥0.9; 41–49 spermatophores per octopus) during the season of winter
storms (‘nortes’ season, November–February), when the sea-surface temperature oscillates around 25 °C.
In Z-I, some individuals were functionally mature throughout the year, likely due to low temperatures
maintained by summer upwelling. Zone-I had the greatest proportion of functionally mature males (up to
40% of adults in ‘nortes’ season) and the greatest number of spermatophores (mean 43–49 spermatophores
per octopus in all seasons). Females in Z-III (without upwelling) were functionally mature mainly in the
‘nortes’ season when water temperature decreased, with only a small proportion mature in the rest of the
year when water temperatures reached 31 °C. As predicted by laboratory studies, water temperature
below 27 °C appears to be favourable for the functional reproductive maturation of wild O. maya.

INTRODUCTION

Octopuses are cosmopolitan cephalopods of commercial import-
ance that inhabit continental shelves and oceanic waters (Solis-
Ramírez, 1997). They are important components of trophic webs
due to their role as predators, prey or competitors of fishes and
crustaceans (Gartner et al., 2008; Briceño et al., 2016). In Mexico,
the octopus fishery is the ninth most important fishery by volume
landed and the fourth most important fishery in terms of economic
value (Pérez-Pérez et al., 2011). Yucatan and Campeche contribute
about 90% of the national octopus fishery, which mainly targets
Octopus maya (Voss & Solis Ramirez, 1966) (red octopus) and

O. vulgaris (common octopus). The fishery of O. maya is already at
the maximum allowable catch; therefore, a maximum annual
catch of 20,000 t, minimum size of 110 mm dorsal mantle length
(DML) and minimum fresh body weight (BW) of 450 g were set to
manage the fishery (Pérez-Pérez et al., 2011).

Octopus maya is a coastal species that inhabits shallow waters
adjacent to the continental shelf of the Yucatan Peninsula (states
of Campeche, Yucatan and Quintana Roo). This species is often
associated with areas covered by sea grass (Thallassia testudinum),
coral fragments and empty shells of gastropods (Voss & Solis
Ramirez, 1966). The red octopus is one of the most studied
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species in the region (Solis-Ramírez, 1997; Arreguín-Sánchez,
2000; Hérnandez-Flores et al., 2001; Rosas et al., 2014; Gamboa-
Alvarez, López-Rocha & Poot-López, 2015).

The catchability of O. maya is variable along the continental
shelf; compared with the east coast of the Yucatan Peninsula, the
west coast is characterized by greater abundance of smaller indivi-
duals during the fishing season (August–December) (Gamboa-
Alvarez et al., 2015; Markaida, Méndez-Loeza & Rosales-Raya, in
press). However, the greatest abundance of O. maya in the Yucatan
Peninsula occurs when the fishing season is closed (December–
July) (Gamboa-Alvarez, López-Rocha & Poot-López, 2015).

Variations in octopus landings are associated with thermal
anomalies resulting from El Niño–Southern Oscillation (ENSO)
events (Fig. 1) (Comisión Nacional de Pesca y Acuacultura, 2016).
For example, production of the octopus fishery is negatively
affected in the western zone of the Yucatan Peninsula when the
temperature increases 2 °C above average during an ENSO event.
This has led to the hypothesis that the ENSO anomaly causes
migration of octopuses from the western to the eastern zone,
where temperature increase is limited by seasonal upwelling
(Zavala-Hidalgo, Morey & O´Brien, 2003; Zavala-Hidalgo et al.,
2006; Enriquez et al., 2013; Ruiz-Castillo et al., 2016). According
to this hypothesis, adults are favoured by the presence of summer
upwelling that maintains the bottom shelf temperature below
27 °C. This temperature has been identified as the critical thresh-
old for reproduction and embryonic development in O. maya
(Juárez et al., 2015, 2016; Caamal-Monsreal et al., 2016).
Temperatures above 27 °C inhibit the spawning of O. maya in cap-
tivity (Juárez et al., 2015). Embryos maintained at temperatures
above 26 °C had malformations or died (Caamal-Monsreal et al.,
2016; Sánchez-García et al., 2017). Octopus maya juveniles spawned
from females exposed to thermal stress during the last phase of
gonad maturity had higher metabolic rates and lower initial
weights than those from females that were not thermally stressed
(Juárez et al., 2016). These findings suggest that a temperature
threshold of around 27 °C may control reproductive success of
O. maya. Similarly, upper thermal limits have been reported in repro-
duction and embryo development for other cephalopod species
(Villanueva et al., 2003; Sen, 2005; Staaf et al., 2008).

The aim of the present study was to go beyond previous labora-
tory studies under controlled temperatures, in order to examine
the possible relationship between temperature and reproductive

season (represented by functional maturity) of O. maya in the wild.
Therefore, we compared functional maturity throughout the year
in three climatic zones on the continental shelf of the Yucatan
Peninsula, where contrasting thermal regimes arise from local
upwelling patterns.

Functional maturation refers to the process by which gonads
attain maturity and become ripe for spawning, i.e. for the gamete
transfer process (Arkhipkin, 1992). In females, this process involves
formation of additional oocyte coverings and the process of trans-
ferring oocytes into the organs from which spawning will take
place; in males, it involves the formation of spermatophores. It is
distinct from anatomical maturation, which refers to the anatom-
ical development of the entire reproductive system. Functional
maturity is therefore the better measure of reproductive condition.

MATERIAL AND METHODS

Sampling sites

The Campeche Bank is the continental shelf of the Yucatan
Peninsula, adjacent to the states of Yucatan and Campeche in
southeastern Mexico (Fig. 2). This shelf covers 104,000 km2 at the
entrance of Gulf of Mexico and is characterized by four well-
defined terraces (see contours of isobaths, Fig. 2) located at 2–18,
29–36, 51–63 and 90–134m depth (Mendoza & Ortíz-Pérez,
2000). Oceanographic conditions on the shelf, and the presence of
local upwelling and rain events (Enriquez et al., 2013), allow differ-
entiation of three environmental zones with contrasting temperature
regimes, where a total of seven sites (fishing harbours) were sampled
(Fig. 2). Zone I (Z-I) is located in Yucatan State and includes the
two sites Ria Lagartos (21°38′N, 88°10′W) and Dzilam de Bravo
(21°24′N, 88°53′W). Zone II (Z-II) is a transition zone that includes
Progreso (21°18′N, 89°39′W) and Celestun (20°52′N, 90°24′W).
Zone III (Z-III) is located in Campeche State and includes the city
of Campeche (19°51′N, 90°32′W), Seybaplaya (19°38′N, 90°41′W)
and Champoton (19°21′N, 90°43′W). The main upwelling event
occurs from July to September in Z-I, but is less marked in Z-II and
absent in Z-III (Merino, 1997).

Three seasons can be identified in the Yucatan Peninsula: (1) the
winter storm season (‘nortes’; November–February) with low atmos-
pheric temperatures (mean 23 °C) and moderate precipitation of
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Figure 1. Octopus maya fisheries production in the western (Z-III; Campeche) and eastern (Z-I and Z-II; Yucatan) areas of the Yucatan Peninsula as a func-
tion of temperature anomalies recorded during El Niño–Southern Oscillation events in the period 2006–2015 (NOAA, 2016). Fisheries data from National
Mexican Fisheries and Aquaculture Commission (Comisión Nacional de Pesca y Acuacultura, 2016).
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40–150 mm/month; (2) the dry season (March–May) with atmos-
pheric temperatures around 36–38 °C and low precipitation of
0–30 mm/month and (3) the rainy season (June–October) with
atmospheric temperatures higher than 38 °C and precipitation
greater than 220 mm/month, or higher than 350 mm/month
if hurricanes occur (Herrera-Silveira, Ramírez & Zaldivar,
1998).

Octopus sampling and reproductive status

A total of 2,145 sexually mature adults of Octopus maya, i.e. ana-
tomically ready with a developed reproductive system, were
sampled. The animals were considered to be mature adults on the
basis of their size; for males, total BW was >242 g and/or DML
>74 mm; for females, BW was >335 g and/or DML >126 mm
(Avila-Poveda et al., 2016; Markaida et al., in press). Sampling was
done using the local fishing method known as ‘gareteo’. This
method consists of leaving the boat (up to 8 m in length) to drift,
releasing 10–12 lines that are tied to the side of the boat and to
5-m-long canes, known locally as ‘jimbas’, fixed to the bow and stern
of the boat. The bait preferentially used by fishermen is the blue crab
Callinectes sapidus or spider crab Libinia dubia (Solis-Ramírez, 1997).
Using this method, artisanal octopus fishing is carried out over the
first two terraces, between 10 and 25m deep, where O. maya has its
greatest abundance (Gamboa-Alvarez et al., 2015).

Monthly collection of O. maya was carried out from August
2009 to June 2010 (except March to May in Z-II when a harmful
algal bloom occurred) in an attempt to survey the three seasons
and three zones along the Yucatan Peninsula. Of the total octo-
puses caught, 691 were sampled from Z-I (383 females and 308
males), 679 from Z-II (302 females and 377 males) and 775 from
Z-III (336 females and 439 males).

Individuals were dissected and the wet weight of the reproduct-
ive organs was recorded to the nearest 0.001 g. Weight measure-
ments included: BW, reproductive complex weight (RCW, defined
as accessory glands without gonad—i.e. spermatophoric complex,
Needham’s sac and vas deferens in males and oviducts and ovi-
ducal glands in females), gonad weight (GW), reproductive system
weight (RSW, defined as gonad with ducts and accessory glands;
i.e. RSW = RCW + GW). The number of spermatophores stored

in the Needham’s sac of each male was counted to estimate the
immediate potential of males to inseminate females.

The reproductive status was determined using the macroscopic
maturity index (MaMI = RCW/RSW) in females (Hayashi, 1970;
Guerra, 1975) and the reproductive complex index (RCI =

[RCW/(BW – RCW)] × 100) in males (Markaida & Sosa-
Nishizaki, 2001). These indices are considered the best descriptors
of reproductive condition (Avila-Poveda et al., 2015, 2016). Values
of MaMI ≤0.2 in females and RCI values ≥0.9 in males indicate
functional maturity, i.e. animals that are in full reproductive con-
dition (Avila-Poveda et al., 2016).

Data analysis

The relationships between reproductive indices and monthly sea-
surface temperature (SST) were examined. Monthly SST data at
8 km resolution off each harbour to 100 m depth were obtained
from the National Geophysical Data Center (National Oceanic
and Atmospheric Administration, NOAA, 2016). Monthly SST
was also compared with bottom depth temperature data from
Enriquez et al. (2013) and Zavala-Hidalgo et al. (2006).

To test for statistical differences (P < 0.05) in reproductive con-
dition (i.e. MaMI in females and RCI in males) and male capacity
to inseminate (number of spermatophores) among sampling zones
(Z-I, Z-II and Z-III) and among seasons (winter storms ‘nortes’,
dry and rainy), the Kruskal-Wallis test was followed by Dunn’s test
(with Šidak correction) for unequal sample sizes as a ‘post hoc’ test
(Zar, 1999). Statistical analyses were carried out using R v. 3.2.2
(R Core Team, 2012) and Statistica 10.

RESULTS

Living weight

The mean BW of mature adult males and females of Octopus maya
oscillated between 570 and 1,200 g, with a few individuals weigh-
ing as little as 150 g or up to 1,500 g (Fig. 3). There were no
statistical differences in BW between sexes of sampled animals
(P > 0.05), so monthly data were pooled.

Seasonality of reproduction

Values of MaMI for females for all zones and seasons ranged
between 0.01 and 1 (Fig. 4). There were no significant differences
among MaMI values in the three seasons in Z-I. In Z-II and Z-III,
significantly lower values were observed during the ‘nortes’ season
than other seasons (P < 0.002; Fig. 4). At least 40% of the animals
were functionally mature in each season in Z-I (i.e. MaMI values
<0.2; Fig. 5), whereas in Z-II and Z-III 40% functional maturity
was exceeded only in the ‘nortes’ season and was only 8–18% in
other seasons (Figs 4, 5). Of the total number of animals collected
in the ‘nortes’ season, 45% of the females from Z-II and 70% of
the females from Z-I and Z-III were functionally mature (Fig. 5).

Values of RCI for males for all zones and seasons ranged
between 0.02 and 2.8 (Fig. 6). RCI values observed in the rainy
season in Z-I and Z-II were significantly lower than those in the
dry and ‘nortes’ seasons (P < 0.01; Fig. 6). Significantly higher
RCI values were obtained in Z-III during the ‘nortes’ than in dry
and rainy seasons (P < 0.007; Fig. 6). The proportion of males
showing functional maturity (i.e. RCI values ≥0.9) in the ‘nortes’
season was highest in Z-I (24%) compared with Z-II and Z-III (8
and 12%, respectively; Fig. 7). During the dry season, 40% of the
males from Z-I and 8% of the males in Z-III were functionally
mature (Fig. 7). Functional maturity of males was below 2% in all
sampled zones during the rainy season (Fig. 7).

The number of spermatophores counted in the Needham’s sacs
was highly variable among seasons and sampling months, ranging
between 2 and 120 spermatophores per male (Fig. 8). However, a

Figure 2. Sampling sites along the coast of the Yucatan Peninsula,
Mexico, for zones Z-I (solid circles), Z-II (triangles) and Z-III (squares).
Summer upwelling occurs in Z-I but not in Z-III, while Z-II is transitional.
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decreasing number of spermatophores was observed from Z-I to
Z-III (P < 0.05; Fig. 8). The lowest average number of spermato-
phores was found in animals sampled in Z-III during the dry and
rainy seasons (12 ± 9 and 26 ± 13 spermatophores, respectively;
Fig. 8). These differences did not appear to be a consequence of
differences in BW because, across all sampled animals, the num-
ber of spermatophores was not correlated with BW (P > 0.05;
Fig. 9).

Sea-surface temperature

The seasonal variation in SST was different between zones
(Fig. 10). Mean SST was highest between June and September
(rainy season), reaching >30 °C in Z-III, while SST of only 29 °C
was recorded in Z-II. In the same months, SST in Z-I showed a
gradual increase from 27–27.5 °C in June and July to 29 °C in
September and October, indicating the influence of the summer
upwelling that produces a thermal gradient from west to east for
much of the year (Fig. 10). Benthic temperatures measured in Z-I
were lower than SST, but likewise showed a drop during the rainy
months, suggesting that upwelling affected not only the SST, but
also the benthic zone where the octopuses live (Fig. 10).

DISCUSSION

As in other octopus species, reproduction of Octopus maya is modu-
lated by many variables, some internal (size at maturity, hormonal
control, multiple paternity, nutritional condition, among others),
while others are dependent on the ecosystem dynamics and char-
acteristics (food availability, temperature, pollution, light, ocean
currents, etc.) (Zuñiga, Olivares & Ossandón, 1995; Rosa, Pereira
& Nunes, 2005; Keay, Bridgham & Thornton, 2006; Estefanell
et al., 2010; Quintana, Rosas & Moreno-Villegas, 2011; Caamal-
Monsreal et al., 2015). Of these factors, size at maturity and tem-
perature are considered to be of key importance; their synchrony
modulates the timing of reproductive activity and determines the
environment in which embryos develop until hatching (Otero
et al., 2007; Krstulović-Šifner & Vrgoč, 2009; Perales-Raya et al.,
2014; Juárez et al., 2015).

Several studies of O. maya in the Yucatan Peninsula have investi-
gated size at maturity and, as a result, it is well attested that females
heavier than 375 g are mature (Moguel et al., 2010; Caamal-
Monsreal et al., 2015, 2016; Juárez et al., 2015, 2016; Tercero-
Iglesias et al., 2015; Sánchez-García et al., 2017), whereas males
mature at a smaller size (Avila-Poveda, Colin-Flores & Rosas, 2009;
Avila-Poveda et al., 2016). This species reaches maturity at a wide

Figure 4. Spatio-temporal variation of macroscopic maturity index in female Octopus maya around the Yucatan Peninsula. Asterisks denote significant dif-
ferences from other seasons within each zone (P < 0.05). The threshold of functional maturity in females (macroscopic maturity index MaMI ≤0.2) is shown
by the dotted line; i.e. females in shaded grey area are functionally mature. Values are median ± quartile deviation (bold line and box) with range (whiskers)
and outliers (dots). Seasons: NS, ‘nortes’ (winter storms); DS, dry season; RS, rainy season. Zones: see Figure 1; summer upwelling occurs in Z-I but not in
Z-III, while Z-II is transitional.
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range of body sizes for, in a study that sampled 37,000 animals
from five localities in Z-III during the rainy and part of the ‘nortes’
seasons for 4 years, Markaida et al. (in press) observed mature and
spent individuals in the size range taken in commercial catches,
45–60 to 200mm ML or 140–180 g to 2,500 g BW. However,
according to our results, differences in functional maturity of
O. maya between seasons and zones were not correlated with differ-
ences in size and anatomical maturity among samples, because all
the octopuses were anatomically mature adults and no significant
differences in adult size were found between seasons and zones.
Therefore, we suggest that temperature, a recognized factor govern-
ing physiological condition in aquatic ectotherms (Clarke & Fraser,
2004), controls the spawning seasons and sperm production of wild
O. maya around the Yucatan Peninsula. This postulate is based on
both the observed seasonal differences in functional maturity (and
number of spermatophores) and its modulation according to loca-
tion around the peninsula, which can be explained by the cooling

effects of localized summer upwelling. The Yucatan Peninsula lies
between the Caribbean Sea and the Gulf of Mexico. Summer
upwelling events in Z-I and in part of Z-II (on the east side of the
peninsula) limit the temperature of the benthic ecosystem in the
area (Zavala-Hidalgo et al., 2003, 2006). The cold water flows west-
ward until it is mixed with warm water from the Gulf of Mexico
(Enriquez et al., 2013). In Z-I, where temperatures are below 27 °C
for much of the year, more than 40% of females were functionally
mature in all three seasons, while in Z-III mature females were
found mainly in the winter ‘nortes’ season (November to March),
which is the only period when temperatures are similarly low.
Similarly, male spermatophore numbers were high all year in Z-I,
while in Z-III the animals had a similarly high number of spermato-
phores only in the ‘nortes’ season. The pattern in the functional
maturity of males was less clear. In Z-II, both females and males
showed values of reproductive condition that were intermediate
between the other two zones (although data for the dry season were

Figure 5. Proportion of female Octopus maya that are functionally mature (macroscopic maturity index MaMI ≤0.2) during each season around the
Yucatan Peninsula. Seasons: NS, ‘nortes’ (winter storms); DS, dry season; RS, rainy season. Zones: see Figure 1; summer upwelling occurs in Z-I but not in
Z-III, while Z-II is transitional.

Figure 6. Spatio-temporal variation of reproductive complex index in male Octopus maya around the Yucatan Peninsula. Asterisks denote significant differ-
ences from other seasons within each zone (P < 0.05). The threshold of functional maturity in males (reproductive complex index RCI ≥0.9) is shown by
the dotted line; i.e. males in shaded grey area are functionally mature. Values are median ± quartile deviation (bold line and box) with range (whiskers) and
outliers (dots). Seasons: NS, ‘nortes’ (winter storms); DS, dry season; RS, rainy season. Zones: see Figure 1; summer upwelling occurs in Z-I but not in Z-III,
while Z-II is transitional.
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lacking), suggesting a reproductively transitional zone in the north-
eastern Yucatan Peninsula.

The mean monthly SST recorded during the ‘nortes’ season in
all three zones (when reproductive condition is at a peak) was
below 27 °C. This is consistent with laboratory studies, which
have demonstrated that an upper temperature threshold limits
reproduction in O. maya. In the laboratory, female O. maya do not
spawn at temperatures above 27 °C (Juárez et al., 2015).
Moreover, juveniles spawned by females that were exposed to
temperatures higher than 27 °C had a smaller BW and double the
oxygen consumption compared with juveniles spawned by females
maintained at temperatures lower than 27 °C (Juárez et al., 2016).
The redox system of the embryos appears to be unable to operate
above 27 °C due to high levels of reactive oxygen species caused
by the raised metabolic rate at high temperature (Sánchez-García
et al., 2017). Therefore, the 27 °C threshold appears to be import-
ant for O. maya. Observations on other cephalopod species have
also indicated that there are upper thermal limits for reproduction

and embryonic development. For example, egg masses of Dosidicus
gigas are found in the Gulf of California at a depth between 16
and 20 m, where temperatures are between 26 and 27 °C (Staaf
et al., 2008). The physical and chemical properties of the jelly
determine that the egg mass rests at a depth that offers a rea-
sonably oxygenated and thermally adequate environment for
embryonic development. In Loligo vulgaris, an upper temperature
threshold of 24 °C has been reported for embryonic development
(Villanueva et al., 2003; Sen, 2005).

The reproductive capacity of males was estimated using the
number of spermatophores as a proxy. Sperm production in this
and other octopus species is continuous (Qian et al., 2016), but it
would not be expected that males accumulate a full stock of sper-
matophores, because they start inseminating females immediately
once they reach maturity. The maximum of 70 spermatophores
per octopus recorded in this study is comparable with previous
records of O. maya from Z-III with up to 80 spermatophores
(Santos-Valencia & Re-Regis, 2000).

Figure 7. Proportion of male Octopus maya that are functionally mature (reproductive complex index RCI ≥0.9) during each season around the Yucatan
Peninsula. Seasons: NS, ‘nortes’ (winter storms); DS, dry season; RS, rainy season. Zones: see Figure 1; summer upwelling occurs in Z-I but not in Z-III,
while Z-II is transitional.

Figure 8. Number of spermatophores in male Octopus maya during each season around the Yucatan Peninsula. Values are mean ± standard deviation.
Asterisks denote significant differences from other zones within each season (P < 0.05).
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The effects of temperature on sperm production, quality and sperm-
atophore transfer have not been reported for O. maya and laboratory
studies are required. However, a 50% decrease in the number of ferti-
lized eggs was observed in females maintained at temperatures higher
than 27 °C, compared with fertilized eggs of females maintained at
24 °C (Juárez et al., 2015). According to Juárez et al. (2015), tempera-
ture may affect sperm viability in the oviducal gland when females are
exposed to high temperature. Testicular damage due to increased tem-
perature was recently demonstrated in O. tankahkeei (Long et al., 2015).

Heat-shock protein-70 increased in heat-treated octopus and the nuclei
of testis cells became abnormal. Taking into account the thermal sensi-
tivity of O. maya males, similar effects of high temperature in this spe-
cies could be expected.

Possible sensitivity of O. maya to climate change

This study suggests that temperatures below 27 °C offer favourable
conditions for reproduction (functional maturity) of wild O. maya.

Figure 9. Relationship between living weight and number of spermatophores for animals sampled around the Yucatan Peninsula monthly for 1 year.

Figure 10. Monthly mean sea-surface temperature around the Yucatan Peninsula for zones Z-I, Z-II and Z-III and benthic temperature in Z-I (see Fig. 2).
Sea-surface temperature from National Geophysical Data Center (period 2006–2015) (NOAA, 2016); benthic temperature from Enriquez et al. (2013) and
Zavala-Hidalgo et al. (2006).
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We suggest that the O. maya population could be migrating eastward
when the temperature in Z-III is higher than 27 °C (Fig. 11). This
agrees with the hypothesis that migration occurs when ENSO
anomalies are present (Zavala-Hidalgo et al., 2003, 2006; Enriquez
et al., 2013; Ruiz-Castillo et al., 2016). If this is the case, then in a cli-
matic warming scenario the O. maya population could be concen-
trated in the upwelling zone, where lower temperatures favour its
reproduction. Thus, changes in distribution of populations of this
commercially exploited species could potentially be used as an indi-
cator of the effects of global climate change on the western contin-
ental shelf of the Yucatan Peninsula, where the summer upwelling
is not present. The potential impact of climate change on distribu-
tion of the global fisheries catch has been reviewed by Cheung et al.
(2010). In this context, there are other questions that arise. For
example, in a warming scenario, are there enough refuges and prey
to sustain the total O. maya population (estimated at more than 50
million individuals) (Salas et al., 2012) in the upwelling zone?

ACKNOWLEDGEMENTS

Our thanks to the UNAM’s International Office for supporting the
TEMPOXMAR Network and to Unai Markaida (ECOSUR-
Campeche) for their support in octopus sampling and laboratory work
in Campeche. This manuscript has been improved considerably by
comments and suggestions from two anonymous referees, but special
thanks are given to Editor David G. Reid. This study was part of the
Project FOMIX-CONACYT 108675. UNAM provided financial sup-
port to C.R. through the Project PAPIIT IN 219116 of DGAPA. O.
H.A.-P. is commissioned as CONACYT Research Fellow/UAS-
FACIMAR (project no. 2137) to the academic group Manejo de
Recursos Pesqueros UAS-CA-132, UAS-FACIMAR and was awarded
a research residency at UNAM as part of the Annual Program of
Academic Collaboration UAS-UNAM (2016-NI-0036A001P001/02/
03). A.O. participated in this project during a sabbatical year (August
2015–July 2016) from Universidad de Antofagasta, Chile.

REFERENCES
ARKHIPKIN, A.I. 1992. Reproductive system structure, development

and function in cephalopods with a new general scale for maturity
stages. Journal of Northwest Atlantic Fishery Science, 12: 63–74.

ARREGUÍN-SÁNCHEZ, F. 2000. Octopus-red grouper interaction in
the exploited ecosystem of the northern continental shelf of Yucatan,
Mexico. Ecological Modelling, 129: 119–129.

AVILA-POVEDA, O.H., COLIN-FLORES, R.F. & ROSAS, C. 2009.
Gonad development during the early life of Octopus maya (Mollusca:
Cephalopoda). Biological Bulletin, 216: 94–102.

AVILA-POVEDA, O.H., MÓNTEZ-PÉREZ, R.C., KOUETA, N.,
BENITEZ-VILLALOBOS, F., RAMÍREZ-PÉREZ, J.S., JIMENEZ-
GUTIERREZ, L.R. & ROSAS, C. 2015. Seasonal changes of proges-
terone and testosterone concentrations throughout gonad maturation
stages of the Mexican octopus, Octopus maya (Octopodidae). Molluscan
Research, 35: 161–172.

AVILA-POVEDA, O.H., KOUETA, N., BENITEZ-VILLALOBOS, F.,
SANTOS-VALENCIA, J. & ROSAS, C. 2016. Reproductive traits of
Octopus maya (Cephalopoda: Octopoda) with implications for fisheries
management. Molluscan Research, 36: 29–44.

BRICEÑO, F., LEÓN, R., GARDNER, C., HOBDAY, A.J., ANDRÉ, J.,
FRUSHER, S.D. & PECL, G.T. 2016. Spatial variation in mortality
by in-pot predation in the Tasmanian rock lobster fishery. Fisheries
Oceanography, 25 (Suppl. 1): 6–18.

CAAMAL-MONSREAL, C., MASCARÓ, M., GALLARDO, P.,
RODRIGUEZ, S., NOREÑA-BARROSO, E., DOMINGUES, P. &
ROSAS, C. 2015. Effects of maternal diet on reproductive perform-
ance of Octopus maya and its consequences on biochemical characteris-
tics of the yolk, morphology of embryos and hatchlings quality.
Aquaculture, 441: 84–94.

CAAMAL-MONSREAL, C., URIARTE, I., FARIAS, A., DÍAZ, F.,
SÁNCHEZ, A., RE, A.D. & ROSAS, C. 2016. Effects of temperature
on embryo development and metabolism of Octopus maya. Aquaculture,
451: 156–162.

CENTRO DE CIENCIAS DE LA ATMÓSFERA. 2014. Atlas climático
digital de México. Universidad Nacional Autónoma de Méixco, México.
http://uniatmos.atmosfera.unam.mx/ACDM/.

CHEUNG, W.W.L., LAM, V.W.Y., SARMIENTO, J.L., KEARNEY,
K., WATSON, R., ZELLER, D. & PAULY, D. 2010. Large-scale
redistribution of maximum fisheries catch potential in the global ocean
under climate change. Global Change Biology, 16: 24–35.

CLARKE, A. & FRASER, K.P.P. 2004. Why does metabolism scale with
temperature? Functional Ecology, 18: 243–251.

COMISIÓN NACIONAL DE PESCA Y ACUACULTURA. 2016.
Información estadistica por especie y entidad. Comisión Nacional de Pesca y
Acuacultura, SAGARPA, México. http://www.conapesca.gob.mx/
wb/cona/informacion_estadistica_por_especie_y_entidad.

ENRIQUEZ, C., MARIÑO-TAPIA, I., JERÓNIMO, G. & CAPURRO-
FILOGRASSO, L. 2013. Thermohaline processes in a tropical coastal
zone. Continental Shelf Research, 69: 101–109.

ESTEFANELL, J., SOCORRO, J., ROO, F.J., GUIRAO, R.,
FERNÁNDEZ-PALACIOS, H. & IZQUIERDO, M. 2010. Gonad
maturation in Octopus vulgaris during ongrowing, under different condi-
tions of sex ratio. ICES Journal of Marine Science, 67: 1487–1493.

GAMBOA-ALVAREZ, M.A., LÓPEZ-ROCHA, J.A. & POOT-LÓPEZ, G.
R. 2015. Spatial analysis of the abundance and catchability of the red

Figure 11. Sea-surface temperature in the Gulf of Mexico during January 2013 (A) and September 2013 (B). Note the influence of the seasonal upwelling
during summer (September) that favours temperatures below 26 °C off Yucatan (Centro de Ciencias de la Atmósfera, 2014). If temperature increases as pre-
dicted (IPCC, 2014), will the Octopus maya population concentrate in the zone where the upwelling regulates thermal condition of the benthic community?

287

TEMPERATURE MODULATES WILD OCTOPUS REPRODUCTION
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
o
llu

s
/a

rtic
le

/8
3
/3

/2
8
0
/3

1
0
0
3
6
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://uniatmos.atmosfera.unam.mx/ACDM/
http://www.conapesca.gob.mx/wb/cona/informacion_estadistica_por_especie_y_entidad
http://www.conapesca.gob.mx/wb/cona/informacion_estadistica_por_especie_y_entidad


octopus Octopus maya (Voss and Solis-Ramírez, 1966) on the continental shelf
of the Yucatán peninsula, México. Journal of Shellfish Research, 34: 481–492.

GARTNER, J.V., SULAK, K.J., ROSS, S.W. & NECAISE, A.M. 2008.
Persistent near-bottom aggregations of mesopelagic animals along the North
Carolina and Virginia continental slopes. Marine Biology, 153: 825–841.

GUERRA, A. 1975. Determinación de las diferentes fases del desarrollo
sexual de Octopus vulgaris Lamarck mediante un índice de madurez.
Investigación Pesquera, 39: 397–416.

HAYASHI, Y. 1970. Studies on the maturity condition of the common
squid–I. A method of expressing maturity condition by numerical values.
Bulletin of the Japanese Society of Scientific Fisheries, 36: 995–999. [In Japanese].

HÉRNANDEZ-FLORES, A., SOLIS-RAMIREZ, M., ESPINOZA
MÉNDEZ, J.C., AGILAR, R.M. & GIL, T.R. 2001. Pulpo: Octopus
maya. In: Sustentabilidad y pesca responsable en México: evaluación y manejo, pp.
617–630. INP/SAGARPA, México.

HERRERA-SILVEIRA, J.A., RAMÍREZ, J. & ZALDIVAR, A. 1998.
Overview and characterization of the hydrology and primary producer
communities of selected coastal lagoons of Yucatan, Mexico. Aquatic
Ecosystem Health and Management, 1: 353–372.

INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE. 2014.
Climate change 2014: synthesis report. In: Contribution of Working Groups
I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (C.W. Team, R. Pachary & L. Meyer, eds), pp. 1–151.
Geneva, Switzerland.

JUÁREZ, O.E., GALINDO, C.E., DÍAZ, F., RE, A.D., SANCHEZ-
GARCÍA, A.M., CAAMAL-MONSREAL, C. & ROSAS, C. 2015. Is
temperature conditioning Octopus maya fitness? Journal of Experimental
Marine Biology and Ecology, 467: 71–76.

JUÁREZ, O.E., HAU, V., CAAMAL-MONSREAL, C., GALINDO, C.
E., DÍAZ, F., RE, A.D. & ROSAS, C. 2016. Effect of maternal tem-
perature stress before spawning over the energetic balance of Octopus
maya juveniles exposed to a gradual temperature changes. Journal of
Experimental Marine Biology and Ecology, 474: 39–45.

KEAY, J., BRIDGHAM, J.T. & THORNTON, J.W. 2006. The Octopus
vulgaris estrogen receptor is a constitutive transcriptional activator: evo-
lutionary and functional implications. Endocrinology, 147: 3861–3869.

KRSTULOVIĆ-ŠIFNER, S. & VRGOČ, N. 2009. Reproducitive cycle
and sexual maturation of the musky octopus Eledone moschata
(Cephalopoda: Octopodidae) in the northern and central Adriatic Sea.
Scientia Marina, 73: 439–447.

LONG, L.L., HAN, Y.L., SHENG, Z., DU, C., WANG, Y.F. & ZHU, J.Q.
2015. Expression analysis of HSP70 in the testis of Octopus tankahkeei under
thermal stress. Comparative Biochemistry and Physiology Part A, 187: 150–159.

MARKAIDA, U., MÉNDEZ-LOEZA, I. & ROSALES-RAYA, M. in press.
Seasonal and spatial trends of Mayan octopus, Octopus maya, population
dynamics from Campeche, México. Journal of the Marine Biological
Association of the United Kingdom. doi:10.1017/S0025315416001132.

MARKAIDA, U. & SOSA-NISHIZAKI, O. 2001. Reproductive biology
of jumbo squid Dosidicus gigas in the Gulf of California, 1995–1997.
Fisheries Research, 54: 63–82.

MENDOZA, M. & ORTÍZ-PÉREZ, M.A. 2000. Caracterización
geomorfológica del talud y la plataforma continentales de Campeche-
Yucatán, México. Investigaciones Geográficas, 43: 7–31.

MERINO, M. 1997. Upwelling on the Yucatan Shelf: hydrographic evi-
dence. Journal of Marine Systems, 13: 101–121.

MOGUEL, C., MASCARÓ, M., AVILA-POVEDA, O.H., CAAMAL-
MONSREAL, C., SÁNCHEZ, A., PASCUAL, C. & ROSAS, C.
2010. Morphological, physiological, and behavioural changes during
post-hatching development of Octopus maya (Mollusca: Cephalopoda)
with special focus on digestive system. Aquatic Biology, 9: 35–48.

NOAA. 2016. Comprehensive large array-data stewardship system
(CLASS): Search - SST100. Available at: http://www.class.ngdc.noaa.
gov/saa/products/search?sub_id=0&datatype_family=SST100&submit.
x=22&submit.y=2.

OTERO, J., GONZÁLEZ, A.F., SIEIRO, M.P. & GUERRA, A. 2007.
Reproductive cycle and energy allocation of Octopus vulgaris in Galician
waters, NE Atlantic. Fisheries Research, 85: 122–129.

PERALES-RAYA, C., JURADO-RUZAFA, A., BARTOLOMÉ, A.,
DUQUE, V., CARRASCO, M.N. & FRAILE-NUEZ, E. 2014. Age
of spent Octopus vulgaris and stress mark analysis using beaks of wild
individuals. Hydrobiologia, 725: 105–111.

PÉREZ-PÉREZ, M., SANTOS-VALENCIA, J., BURGOS-ROSAS, R.
& ESPINOZA-MÉNDEZ, J.C. 2011. Dictámen técnico para el esta-
blecimiento de cuota de captura de pulpo para el establecimiento de
cuota de captura de pulpo Octopus maya para la temporada de pesca
2011. www.inapesca.gob.mx/ Secretaría de Agricultura, Ganadería,
Desarrollo Rural, Pesca y Alimentación, México.

QIAN, Y.S., ZHENG, X.D., WANG, W.J., YANG, J.M. & LI, Q. 2016.
Ultrastructure of spermatozoa and spermatogenesis in Octopus minor (Sasaki,
1920) (Cephalopoda: Octopoda). Journal of Natural History, 50: 31–32.

QUINTANA, D., ROSAS, C. & MORENO-VILLEGAS, E. 2011.
Relationship between nutritional and rearing parameters of Octopus maya juve-
niles fed different rations of crab paste. Aquaculture Nutrition, 17: e379–e388.

ROSA, R., PEREIRA, J. & NUNES, M.L. 2005. Biochemical compos-
ition of cephalopods with different life strategies, with special reference
to a giant squid, Architeuthis sp. Marine Biology, 146: 739–759.

ROSAS, C., GALLARDO, P., MASCARÓ, M., CAAMAL-
MONSREAL, C. & PASCUAL, C. 2014. Octopus maya. In: Cephalopod
culture (J. Iglesias, ed.), pp. 383–396. Springer Science, Dordrecht.

RUIZ-CASTILLO, E., GOMEZ-VALDES, J., SHEINBAUM, J. &
RIOJA-NIETO, R. 2016. Wind-driven coastal upwelling and westward
circulation in the Yucatan shelf. Continental Shelf Research, 118: 63–76.

SALAS, S., RAMOS-MIRANDA, J., CORONADO, E., FLORES-
HERNÁNDEZ, D., CABRERA, M.A., PÉREZ-SÁNCHEZ, M. &
GOMEZ-CRIOLLO, F. 2012. Análisis comparativo de formas de
operación y cuasi-renta de flotas que capturan pulpo rojo (Octopus
maya), en la Península de Yucatán, México. Gulf and Caribbean Fisheries
Institute, 64: 472–479.

SÁNCHEZ-GARCÍA, A., RODRÍGUEZ-FUENTES, G., DÍAZ, F.,
GALINDO-SÁNCHEZ, C.E., ORTEGA, K., MASCARÓ, M., LÓPEZ,
E., CAAMAL-MONSREAL, C., JUÁREZ, O., NOREÑA-BARROSO,
E., RE, D. & ROSAS, C. 2017. Thermal sensitivity of Octopus maya
embryos as a tool for monitoring the effects of environmental warming in
the Southern of Gulf of Mexico. Ecological Indicators, 72: 574–585.

SANTOS-VALENCIA, J. & RE-REGIS, C. 2000. Aspectos reproductivos
del pulpo de costa Octopus maya (Voss y Solis, 1966) en el litoral de
Campeche. Informe Técnico, Instituto Nacional de la Pesca, México: 1–25.

SEN, H. 2005. Temperature tolerance of loliginid squid (Loligo vulgaris
Lamarck, 1798) eggs in controlled conditions. Turkish Journal of Fisheries
and Aquatic Sciences, 5: 53–56.

SOLIS-RAMÍREZ, M.J. 1997. The Octopus maya fishery of the Yucatán
Peninsula. In: The fishery and market potential of octopus in California (L.
Hochberg & E. Ambrose, eds), pp. 1–10. CMSC, Los Angeles, CA.

STAAF, D.J., CAMARILLO-COOP, S., HADDOCK, S.H.D., NYACK,
A.C., PAYNE, J., SALINAS-ZAVALA, C.A., SEIBEL, B.A.,
TRUEBLOOD, L., WIDMER, C. & GILLY, W.F. 2008. Natural egg
mass deposition by the Humboldt squid (Dosidicus gigas) in the Gulf of
California and characteristics of hatchlings and paralarvae. Journal of
the Marine Biological Association of the United Kingdom, 88: 759–770.

TERCERO, J.F., ROSAS, C., MASCARÓ, M., POOT, G.,
DOMINGUES, P., NOREÑA, E., CAAMAL-MONSREAL, C.,
PASCUAL, C., ESTEFANELL, J. & GALLARDO, P. 2015. Effects of
parental diets supplemented with different lipid sources on Octopus maya
embryo and hatching quality. Aquaculture, 448: 234–242.

VILLANUEVA, R., ARKHIPKIN, A., JEREB, P., LEFKADITOU, E.,
LIPINSKI, M.R., PERALAS-RAYA, C., RIBA, J. & ROCHA, F.
2003. Embryonic life of the loliginid squid Loligo vulgaris: comparison
between statoliths of Atlantic and Mediterranean populations. Marine
Ecology Progress Series, 253: 197–208.

VOSS, G.L. & SOLIS RAMIREZ, M. 1966. Octopus maya, a new species
from the Bay of Campeche, Mexico. Bulletin of Marine Science, 16:
615–625.

ZAR, J.H. 1999. Biostatistical analysis. Prentice-Hall, New Jersey.
ZAVALA-HIDALGO, J., GALLEGOS-GARCÍA, A., MARTÍNEZ-

LÓPEZ, B., MOREY, S.L. & O’BRIEN, J.J. 2006. Seasonal upwelling
on the western and southern shelves of the Gulf of Mexico. Ocean
Dynamics, 56: 333–338.

ZAVALA-HIDALGO, J., MOREY, S.L. & O’BRIEN, J.J. 2003. Seasonal
circulation on the western shelf of the Gulf of Mexico using a high-
resolution numerical model. Journal of Geophysical Research, 108: 1–19.

ZUÑIGA, O., OLIVARES, A. & OSSANDÓN, L. 1995. Influence of light in
female sexual maturation of Octopus mimus. Estudios Oceanologicos, 14: 75–76.

288

L. E. ANGELES-GONZALEZ ET AL.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
o
llu

s
/a

rtic
le

/8
3
/3

/2
8
0
/3

1
0
0
3
6
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://dx.doi.org/10.1017/S0025315416001132
http://www.class.ngdc.noaa.gov/saa/products/search?sub_id=0&datatype_family=SST100&submit.x=22&submit.y=2
http://www.class.ngdc.noaa.gov/saa/products/search?sub_id=0&datatype_family=SST100&submit.x=22&submit.y=2
http://www.class.ngdc.noaa.gov/saa/products/search?sub_id=0&datatype_family=SST100&submit.x=22&submit.y=2
http://www.inapesca.gob.mx/

	Temperature modulates spatio-temporal variability of the functional reproductive maturation of Octopus maya (Cephalopoda) o...
	Introduction
	Material and Methods
	Sampling sites
	Octopus sampling and reproductive status
	Data analysis

	Results
	Living weight
	Seasonality of reproduction
	Sea-surface temperature

	Discussion
	Possible sensitivity of O. maya to climate change

	Acknowledgements
	References


