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Abstract 24 

Vertical distribution of the cephalopod paralarvae was investigated in relation to a system 25 

of two cyclonic and three anticyclonic eddies in the southern Gulf of California and a front 26 

in the adjacent Pacific Ocean. Results showed that the preferential habitat for the 27 

Sthenoteuthis oualaniensis – Dosidicus gigas "SD-complex” in both regions was the 28 

oxygenated surface mixed layer and the thermocline. The highest abundances occurred in 29 

of one of the anticyclonic eddies and a frontal zone, which are convergent structures. 30 

Enoploteuthid and Pyroteuthid paralarvae both displayed their highest abundances in the 31 

thermocline. Pyroteuthids dominated in the cyclonic eddy whereas Enoploteuthidae were 32 

less evident in the eddy system. Pyroteuthids were observed on the western (California 33 

Current) side of the frontal zone, and Enoploteuthids on its eastern (Gulf of California) 34 

side. The octopods and the complex of Ommastrephes-Eucleoteuthis-Hyaloteuthis 35 

paralarvae were present below the thermocline. Both groups had a scarce presence in the 36 

eddy system and high abundance near the frontal zone. The octopods abounded on the 37 

eastern side in association with the low dissolved oxygen concentrations (< 44 µmol kg
-1

) 38 

of Subtropical-Subsurface Water; the complex on the western front side was immersed in 39 

California Current Water. It may be concluded that the spawning and early stages of 40 

development of these cephalopod groups are associated with particular mesoscale structures 41 

of the water masses. For example, the “SD complex” inhabits the surface water masses, 42 

preferentially in convergence zones generated by mesoscale activity. 43 

 44 

Key words: Paralarvae, cephalopods, “SD complex”, mesoscale structures, water masses, 45 

Gulf of California, eastern tropical-subtropical Pacific. 46 
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 47 

1. Introduction 48 

The cephalopod groups, squid and octopus, have benthic-demersal and pelagic habits 49 

and constitute important linkages in the trophic webs of marine ecosystems (Clarke, 1996; 50 

Roura et al., 2016). Their life cycle includes planktonic stages that, unlike other 51 

invertebrates, are characterized by a direct development with no authentic larval stages 52 

(Roper et al., 1984). The earliest stages of post-embryonic development of cephalopods 53 

have been named paralarvae (Young and Harman, 1988). Knowledge of the taxonomic and 54 

ecological aspects of the paralarval stage of many cephalopods is limited,  and most studies 55 

have been focused on squid species of commercial interest, such as the jumbo squid 56 

Dosidicus gigas (Boyle and Rodhouse 2008; Gilly et al., 2006; Staaf et al., 2013; Sánchez-57 

Velasco et al., 2016).  58 

Taxonomic classification of paralarvae is still a major challenge to the advancement of 59 

knowledge of the ecology of these organisms (Gilly et al., 2006; Ramos-Castillejos et al., 60 

2010). For example, the paralarvae of the squid species Sthenoteuthis oualaniensis and 61 

Dosidicus gigas, species coexisting in the eastern tropical-subtropical Pacific, cannot be 62 

reliably distinguished by their morphology in the smallest phases (from 1 to 4 mm in 63 

mantle length) and so molecular techniques must be used (Gilly et al., 2006; Ramos-64 

Castillejos et al., 2010). When molecular identification is not possible because of formalin 65 

preservation or other limitations, paralarvae in this broad region are generally assigned to 66 

the complex Sthenoteuthis oualaniensis - Dosidicus gigas „„SD complex‟‟ (Vecchione, 67 

1999; Staaf et al., 2013; De Silva-Dávila et al., 2015). In other groups of squids like 68 
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Enoploteuthidae and Pyroteuthid, and more still the octopus group, it is not even known 69 

how many species exist worldwide, how their morphological characteristics vary and over 70 

what areas they are distributed (De Silva-Dávila et al., 2015; Hendrickx et al., 2015).  71 

The southern Gulf of California and the adjacent open ocean, at the boundary of the 72 

eastern tropical-subtropical Pacific, is a region of seasonal confluence of different water 73 

masses (Fiedler and Talley 2006; Lavín et al., 2009; Durazo, 2015; Portela et al., 2016). In 74 

addition to the typical Gulf of California water (subtropical water that has been subject to 75 

strong evaporation), the Mexican Coastal Current introduces Tropical Surface Water and 76 

Subtropical Subsurface Water low in oxygen (< 44 µmol kg
-1

) into the gulf, mainly in 77 

summer and early autumn (Portela et al., 2016). The intensification of the California 78 

Current from spring to early summer creates complex unstable boundaries between these 79 

water masses, characterized by mesoscale structures like eddies and fronts (Kurczyn et al., 80 

2012; Lavín et al., 2013; Collins et al., 2015), even eddy-dipole structures (Apango-81 

Figueroa et al., 2015).  82 

The heterogeneity of patches of zooplankton, including cephalopod paralarvae, is 83 

commonly associated with the frequently occurring mesoscale eddies and thermal fronts in 84 

the region (Etnoyer et al., 2006, Kurczyn et al., 2012, 2013). However, there are few 85 

studies that demonstrate this kind of physical-biological relationships, probably because of 86 

the complex logistics of sampling. It is considered that during the evolution of mesoscale 87 

eddies and fronts, upwelling and mixing processes may produce nutrient enrichment and 88 

convergence that can concentrate and retain particles, leading to favorable conditions for 89 

the development of cephalopod paralarvae and other zooplankton (Bakun, 1996; Dannel-90 

Jimenez et al., 2009; Godø et al., 2012; Sánchez-Velasco et al., 2016). Piontkovski et al. 91 
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(1995) and Contreras-Catala et al. (2012, 2016) reported that the highest zooplankton 92 

abundance was found in convergent areas in mesoscale eddy fields. In relation to areas 93 

without eddy influence, Danell-Jimenez et al. (2009) and Davies et al. (2015) found higher 94 

zooplankton concentration in frontal zones. 95 

Little is known about the distribution of paralarvae in relation to physical parameters or 96 

structures, but Staaf et al. (2013) and De Silva-Dávila et al. (2015) recorded sea surface 97 

temperature as the strongest environmental predictor of paralarval presence. Recently, 98 

Sánchez-Velasco et al. (2016) found the highest abundances of “SD complex” paralarvae 99 

within an anticyclonic eddy containing low salinity and high dissolved oxygen water in the 100 

entrance of the Gulf of California, and Ramos et al. (2017) found sea surface salinity and 101 

thermocline depth were correlated with paralarvae abundance in the Pacific coast of Baja 102 

California. 103 

Considering that the present study was made in a region of water mass confluence, 104 

where mesoscale structures are common (Fiedler and Talley 2006; Kurczyn et al., 2012; 105 

Portela et al., 2016), and that the adult cephalopods have diverse habitats (Clarke, 1996; 106 

Gilly et al., 2006; Roura et al., 2016), it is expected to find a preferential planktonic habitat 107 

for each group of cephalopods. The aim of this study is to describe the vertical and 108 

horizontal distribution of paralarvae of the “SD complex” (Cephalopoda: Ommastrephidae) 109 

and other cephalopod groups in relation to environmental conditions of the water column. 110 

Particular attention is paid to a mesoscale eddy system in the southern Gulf of California 111 

and to a front in the adjacent Pacific Ocean, at the boundary of the eastern tropical-112 

subtropical Pacific convergence region. 113 

 114 
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2. Methods 115 

2.1. Sampling methods 116 

This study was supported by two oceanographic cruises in adjacent areas of the 117 

eastern tropical-subtropical Pacific (Figure 1). One of them was made in the southern Gulf 118 

of California from 26 July to 6 August, 2011, and the other in the southern branch of the 119 

California Current from 15 June to 1
 
July, 2010 (cruise details in table I).  120 

In order to detect mesoscale structures before each cruise, daily satellite images of 121 

sea surface temperature (SST) and chlorophyll a (CHL) from Aqua-MODIS and Terra-122 

MODIS sensors were obtained from http://oceancolor.gsfc.nasa.gov/cgiL-1evel3.pl.  123 

Based on these images, two transects were made through a series of two cyclonic 124 

and three anticyclonic eddies in the southern Gulf of California (Figure1) as described in 125 

Sánchez-Velasco et al., (2013). The main along-gulf transect (C00 to C23) sampled the 126 

greater part of the eddy system from 25
o
30´ N, to 27

o
30´ N, while the second cross-gulf 127 

transect (A01 to A19) sampled the more evident cyclonic eddy from coast to coast (~25
o
30´ 128 

N to 27
o
 N). 129 

In the second cruise, two transects were made in Pacific waters near the southern tip 130 

of the Baja California Peninsula, crossing prominent frontal zones (Figure 1). The first 131 

transect (A01 to A07) extended from Cabo San Lucas southeastward as far as 21
o
30´N; the 132 

second (B01 to B10) was from 21º18‟N, 111º12‟W to 21º56‟N, 112º36‟W (station B06 was 133 

omitted for bad weather).  134 

At all sampling stations during both cruises, vertical profiles of temperature and 135 

conductivity were obtained using a SeaBird SBE 911plus CTD, which was also equipped 136 

with dissolved oxygen and fluorescence sensors. In each biological station (see Figure 1), 137 

http://oceancolor.gsfc.nasa.gov/cgi/level3.pl
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oblique hauls of zooplankton were performed day and night using opening-closing conical 138 

nets of 50 cm net mouth diameter, 250 cm net length, and 505 µm mesh size. Six strata 139 

were sampled over the first 200 m of the water column (see details in table I), following 140 

the specifications of Smith and Richardson (1979).  141 

2.2. Data processing. 142 

CTD data were processed using manufacturer‟s software and averaged to 1 dbar 143 

(Godínez et al., 2011a, 2011b). Conservative temperature Θ (ºC), absolute salinity (SA, g 144 

kg
-1

) were calculated from in situ temperature and practical salinity with TEOS-10 145 

(Thermodynamic Equation of Seawater-2010) software, which was downloaded from 146 

http://www.TEOS-10.org (IOC et al., 2010; Pawlowicz, 2010). The phytoplankton biomass 147 

(mg Chl a m
-3

) was estimated indirectly by manufacturer‟s nominal conversion from the in 148 

situ fluorescence. The thermocline was defined as temperature band ±1 ºC centered on the 149 

depth of the maximum conservative temperature gradient (δΘ/δz), which varied between 150 

cruises. Although there is no consensus on the threshold definition of the oxygen 151 

concentrations in the ocean (Hofmann et al., 2011), on the basis of previous studies in this 152 

region (e.g. Cepeda-Morales et al., 2013; Davies et al., 2015; Sánchez-Velasco et al., 2017), 153 

hypoxic conditions are defined here as oxygen concentrations below 44 µmol kg
-1

 (1.0 mL 154 

L
-1

) and suboxic conditions as concentrations below 9 µmolkg
-1

 (0.2 mL L
-1

).  155 

The geostrophic velocity relative to the minimum common sampling depth of pairs 156 

of stations (usually 1000 m) was calculated from objectively mapped conservative 157 

temperature (Θ) and absolute salinity (SA) using the TEOS-10 software. A standard 158 

objective mapping interpolation was used, using a classical Gaussian correlation function 159 

http://www.teos-10.org/
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with relative errors of 0.1 in a 70 km horizontal length scale and a 30 m vertical scale 160 

(Godínez et al., 2010). 161 

To provide a wider context of circulation in the Pacific adjacent to Gulf of 162 

California, high-resolution SSHA (Sea Surface Height Anomaly) data were downloaded 163 

from http://www.aviso.oceanobs.com. The anomaly data are distributed by Salto/Duacs at 164 

seven day intervals on a 1/3 degree Mercator grid, objectively interpolated onto a uniform 165 

1/4 degree grid and referenced to a relative seven year mean (1993-1999) (Ducet et al., 166 

2000; Le Traon et al., 2003).  167 

Volume of filtered water in zooplankton trawls was calculated using calibrated flow 168 

meters in the mouth of each net. Samples were fixed with 5% formalin, buffered with 169 

sodium borate. The zooplankton biomass was estimated with the displacement volume 170 

method (Kramer et al., 1972) and standardized to mL 1000 m
-3 

of seawater. 171 

Cephalopod paralarvae in the samples were identified to family level (in the case of 172 

paralarvae of Pyroteuthidae and Enoploteuthidae) using the guide of Sweeney et al. (1992). 173 

Ommastrephidae paralarvae were identified at complex of species level: i) Complex 174 

Sthenoteuthis-Dosidicus “SD complex”, which have the eight suckers in the terminal disk 175 

of the proboscis of the same size (Ramos-Castillejos et al., 2010) or ii) Complex 176 

Ommastrephes-Eucleteuthis-Hyaloteuthis “OEH complex”, which have the lateral suckers 177 

of the terminal disk of the proboscis up to twice as large as the others (Harman and Young 178 

1985; Wakabayashi et al., 2006). The mantle length of SD complex was measured with an 179 

ocular micrometer to approximate the age after hatching of the paralarvae, assuming a size 180 

of 1.1 mm at hatching (Yatsu et al., 1999) and a growth rate of 6% of mantle length per day 181 

(Gilly et al., 2006). Also the mantle length is an indicator of the certainty of the species 182 

http://www.aviso.oceanobs.com/
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identification, at 4 mm of mantle length S. oualaniensis develops an ocular and intestinal 183 

photophores, absent in D. gigas (Ramos-Castillejos et al., 2010). Octopods were identified 184 

only at order level, following Sweeney et al., (1992). The abundance of cephalopod 185 

paralarvae was standardized to individuals 1000 m
-3

 of seawater. 186 

2.3. Statistical analysis. 187 

Kruskal-Wallis nonparametric tests (Sokal and Rholf, 1985) were used to assess the 188 

statistical significance of the cephalopod groups between daytime and nighttime and 189 

different depth strata. When the null hypothesis was rejected, a U Mann-Whitney a 190 

posteriori comparison test was used to establish whether significant differences existed 191 

between strata (Sokal and Rholf, 1985). 192 

 (Θ,SA) diagrams were constructed in order to investigate relationships between the 193 

dissolved oxygen concentrations, the paralarvae presence, and the water masses during the 194 

cruises. The thermohaline boundaries between water masses were defined as in Portela et 195 

al. (2016). 196 

Canonical correspondence analysis (CCA; Ter Braak, 1986) was applied to explore the 197 

relation between paralarval taxa and environmental variables in both cruises. Before 198 

executing the CCA, the standardized biological data were fourth-root transformed. The 199 

environmental matrix contained the zooplankton biomass (mL 1000 m
-3

) of each sample 200 

and the average of the values of Θ (ºC), SA (g kg
-1

), dissolved oxygen (µmol kg
-1

) and 201 

Chlorophyll a (mg
 
m

-3
) of each sample. These variables were centered and standardized 202 

before the analysis. 203 

 204 

3. Results 205 
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3.1.1. Synoptic vision of the eddy system  206 

Analysis of daily chlorophyll a images revealed a system of two cyclonic eddies (CE-1, 207 

CE-2), and three anticyclonic eddies (AE-1, AE-2, AE-3) in the southern Gulf of California 208 

(Figure 2b).  209 

Cyclonic eddies CE-1 and CE-2 (Figure 2) were more clearly visible than the 210 

anticyclones, and their signature in chlorophyll images lasted almost three months (from 211 

June 2011 to August 2011). On the other hand, the anticyclones were more unstable and 212 

their surface signature in chlorophyll a images changed erratically from one day to another, 213 

but at the moment of sampling they showed clear anticyclonic sub-surface structure.  214 

The intersection of transects was approximately at the center of CE-1, located in the 215 

Carmen Basin (Figure 1). The satellite image in Figure 2b indicates that most of eddy CE-216 

1 was low in chlorophyll a (~0.2 mg Chl a
 
m

-3
) and that most of its periphery could be 217 

identified with the 0.5 mg Chl a m
-3

 isoline. Contrasting with CE-1, high values were 218 

observed in AE-2, where the chlorophyll a had values >1 mg Chl a
 
m

-3 
around its boundary 219 

and up to 2 mg Chl a
 
m

-3 
where it approached the

 
continental coast. In its interior values 220 

were ~ 0.5 mg Chl a
 
m

-3
, low but still higher than in CE-1. 221 

The eddy structures were not as easily appreciable with SST imagery (Figure 2a), but 222 

still discernible. It was evident that the body of cyclone CE-1 was slightly cooler (~31 ºC) 223 

than that of the adjacent anticyclone AE-2 (~31.5 ºC).  224 

 225 

3.1.2 Geostrophic circulation and hydrography of the eddy system 226 

In the cross-gulf transect A, the geostrophic velocity (Figures 2c) (positive velocities 227 

indicate northwestward flux) presented a maximum (> 60 cm s
-1

) on the eddy‟s continental 228 
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flank in a flow ~60 km wide, between stations A17 and A14. Velocities were lower on the 229 

peninsular flank of the eddy, which was adjacent to the periphery of AE-1 (stations A01-230 

A05). The diameter of CE-1, defined as distance between the maximum velocity cores on 231 

opposite flanks, was ~80 km. 232 

In the along-gulf transect C (Figure 2d) the northern and southern flanks of the eddy 233 

CE-1 (positive velocities indicate northeastward flux) were more symmetrical, with similar 234 

maximum velocities (~40 cm s
-1

). The diameter of the eddy, defined by the velocity 235 

maxima near stations C13 and C02, was greater (110 km) than in the cross-gulf transect. 236 

The third current maximum, observed between stations C19 and C20, marked the southern 237 

periphery of CE-2. The eddy AE-2 was located between eddies CE-1 and CE-2 (stations 238 

C20 to C14). Many images of surface chlorophyll indicated more turbulent scenarios with 239 

little organized circulation between CE-1 and CE-2, and so this eddy may be a more 240 

transient feature than its bounding cyclones, which lasted several months. However the 241 

absence of in situ observations coincident with those images precludes firm conclusions.  242 

The oxygenated layer >90 µmol kg
-1

 (~2 mL O2 L
-1

) extended from the surface to 
~ 

60 – 243 

70 m depth in the cross-gulf transect (Figure 3a). The maximum values of dissolved 244 

oxygen (DO) were observed in the center of eddy CE-1 between 30 and 40 m at 245 

thermocline depth (red line). Rising of the oxypleths in the center of the eddy was observed 246 

below the thermocline and so hypoxic conditions <44 µmol kg
-1

 were observed below 150 247 

m depth between stations A15 and A09. In the along-gulf transect (Figure 3b) the 248 

oxygenated layer >90 µmol kg
-1

 had a similar depth as in the cross transect, except that 249 

between stations C19 and C15 in anticyclone AE-2, this layer deepened to a maximum 250 

depth of ~150 m. This deepening, seen also in temperature and salinity, coincided with the 251 
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0 m s
-1

 isotach of geostrophic velocity in the center of the eddy. The maximum DO values, 252 

>180 µmol kg
-1

, were recorded at the center of eddy CE-1 near the thermocline depth (~ 30 253 

– 40 m depth). This subsurface maximum could be related to phytoplankton biomass 254 

productivity (Figures 3g,h). 255 

In the cross-gulf transect the surface temperature was ~30 ºC in the sampling area 256 

(Figure 3c), except for those stations near the peninsular coast in the edge of AE-1 (A04 to 257 

A01), where surface temperatures were ~29 ºC. The mixed layer was 10 – 15 m deep. The 258 

thermocline was close to the 26 ºC isotherm, located at a minimum depth of 22 m in eddy 259 

CE-1, and a maximum of 50 m near the continental coast. In the along-gulf transect 260 

(Figure 3d), the maximum temperature near the center of CE-1 was ~31 ºC, probably 261 

because the sampling crossed close to the true eddy center. In AE-2, the 15 ºC isotherm was 262 

depressed to ~200 m, compared to its average depth of ~150 m, and minimum of 90 m in 263 

CE-1. The thermocline was located near 25 m in the center of CE-1, and at a similar depth 264 

on the southern boundary of CE-2. 265 

Absolute salinity showed maximum values, >35.6 g kg
-1

, in the center of eddy CE-1 266 

(Figures 3e,f) in the surface layer in both transects. This maximum probably represents 267 

water incorporated in the eddy at its formation. Salinity was lower in the periphery of the 268 

eddy CE-1 at both coasts at levels down to 100 m, in the cross-gulf transect (Figure 3e). 269 

Below this depth salinity was relatively uniform, decreasing slowly with depth. In the 270 

along-gulf transect the minimum salinity was observed in the southernmost part of the 271 

sampling area (Figure 3f), centered at 50 m, with values <35 g kg
-1

. In the northern zone in 272 

AE-2, the relatively high and uniform salinity water (>35.2 g kg
-1

) extended from surface 273 

down to 200 depth, with a weak minimum <35.2 g kg
-1

 at 50 m. 274 
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The   chlorophyll a concentration (indicating phytoplankton standing stock), was 275 

maximum (>1.5 mg m-3 ) in the layer in and just below the thermocline from roughly 15 – 276 

50 m depth (Figures 3g,h). The maximum values were observed in CE-1 in both transects, 277 

reaching values >2.5 mg Chl a
 
m

-3
. Only in anticyclone AE-2 of the along-gulf transect 278 

were the values in this layer lower than 1.5 mg Chl a
 
m

-3
, between stations C20 and C17 279 

(Figure 3h). 280 

 281 

3.1.3 Paralarvae distribution in the eddies 282 

A total of 242 paralarvae were identified, present in 71 of 199 total samples. The two 283 

most abundant taxa were the Pyroteuthidae family (81 paralarvae, 33% of the total 284 

abundance) and the Enoploteuthidae family (80, 33%), followed by the “SD complex” (66, 285 

27%) and the octopods (15, 6%). The average mantle length of “SD complex” paralarvae 286 

was 1.58 ± 0.54 mm indicating that their average age was near 6 days after hatch (Figure 287 

4). The mantle length range was from 0.72 mm to 3.36 mm, so that no species identifiable 288 

paralarvae were present in this sampling.  289 

There was no significant difference among day and night sampling in the total 290 

abundance of paralarvae, but there were differences among the sampling strata. The three 291 

shallowest strata were statistically equal (0 – 51 m depth), and the three deepest strata were 292 

also statistically equal (50 – 200 m depth), but the two groups of strata were different from 293 

each other (P<0.05). The majority of the total paralarvae (85%) was located in the mixed 294 

layer and thermocline (0 – 51 m depth). 295 

The central zone of eddy CE-1 in the surface stratum (0 – 17 m depth), coinciding with 296 

the warm and salty surface mixed layer, was characterized by the absence of paralarvae 297 
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(Figure 3e,f). The abundance of paralarvae increased from peninsular coast to mainland 298 

coast in the cross-gulf transect A, but the highest abundances occurred in the central zone 299 

of CE-1 in and below the thermocline. Paralarvae were less abundant in the along-gulf 300 

transect C, than in transect A, with the major accumulation occurring in the anticyclonic 301 

AE-2.  302 

The “SD complex” had a vertical distribution basically restricted to the oxygenated 303 

layer >90 µmol kg
-1

 (Figures 3a,b) above the thermocline, where no significant difference 304 

in mean abundances of these paralarvae were found between the three shallow sampling 305 

strata (P>0.05). The highest abundance was found in the along-gulf transect C, in the 306 

surface and thermocline strata of AE-2. Nevertheless at station C15 a medium abundance 307 

(32 org
 
1000 m

-3
), recorded in the 100 – 150 m stratum, was associated with the deepening 308 

of the oxygenated and warm column in the anticyclonic circulation. 309 

The family Pyroteuthidae (Figures 3c,d) showed the highest abundances in the central 310 

zone of the cyclonic eddy CE-1, between stations A13 and A10. It was concentrated mainly 311 

in the thermocline strata (17 – 51 m depth, P<0.05), in the area where chlorophyll a 312 

concentration, and presumably primary production, were high, but also was frequently 313 

found at greater depths in the strata 150 – 200 m. 314 

The family Enoploteuthidae (Figure 3e,f) was present mainly in the mixed layer and 315 

thermocline (0 – 34 m depth, P<0.05), with its highest abundances in the cross-gulf transect 316 

A outside the periphery of CE-1, near the shore. In the along-gulf transect C these 317 

paralarvae presented higher abundances in the anticyclonic feature AE-2, and had generally 318 

lower concentrations within CE-1. 319 
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The octopods made up the least frequent and least abundant taxon (Figures 3g,h). Its 320 

vertical distribution was restricted to the thermocline and below, with no clear horizontal 321 

pattern. 322 

 323 

3.2.1. Synoptic vision of the frontal zone. 324 

Satellite imagery of SST and ocean color showed environmental variations at the time 325 

of the second cruise in June 2010 around the southern tip of the Baja California Peninsula 326 

(Figures 5a,b). The minimum SST in the cruise area was ~19 ºC in the California Current, 327 

in the northwest and in the upwelling zone off Magdalena Bay (Figure 5a). A narrow cold 328 

tongue (~22 ºC) extended southward from Cabo San Lucas near 110 ºW. The highest SST 329 

(~28 ºC) was observed east and south of the ship sampling zone, along the mainland coast 330 

and in the Gulf of California. SSHA showed significant variation in sea surface topography, 331 

with a pronounced low south of CSL, indicating cyclonic circulation. The strongest surface 332 

slope was oriented along the cold tongue, suggesting a jet-like current separating from the 333 

coastal upwelling (Figure 5c).  334 

Chlorophyll a concentration ranged from 0.05 to 5 mg
 
m

-3
 in the area, corresponding to 335 

oligotrophic open ocean conditions southwest of CSL and mesotrophic conditions in the 336 

upwelling area off Magdalena Bay (Figure 5b). A narrow filament of higher chlorophyll a 337 

extended ~230 km south from CSL, coincident with the cooler, jet-like feature. This 338 

filament marked a surface front between the relatively high (~0.3 mg
 
m

-3
) chlorophyll a 339 

concentration to its east and the oligotrophic oceanic water to its west.  340 

 341 

3.2.2 Geostrophic circulation and hydrography of the frontal zone 342 
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Geostrophic circulation was dominated by the strong baroclinic southward current 343 

extending below 200 m in the frontal zone between stations B03 and B05 (Figure 5c). 344 

West of this stream, flow was disorganized and weak in an overall anticyclonic circulation 345 

mainly restricted to the first 100 m. The circulation in the northward section (A07 to A01) 346 

was cyclonic, with a maximum southwestward geostrophic current closer to CSL. This 347 

velocity structure reflected the cyclone observed in Figure 5a, whose center was near the 348 

intersection of the two sections and periphery closer to the peninsula.  349 

A strong contrast in the salinity field was evident across the frontal zone (Figure 6a). 350 

On the western side (B10 – B05) the salinity was dominated by a minimum SA~34.2 g kg
-1

 351 

located between ~50 and ~150 m depth, centered just below the thermocline. Surface layer 352 

waters in the first 50 m had salinities SA~34.6 g kg
-1

,  in the limited of CCW. East of station 353 

B06 the salinity minimum shoaled rapidly to broach the sea surface at B04, coincident with 354 

the strong southward flow. On the eastern side (B03 – A01) salinity was generally higher 355 

and more uniform over depth. Surface layer values (SA>35 g kg
-1

) were compatible with the 356 

presence of GCW. Two separated cores of low salinity near 50 m depth at stations B01-357 

A07 and A02-A04 probably indicated remnants of California Current Water (CCW). At 358 

greater depths, salinities had a relatively uniform value of ~34.8 g kg
-1

 and low values of 359 

DO near the surface which could be indicate Subtropical Subsurface Waters coming from 360 

the equator region. 361 

The temperature on the western side of the frontal zone (Figure 6b, B10-B05) showed 362 

a relatively deep mixed layer (~50 m) with surface temperatures between 21 and 22 ºC. The 363 

thermocline was weak and centered between 80 – 100 m depth. On the eastern side (B03 – 364 

A01) the mixed layer was thinner (10 – 15 m), with surface temperatures ranging from 23 365 
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to 24 ºC, maximum near CSL. The thermocline sloped upward across the frontal station 366 

B04 and was both stronger and shallower (~20 m) on the eastern side.  367 

On the western side (B10-B05) of the frontal zone, the surface layer of oxygenated 368 

water was deep, with DO >90 µmol kg
-1

 down to ~120 m. Hypoxic conditions (9 µmol kg
-1

 369 

> DO <44 µmol kg
-1

) were found below 150 m depth. Dissolved oxygen in the eastern side 370 

of the front (B03 – A01) showed stronger vertical gradients (Figure 6c). The shallower 371 

mixed layer and thermocline were highly oxygenated with DO >90 µmol kg
-1

, but below 50 372 

m the dissolved oxygen dropped quickly to hypoxic conditions. Suboxic conditions were 373 

evident below 150 m depth from the frontal zone eastward, but absent from the upper 200 374 

m to its west.   375 

Chlorophyll a concentrations on the western side (B10 – B04) showed the prevalence of 376 

oligotrophic conditions (<0.5 mg
 
m

-3
) with a weak subsurface maximum of 0.3 mg

 
m

-3
 377 

centered about the thermocline. On the eastern side of the front (Figure 6d, B03 – A01) 378 

conditions varied between oligotrophic and mesotrophic at thermocline depth (~25 m) with 379 

a maximum of 1.5 mg
 
m

-3
 at station B03.  Surface chlorophyll a was highest adjacent to the 380 

front, just east of the surface salinity minimum and strongest southward flow. 381 

 382 

3.2.3. Paralarvae distribution in the frontal zone 383 

A total 255 paralarvae were identified in 57 of 101 samples. Taxa in order of abundance 384 

were: octopods (130 paralarvae, 51% of the total abundance), “SD complex” (78, 31%), the 385 

family Enoploteuthidae (36, 14%), family Pyroteuthidae (7, 3%) and “OEH complex” (4, 386 

2%). The average mantle length of “SD complex” was 1.67 ± 0.58 mm which indicated an 387 

average age of the paralarvae of ~ 6 – 7 days after hatch. The mantle length ranged from 388 
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0.72 mm to 4.80 mm (Figure 7), with only one paralarva identifiable to species level (D. 389 

gigas), found in the surface stratum of station B04 at the frontal zone.  390 

There was no significant difference between day and night samples (P>0.05), but there 391 

was among sampling strata. The first two strata (0 – 30 m depth) were statistically equal 392 

with greater abundance, but different with respect to the other four, which had less 393 

abundance. 394 

Overall, total paralarvae were more abundant on the eastern side of the front, in waters 395 

related with the Gulf of California.  “SD complex” paralarvae presented higher abundance 396 

in the first three strata (0 – 65 m depth) but there was no significant difference among them 397 

(P>0.05). Their distribution was clearly related to the frontal zone (Figure 6a), at station 398 

B04, where their abundance was > 50 ind
 
1000 m

-3
 and they were vertically positioned in 399 

the oxygenated layer (DO>90 µmol kg
-1

) in temperatures >18 ºC. In contrast, in the eddies 400 

sampled inside the Gulf of California, in oceanic waters near the frontal zone “SD 401 

complex” paralarvae were found frequently in sub-thermocline waters, albeit with lower 402 

abundance than in surface and thermocline strata.  403 

Family Enoploteuthidae (Figures 6b) showed a preference for the mixed layer and 404 

thermocline with no significant differences among the stratums of distribution (P>0.05), 405 

and an affinity with waters of salinity >34.8. Its highest abundance was found at 406 

temperatures >18ºC in the oxygenated layer. 407 

Octopods presented higher concentrations east of the frontal zone (Figure 6c). This 408 

taxon inhabited the entire sampled water column, but was the only one that supported high 409 

abundance (>50 ind 1000 m
-3

) in hypoxic waters (DO <44 µmol kg
-1

), and even occurred 410 

frequently under suboxic conditions (DO <9 µmol kg
-1

). There was no significant 411 
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difference between day and night samples, while only the deepest stratum (150 – 200 m 412 

depth) was different from the rest (P<0.05), with less abundance. 413 

Paralarvae of the family Pyroteuthidae (Figures 6d) were scarce in the whole sampling 414 

area. As was found in the Gulf of California eddy system, the distribution of this taxon was 415 

mainly under the thermocline in cool (Θ <15 ºC) and hypoxic waters (DO <44 µmol kg
-1

), 416 

on the western side of the frontal zone. There were insufficient data to assess statistical 417 

differences between day and night or between sampling strata. 418 

The western side of the frontal zone was the only area where “OEH complex” was 419 

collected (Figure 6h). This complex of omastrephid paralarvae had a contrasting 420 

distribution with the “SD complex”, inhabiting the sub-thermocline cool (<18 ºC) and 421 

less salty (SA<34.6 g kg
-1

) waters. 422 

3.3.1. Water masses and ordination analysis 423 

Θ – SA diagram show the presence of four water masses in the two cruises (Figure 8), 424 

GCW, CCW, Sub-tropical Sub-surface Water (StSsW) and Pacific Intermediate Water 425 

(PIW). The maximum DO concentrations (DO>90 µmol kg
-1

) were found in the surface 426 

water masses, CCW and GCW, above the 25 kg
 
m

-3 
isopycnal , Subsurface waters, StSsW 427 

and PIW, were characterized by low DO concentrations (DO<44 µmol kg
-1

). In the eddy 428 

system GCW was dominant (Figure 8f), but eddy AE-1 presented some transitional water, 429 

with low SA (<35.1 g kg
-1

) and high temperatures. On the other hand, each side of the 430 

frontal zone clearly presented different water masses; at the eastern side GCW and StSsW 431 

were dominant, while at the western side CCW and transitional water were dominant. 432 
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"SD complex" paralarvae were highly tolerant, occurring in salty (SA>35.1 g kg
-1

) and 433 

warm (Θ>25 ºC) GCW, as well as fresher (SA<34.6 g kg
-1

) and colder (Θ<22 ºC) CCW. 434 

However, they were most abundant in the layer of high dissolved oxygen concentrations 435 

(DO>90 µmol kg
-1

). 436 

The other taxonomic groups tended to have more fidelity to certain water masses. The 437 

family Enoploteuthidae tended to associate with GCW (Figure 8b), as did the family 438 

Pyroteuthidae (Figure 8e). The octopods were distributed across a wide range of 439 

thermohaline conditions, but their highest frequencies were recorded in StSsW (Figure 8d). 440 

The “OEH complex” distribution was associated with the presence of CCW (Figure 8c). 441 

In the CCA, environmental variables account for 23% of the total variance, and the 442 

first two canonical axis explain 20.4% of the variance in the biological data (Table II). The 443 

first canonical axis was related to horizontal gradients, in which salinity was the more 444 

correlated variable. The second canonical axis was related to vertical gradients, where 445 

temperature was the variable with major correlation (Figure 9).  446 

The ordination of species loadings (Figure 9) confirmed a preference of “SD complex” 447 

paralarvae for the warm and oxygenated layer of the water column. Enoploteuthidae family 448 

loadings demonstrate also the same habitat preference. Pyroteuthidae family was located in 449 

the cool, less oxygenated layer, with high zooplankton biomass, highly related with the 450 

samples of the CE-1 eddy‟s central zone. Octopods preferred the cool, less oxygenated 451 

layer, with most samples found to the eastern side of the front in sub-thermocline waters. 452 

Finally, “EOH complex” paralarvae ordinated in the cool and less salty waters, on the 453 

western side of the front. 454 
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The ordination of samples (Figure 9) was clearly separated between the community 455 

composition of the Gulf of California and the adjacent Pacific, but more subtle differences 456 

in ordination also occurred within these broad regions (Table III). In the eddy CE-1 the 457 

Pyroteuthidae family was dominant, while in the anticyclones AE-1 and AE-2 the more 458 

abundant taxa were family Enoploteuthidae and “SD complex” respectively. In the adjacent 459 

Pacific, the eastern side of the frontal zone was dominated by the octopods, and the western 460 

side was dominated by the “SD complex”. 461 

 462 

 463 

4. Discussion 464 

This study is focused on understanding the effects of mesoscale structures in different 465 

water masses on the vertical distribution of paralarvae. Paralarvae of the “SD complex” 466 

were aggregated in convergence zones, associated with an anticyclonic eddy and a frontal 467 

structure, mostly in the oxygenated layer. The study records for the first time the vertical 468 

distribution of paralarvae of the families Enoploteuthidae and Pyroteuthidae, and of 469 

ommastrephids of the “OEH complex” in the southern Gulf of California and adjacent 470 

Pacific waters. Another important finding is the tolerance of octopods to hypoxic and 471 

suboxic conditions in the study region. Although the organisms were not identified to 472 

species level, these results contribute to the knowledge of their ecology during early life 473 

stages. 474 

 475 

4.1. Mesoscale structures and water masses  476 
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The eddy system sampled in the southern Gulf of California showed typical 477 

mesoscale circulation as reported in previous studies using satellite imagery (Pegau et al., 478 

2002), numerical models (Zamudio et al., 2008), and hydrography and drifters (Lavín et al., 479 

2013, 2014). An eddy system extending from the central Gulf to its mouth, in a series of 480 

counter-rotating contiguous cyclonic and anticyclonic eddies, created a complex circulation 481 

pattern inside the gulf. The origin of this complex pattern appears to lie on the mainland 482 

coast, where the interaction of the poleward-flowing Mexican Coastal Current with specific 483 

topographic irregularities, such as capes at Topolobampo and Cabo Lobos, frequently 484 

generates eddies by inducing baroclinic instabilities (Lavín et al., 2013, 2014). This 485 

mechanism is strengthened by the arrival of coastal trapped waves of equatorial origin 486 

(Zamudio et al., 2008). 487 

From the biological point of view, the recurrent eddy system has been little studied. 488 

Considering that the horizontal eddy dimensions are comparable to the width of the gulf 489 

(140 – 200 km), the eddies could interact with both coasts of the gulf, trapping and 490 

dispersing zooplankton and paralarvae from spawned eggs to early pelagic stages (~ three 491 

months). In addition, the interaction among eddies along the gulf might be highly complex, 492 

taking into account mixing, secondary circulations at the eddy peripheries and, as yet 493 

poorly studied, submesoscale processes (Sangrà et al., 2005; McGillicuddy et al., 2007, 494 

Mahadevan et al., 2008) that might lead to convergence, divergence and related vertical 495 

motion provoking interchange of properties and organisms, depending of their mobility.  496 

On the other hand, the frontal system in the adjacent Pacific sampled in this study 497 

coincided with the boundary of different water masses, transported by the California 498 

Current and the Mexican Coastal Current. The tropical branch of the California Current 499 
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transports subpolar water to tropical latitudes (Godínez et al., 2010; Kurczyn et al., 2012; 500 

Portela et al., 2016), while the Mexican Coastal Current transports tropical waters poleward 501 

(Lavín et al., 2006). These current systems converge in and around the study area, where 502 

they mix and interact with Gulf of California waters (Fiedler and Talley, 2006; Lavín et al., 503 

2009; Collins et al., 2015). Oceanic fronts in this area are common, and they are prevalent 504 

through the year (Etnoyer et al., 2006). From a biological view, such frontal zones enrich 505 

trophic webs, providing an “ocean oasis” where many pelagic species, including squid and 506 

octopuses (Bakun and Csirke, 1998; Kiyofuji and Saitoh, 2004), feed, breed and spawn 507 

(Scales et al., 2014). Hydrographic frontal structures are often conducive to formation of 508 

patches of small zooplankton (Molinero et al., 2008; Trudnowska et al., 2016), increasing 509 

the food availability for young paralarvae, and other mesozooplankton groups (Camarillo-510 

Coop et al., 2013; Ochoa-Muñoz 2015). 511 

The present comparison of two adjacent systems, frontal and eddy, provides an 512 

opportunity to find a common biological response of the paralarval groups analyzed here, 513 

and contributes to knowledge of their behavior towards mesoscale events.  514 

 515 

4.2. Habitats of paralarvae groups  in relation to mesoscale structures and water 516 

masses 517 

“SD complex” 518 

The vertical distribution of “SD-complex” paralarvae was highly related to vertical 519 

stratification of the water column, as well as to mesoscale dynamics. This complex inhabits 520 

the surface layer (Figures 3a,b and 6a), in the highly oxygenated zone above the 90 µmol 521 

kg
-1

 oxypleth. Horizontally, the largest aggregations of “SD complex” occur in 522 
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convergence zones, like the anticyclonic eddy in the southern gulf and the oceanic frontal 523 

zone, where by converging cells, the abundances were increased up to two orders of 524 

magnitude larger than in surrounding areas. 525 

Although the thermohaline characteristics of the anticyclone and front contrasted 526 

strongly, surface temperatures 10 ºC higher and salinities 1.4 g kg
-1

 higher in the gulf, the 527 

mean abundance of “SD complex” in both cases was similar. These contrasting conditions 528 

suggest that spawning and survival of the hatched paralarvae have more complex relations 529 

with the environment than simple dependence on surface temperature or salinity field, as 530 

has previously been reported (Vecchione, 1999; Staaf et al., 2013; De Silva-Dávila et al., 531 

2015). 532 

Some earlier work speculates about convergence and high paralarvae abundance. 533 

Vecchione (1999) found an extraordinary concentration of “SD complex” paralarvae in 534 

surface manta tows in the tropical Pacific off Central America, up to 10000 paralarvae in 535 

one single tow. He argued that paralarvae could be concentrated by an anticyclonic eddy, 536 

but had no hydrographic data to support this hypothesis. Inside the Gulf of California, 537 

Camarillo-Coop et al. (2011) found geographic relations between “SD complex” paralarvae 538 

and chlorophyll a fronts, inferred by satellite imaging, but also lacked hydrographic data to 539 

corroborate the presence of these fronts. Recently, Sánchez-Velasco et al. (2016) found 540 

high abundance of “SD complex” in an anticyclonic eddy, a convergent structure, in the 541 

entrance to the gulf. The mean abundance of “SD complex” in the eddy was more than two 542 

orders of magnitude greater than that in surrounding areas, similar to the present study.  543 

This background information is complemented by this study, showing that not only the 544 

classic surface convergence of anticyclonic eddies could bring an appropriate nursery 545 
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habitat for “SD complex” paralarvae, but also that some oceanic fronts could provide an 546 

adequate nursery habitat for them. 547 

Pyroteuthidae 548 

For the first time the present study reveals the vertical distribution of paralarvae of the 549 

family Pyroteuthidae in the Gulf of California and adjacent Pacific waters into the 200 m 550 

depth (Figures 3c,d and 6d). Three species of Pyroteuthidae have been found in this area 551 

(Hendrikcx et al., 2015), all from the genus Pterigioteuthis: P. hoylei, P. gemmata and P. 552 

giardi. Our observations showed that Pyroteuthidae paralarvae were much more frequent 553 

inside the Gulf of California, in GCW, than in the adjacent Pacific, and inhabit mainly the 554 

thermocline and below. They showed an increase in abundance at the central zone of the 555 

cyclonic eddy (CE-1) in the thermocline stratums. Previous studies found that 556 

Pyroteuthidae paralarvae are highly abundant in Gulf of California (Camarillo-Coop et al., 557 

2011; De Silva-Dávila et al., 2013); indeed, P. holylei is considered a species indicator of 558 

GCW (De Silva-Dávila et al., 2015). The spawning strategy of this family consists in 559 

release of single eggs through the water column (Boyle and Rodhouse, 2008). It is possible 560 

the spawned eggs aggregate in density discontinuities like thermocline/pycnocline, where 561 

embryonic development takes place. The hatched paralarvae may then use the pycnocline 562 

as a nursery habitat, taking advantage of the high primary (indicated by high chlorophyll) 563 

and secondary (indicated by high zooplankton biomass) productivity, as also occurs in the 564 

central zone of the eddy (CE-1), and reach high densities there. 565 

Enoploteuthidae 566 

This is also the first record of the vertical distribution of paralarvae of the family 567 

Enoploteuthidae in this geographical area. They occur in and above the thermocline, in 568 
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warm and well oxygenated waters, and show a high affinity to GCW. Inside the gulf, the 569 

maximum aggregations of the paralarvae of this family were found in the periphery of eddy 570 

CE-1 and in anticyclone AE-2 (Figures 3e,f). One scenario is that spawning takes place 571 

near the shelf and slope and then the eddy traps and transports paralarvae around its 572 

periphery.  In the Gulf of California, Enoploteuthid paralarvae has been classified in two 573 

genera (Abraliopsis and Enoploteuthis), and at least four taxa, whose distribution has been 574 

related to slope and shelf waters (De Silva-Dávila et al., 2015). This reinforces the idea that 575 

paralarvae in the periphery may have been trapped by the eddy at the coast and transported 576 

offshore. In the adjacent Pacific the presence of enoploteuthids was not related to shelf or 577 

slope, but occurred in the area away from the coast in GCW (southern portion of transect 578 

A; Figure 6b). This oceanic spawning might correspond to a different stock of 579 

enoploteuthids from that found in the gulf, but more studies are needed to determine this. 580 

The families Enoploteuthidae and Pyroteuthidae are strongly related phylogenetically, 581 

and both have similar evolutionary strategies for breeding and spawning (Young et al., 582 

1992). However, their choice of paralarvae nursery habitat differs in depth. These 583 

differences in vertical habitat could avoid competition between paralarvae that might 584 

occupy similar niches. 585 

Octopods 586 

Octopods were not identified generally to a level higher than order, but nevertheless 587 

posterior analysis of a few organisms in several samples indicated that most of them 588 

corresponded to the family Argonautidae, which are pelagic octopuses very abundant in 589 

tropical and subtropical waters (Sweeney et al., 1992). This taxon was the only one that 590 

successfully inhabited StSsW, a hypoxic and suboxic water mass, mostly in the Pacific 591 
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adjacent to the Gulf of California (Figure 6c). It reached high abundance in StSsW, and 592 

was also present in the well oxygenated GCW and CCW water masses, although in lower 593 

densities. The presence in contrasting habitats could represent distributions of different 594 

species not distinguishable in the low-level identification of the order, but could also 595 

represent one single taxa with high tolerance to environmental gradients. For example, 596 

Bregmaceros bathymaster is a demersal-mesopelagic fish, whose larvae successfully 597 

inhabit the hypoxic and suboxic water masses, as well as the surface well oxygenated 598 

waters in the eastern tropical-subtropical Pacific (Davies et al., 2015). Convergent 599 

evolutionary strategies are common in species that inhabit the same ecosystem (Grime and 600 

Pierce, 2012); this may be the case of B. bathymaster and octopods in the eastern tropical 601 

Pacific.  602 

“OEH complex” 603 

The other complex of ommastrephid paralarve, “OEH complex”, showed a strong 604 

association with CCW. The few paralarvae recorded were distributed only beneath the 605 

thermocline (Figure 6d). Little is known about this ommastrephid complex in the eastern 606 

tropical Pacific, but Granados-Amores et al. (2013) found a few specimens of Eucleoteuthis 607 

luminosa in western Baja California, near the upwelling zone of Punta Eugenia, and De 608 

Silva-Dávila et al. (2015) found OEH complex in the entrance of the Gulf of California, in 609 

waters of low salinity. 610 

It can be concluded that squid of the “SD complex” (Sthenoteuthis – Dosidicus) in the 611 

eastern tropical-subtropical Pacific region, breed, spawn and hatch in, or at least nearby,  612 

convergence zones and the hatched paralarvae use these productive zones as a principle 613 

nursery habitat, reaching abundances up to two orders of magnitude than in surrounding 614 
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waters. How adults detect those convergence zones in a background of great variability is a 615 

topic for investigation, which will require research on adults and paralarvae at the same 616 

time. 617 

Even the low taxonomic identification level of other cephalopods (Pyroteuthidae, 618 

Enoploteuthidae, Octopods), their high level of affinity to certain water masses suggests 619 

that these groups encompassed few species. Two of them were highly correlated to GCW 620 

(Pyroteuthidae and Enoploteuthidae), and the other with StSsW (Octopods).   621 
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Tables 847 

Table I. Cruises conducted in the Gulf of California and adjacent Pacific through June 2010 and July 2011. 848 

 849 

Cruise Date Region CTD 
Biological 

stations 
Samples Strata 

Range of 

strata 

GOLCA1107 July, 

2011 

Southern Gulf 

of California 

43 34 199 6 0-17, 17-34, 

34-51, 50-

100, 

100-150, 

150-200 

ISFOBACS1006 June, 

2010 

Southern 

branch of 

California 

Current 

17 16 101 6 0-15, 15-30, 

30-65, 65-

100, 

100-150, 

150-200 

 850 

  851 
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Table II. Variance explained by canonical correspondence analysis, from environmental data and paralarvae abundance, related 852 

to spatial ordination, in the Gulf of California and the frontal zone in the adjacent Pacific during July 2011 and June 2010, 853 

respectively. 854 

 
Axis 1 Axis 2 Axis 3 

Eigenvalues 0.2775 0.1434 0.0683 

Variance (cumulative) 
   

   % Biological data 13.46 20.41 23.73 

   % Biological + Environmental 56.35 85.48 99.36 

Canonical correlation 0.6761 0.5297 0.3719 

 855 

  856 
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Table III. Paralarvae abundance of the eddies system in the Gulf of California and of the frontal zone in the adjacent Pacific. X 857 

is the mean abundance of paralarvae (org 1000 m
-3

), and %F frequency of occurrency expressed in percentage. The zooplankton 858 

biomass is expressed in mL 1000 m
-3

. 859 

Taxa 

Eddies system Frontal zone 

CE-1 AE-1 AE-2 Eastern side Western side 

X 

(org 1000 

m
-3

) 

% F 

X 

(org 1000 

m
-3

) 

% F 

X 

(org 1000 

m
-3

) 

% F 

X 

(org 1000 

m
-3

) 

% F 

X 

(org 1000 

m
-3

) 

% F 

SD complex 2 4.9 2 7.3 29 21 6 10 10 24 

Pyroteuthidae 8 16 3 9.8 3 4.7 0.3 5 0.4 10 

Enoploteuthidae 3 12 4 17 11 14 8 25 0.1 2 

Octopoda 1 6.9 0.3 2.4 0.3 2.3 18 61 3 26 

OEH complex - - - - - - - - 0.4 10 

Number of samples 102 41 33 59 42 

Mean paralarval 

abundance 
15 9 43 33 14 

Mean zooplankton 

biomass 
303 224 231 173 62 
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 860 

Caption of figures 861 

Figure 1. Sampling stations of two cruises in the Gulf of California and adjacent Pacific 862 

waters during July 2011 and June 2010 respectively. Red dots mark stations where CTD 863 

and biological casts were made; green dots mark CTD casts only.  Isobaths of 200, 1000, 864 

2000, 3000, 4000 m are shown. 865 

 866 

Figure 2. Satellite images, from July 29 2011 at 1x1 km resolution show, a) Sea surface 867 

temperature and b) Chlorophyll a. Red arrows are the current normal to transects averaged 868 

in the surface 50 m. Geostrophic currents are shown relative to 1000 dbar pressure  for c) 869 

across-gulf transect stations A01-A19 and d) along-gulf transect stations C00-C23. 870 

Cyclonic eddies CE-1 and CE-2 and anticyclonic eddies AE-1 to AE-2 are marked in both 871 

images and sections. The yellow line indicates the intersection of transects, near the center 872 

of CE-1.   873 

 874 

Figure 3. Hydrographic structure and paralarvae abundance in transects A and C (see  875 

Figures 1 and 2 for location)  a) and b) dissolved oxygen with “SD complex” paralarvae 876 

abundance (light gray circles). c) and d) conservative temperature with Pyroteuthidae 877 

paralarvae abundance (dark gray squares). e) and f) absolute salinity with Enoploteuthidae 878 

paralarvae abundance (light gray up-triangle). g) and h) chlorophyll a from fluorescence 879 

with paralarvae of octopods abundance (dark gray down-triangle). The red curve in each 880 

panel indicates the thermocline, based in the maximum temperature gradient (δΘ/δz). The 881 

yellow line indicates the intersection of transects, near CE-1 center. 882 
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 883 

Figure 4. Mantle length distribution histogram for paralarvae of the “SD complex” 884 

collected (n=66) in the Gulf of California during July 2011. 885 

 886 

Figure 5. Satellite images, for June 21 2010, at 1x1 km resolution of a) Sea surface 887 

temperature and SSHA contours and b) Chlorophyll a. Red arrows are the current normal to 888 

transects averaged in the surface 50 m. Geostrophic circulation relative to 1000 dbar 889 

pressure for c) the sampling transect. The yellow line indicates the break between transect 890 

segments.  Note the change of the direction of the geostrophic current across the break. 891 

From B10 to B01, positive flow is north-northeastward and shaded red, while negative flow 892 

is south-southwestward and shaded blue; from A07 to A01, positive flow is southwestward 893 

flow and shaded red, while negative flow is northeastward and shaded blue. 894 

 895 

Figure 6. Hydrographic structure and paralarvae abundance in combined transects B and A 896 

(see  Figures 1 and 5 for location), a) absolute salinity with “SD complex” paralarvae 897 

abundance (light gray circles), b) conservative temperature with Enoploteuthidae paralarvae 898 

abundance (light gray up-triangles), c) dissolved oxygen with Octopoda paralarvae 899 

abundance (dark gray down-triangles). d) chlorophyll a from fluorescence with 900 

Pyroteuthidae (dark gray squares) and “OEH complex” (dark gray circles) paralarvae 901 

abundance. The red curve in each panel indicates the position of the thermocline, based in 902 

the maximum temperature gradient (δΘ/δz). The yellow line indicates the intersection of 903 

transects.  904 

 905 



Page 43 

Figure 7. Mantle length distribution histogram for paralarvae of the “SD complex” 906 

collected (n=78) in the adjacent Pacific to the Gulf of California during June 2010. 907 

 908 

Figure 8. Θ-SA diagrams and paralarvae abundance. a) to e) dissolved oxygen and f) water 909 

masses by structure. Paralarvae are coded as in Figures 3 and 6: “SD complex” (light gray 910 

circles), family Enoploteuthidae (light gray triangles), “OEH complex” (dark gray circles), 911 

Octopods (dark gray inverted triangles), family Pyroteuthidae (dark gray squares). The 912 

water masses limits were graphed as in Portela et al., (2016). TSW, tropical surface water; 913 

GCW, Gulf of California water; CCA, California Current water; StSsW, subtropical 914 

subsurface water; PIW, Pacific intermediate water. Density anomalies (gray curves, kg
 
m

-3
) 915 

 916 

Figure 9. Tri-plot of Canonical Correspondence Analysis, from environmental data and 917 

paralarvae abundance, related to spatial ordination in the system of eddies in the Gulf of 918 

California and a frontal zone in the adjacent Pacific, during July 2011 and June 2010, 919 

respectively. 920 

 921 

 922 

 923 

  924 



Page 44 

 925 

Figure 1. Sampling stations of two cruises in the Gulf of California and adjacent Pacific 926 

waters during July 2011 and June 2010 respectively. Red dots mark stations where CTD 927 

and biological casts were made; green dots mark CTD casts only.  Isobaths of 200, 1000, 928 

2000, 3000, 4000 m are shown. 929 

  930 
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 931 

 932 

Figure 2. Satellite images, from July 29 2011 at 1x1 km resolution show, a) Sea surface 933 

temperature and b) Chlorophyll a. Red arrows are the current normal to transects averaged 934 

in the surface 50 m. Geostrophic currents are shown relative to 1000 dbar pressure  for c) 935 

across-gulf transect stations A01-A19 and d) along-gulf transect stations C00-C23. 936 

Cyclonic eddies CE-1 and CE-2 and anticyclonic eddies AE-1 to AE-2 are marked in both 937 

images and sections. The yellow line indicates the intersection of transects, near the center 938 

of CE-1.  939 
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 940 

Figure 3. Hydrographic structure and paralarvae abundance in transects A and C (see  941 

Figures 1 and 2 for location)  a) and b) dissolved oxygen with “SD complex” paralarvae 942 

abundance (light gray circles). c) and d) conservative temperature with Pyroteuthidae 943 

paralarvae abundance (dark gray squares). e) and f) absolute salinity with Enoploteuthidae 944 

paralarvae abundance (light gray up-triangle). g) and h) chlorophyll a from fluorescence 945 

with paralarvae of octopods abundance (dark gray down-triangle). The red curve in each 946 

panel indicates the thermocline, based in the maximum temperature gradient (δΘ/δz). The 947 

yellow line indicates the intersection of transects, near CE-1 center. 948 
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 949 

 950 

Figure 4. Mantle length distribution histogram for paralarvae of the “SD complex” 951 

collected (n=66) in the Gulf of California during July 2011. 952 

  953 
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 954 

Figure 5. Satellite images, for June 21 2010, at 1x1 km resolution of a) Sea surface 955 

temperature and SSHA contours and b) Chlorophyll a. Red arrows are the current normal to 956 

transects averaged in the surface 50 m. Geostrophic circulation relative to 1000 dbar 957 

pressure for c) the sampling transect. The yellow line indicates the break between transect 958 

segments.  Note the change of the direction of the geostrophic current across the break. 959 

From B10 to B01, positive flow is north-northeastward and shaded red, while negative flow 960 

is south-southwestward and shaded blue; from A07 to A01, positive flow is southwestward 961 

flow and shaded red, while negative flow is northeastward and shaded blue. 962 

  963 
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 964 

Figure 6. Hydrographic structure and paralarvae abundance in combined transects B and A 965 

(see  Figures 1 and 5 for location), a) absolute salinity with “SD complex” paralarvae 966 

abundance (light gray circles), b) conservative temperature with Enoploteuthidae paralarvae 967 

abundance (light gray up-triangles), c) dissolved oxygen with Octopoda paralarvae 968 

abundance (dark gray down-triangles). d) chlorophyll a from fluorescence with 969 

Pyroteuthidae (dark gray squares) and “OEH complex” (dark gray circles) paralarvae 970 

abundance. The red curve in each panel indicates the position of the thermocline, based in 971 
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the maximum temperature gradient (δΘ/δz). The yellow line indicates the intersection of 972 

transects.  973 
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 975 

 976 

Figure 7. Mantle length distribution histogram for paralarvae of the “SD complex” 977 

collected (n=78) in the adjacent Pacific to the Gulf of California during June 2010. 978 

979 
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 980 

Figure 8. Θ-SA diagrams and paralarvae abundance. a) to e) dissolved oxygen and f) water 981 

masses by structure. Paralarvae are coded as in Figures 3 and 6: “SD complex” (light gray 982 

circles), family Enoploteuthidae (light gray triangles), “OEH complex” (dark gray circles), 983 

Octopods (dark gray inverted triangles), family Pyroteuthidae (dark gray squares). The 984 

water masses limits were graphed as in Portela et al. (2016). TSW, tropical surface water; 985 

GCW, Gulf of California water; CCA, California Current water; StSsW, subtropical 986 

subsurface water; PIW, Pacific intermediate water. Density anomalies (gray curves, kg
 
m

-3
). 987 

 988 

 989 

  990 



Page 53 

 991 

Figure 9. Tri-plot of Canonical Correspondence Analysis, from environmental data and 992 

paralarvae abundance, related to spatial ordination in the system of eddies in the Gulf of 993 

California and a frontal zone in the adjacent Pacific, during July 2011 and June 2010, 994 

respectively. 995 

 996 


