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The spatial distribution of cephalopod paralarvae was studied in waters of San José Gulf (SJG), a shallow
basin connected to a larger gulf (San Matias, SMG) through a narrow mouth located on its northwest-
ern margin. The gulf is characterized by a remarkable tidal circulation pattern providing contrasting
hydrodynamic conditions between the western and eastern domains. Zooplankton net tows (n=104)
and depth-temperature profiling (n=70) were conducted on a monthly basis at fixed stations forming a
regular grid from October (mid spring) 2011 to March (late summer) 2012. Temperature-depth profiles
showed that while the western domain seawater column remains well mixed by tidal currents during
the whole period, stratification develops from November to March on the eastern domain. Positive zoo-
plankton net tows were sporadic for early-life stages of Semirossia tenera (n=1) and Robsonella fontaniana
(n=3),and more frequent for those of Doryteuthis sanpaulensis (n =9) and Illex argentinus (n =9). The latter
were found almost exclusively in the western domain whereas those from D. sanpaulensis were mainly
sampled in the eastern domain. Low abundance of I. argentinus paralarvae in the eastern domain suggests
that buoyant egg masses of this squid are not released in SJG; instead they, or the hatching paralarvae
emerging from them, could be sequentially advected from and expelled to SMG by tidal currents. On
the other hand, the spatial distribution of D. sanpaulensis paralarvae suggests that those hatching on the
shallow marginal bottoms of the eastern domain are retained in this region while those hatching at the
western domain are flushed out to SMG by tidal currents.

Keywords:

Fine-scale spatial distribution
Early-life stages dispersion
Coastal waters

Water temperature profiles

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cephalopod early-life stages are good swimmers capable of
performing significant vertical migrations, but they cannot move
against major water currents (Yamamoto et al., 2007). Thus, hor-
izontal larval transport is influenced mainly by the seasonality
and patterns of oceanic circulation (Roberts, 2005). Horizon-
tal larval transport has long been recognized as a key process
determining the recruitment dynamics of several cephalopod
populations (Bakun and Csirke, 1998; Zeidberg and Hamner,
2002; Roberts and van den Berg, 2005). This kind of transport is
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species-dependent since it can be affected by the duration of the
planktonic life phase, estimated in days for most ommastrephids
and weeks for several loliginids (Yang et al., 1980; Arkhipkin and
Perez, 1998). Also, since it is well known that early-life stages
from different species occupy different strata of the water column
(Bower and Takagi, 2004), depth-specific patterns of water mass
horizontal circulation can differentially affect their distribution.
Understanding the effects of oceanographic processes on the
spatial distribution of early-life stages is essential for a better
understanding of cephalopod life cycles and spatio-temporal struc-
turing of their populations (Crespi-Abril and Barén, 2012). Early-life
stages can be concentrated and retained within frontal systems
(Rodhouse et al., 1992; Piatkowski et al., 1993; Répke et al., 1993;
Gonzilez et al., 2005), where biophysical characteristics would
determine early life-stage survival, growth and recruitment suc-
cess (Waluda et al., 2001; Jackson and Domeier, 2003; Otero et al.,
2008). Frontal systems present intrinsic variations in primary pro-
duction magnitude and in their spatio-temporal location due to the
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complex oceanographic processes that generate them (Bakun,
1996). These variations modify early-life stages survival and
recruitment success producing marked fluctuation on stock abun-
dance, with the consequent variation in fisheries yields (Waluda
et al.,, 1999; Dawe et al., 2000; Sakurai et al., 2000).

Patagonian coastal waters and the adjacent shelf are charac-
terized by the presence of highly productive areas generated by
mesoscale oceanographic processes (i.e., tidal and thermo-haline
frontal systems) (Acha et al., 2004). These regions, particularly the
Northern Patagonian gulfs (Nuevo, San José and San Matias) and the
shelf off Valdés Peninsula, are used by several cephalopod species
as feeding and spawning grounds (Barén, 2001, 2003; Bar6n and
Ré, 2002; Ortiz, 2009; Storero, 2010; Crespi-Abril and Barén, 2012).
Nevertheless, little information is available on the spatial distribu-
tion and abundance of early-life stages and juvenile cephalopods
in this region (Barén, 2003; Crespi-Abril et al., 2010; Crespi-Abril
and Barén, 2012), either because of their patchy distribution and
their ability to avoid plankton nets (Vecchione, 1987) or due to
poor sampling effort conduced in the region during the past.

In this study we analyze the spatio-temporal distribution of
cephalopod early-life stages in San José Gulf, a small-sized basin
with a marked frontal system formed by tidal circulation and
coastal topography (Amoroso and Gagliardini, 2010), represent-
ing a unique scenario to propose alternative hypothesis about the
mechanism of larval transport on a fine spatial scale.

2. Materials and methods
2.1. Study area

San José Gulf (SJG) (Fig. 1) is a small basin (surface: 817 km?;
mean depth: 40 m; maximum depth: 80 m) located on the north-
ern margin of Valdés Peninsula. It opens to a larger and deeper
gulf (San Matias, SMG) through a 6.9-km wide mouth located on
its northwestern margin. The tidal regime is semidiurnal, with an
average amplitude of 6 m (Servicio de Hidrografia Naval, 1983)
generating strong tidal currents through its mouth and producing
large superficial gyres on its western domain, while the eastern
one seems to be less affected, as it has been evident by examina-
tion of satellite imagery (Amoroso and Gagliardini, 2010). Esteves
etal.(1986)detected higher concentration of nutrients in the west-
ern domain (N—NO3 =4.0 pmol1~! in winter and 1.0 pmoll~! in
summer) than in the eastern domain (N—NO3 =2.0 wmol I-! in win-
ter and 0.5 wmolI~! in summer) throughout the year. Although no
information has been published yet on how tidal circulation affects
the vertical structure of the water column, differences in nutrient
concentration in both domains suggest that in the western one it is
permanently mixed (Esteves et al., 1986; Pizarro, 1975).

2.2. Thermal structure of the water column and early-life stages
sampling

Five monthly oceanographic surveys were conducted from
October 2011 to March 2012 in SJG (Fig. 2 and Table 1). In each
of them, a 300 pum-mesh size Hensen net (70 cm mouth diameter)
equipped with a flowmeter (Fig. 2) was towed at oceanographic
stations forming a regular grid within SJG; nine stations (1-9)
were located in the western domain, twelve (15-26) in the east-
ern domain, and five (10-14) in the transition zone between them
(Fig.2).From a total of 104 zooplankton net tows performed (33,200
cubic meters of filtered seawater), those conducted at stations with
bottom-depths larger than 30 m were oblique, maximum depth of
tows varying as a function of bottom depth, and those conducted
at shallower stations were horizontal (Table 1). In all cases, tow
velocity was two knots approximately.

Early-life stages present in the zooplankton samples were
preserved in 5% formalin solution in seawater for further deter-
mination under dissecting microscope. Specific keys and reference
material were used to determine the taxonomic status of
cephalopods in the samples (Brunetti, 1990; Barén, 2003; Ré et al.,
2003; Ortiz, 2009; Ortiz and Ré, 2011). Mantle length (ML) was
measured on all individuals using the micrometric scale of the
dissecting microscope under 60x magnification. Relative abun-
dance of each species was estimated as the number of individuals
per 100-m?3 of filtered seawater. Because normality assumptions
could not be checked with the data available for Doryteuthis san-
paulensis (a total of nine abundance values were obtained in spring
and summer), differences in median abundance of this species
between seasons (see Section 3.2) were evaluated by a Monte
Carlo permutation test (n=5000) (Manly, 1991). Abundance values
were randomly permutated with respect to season under the null
hypotheses of no differences between spring and summer. Calcu-
lations were done using an ad-hoc code programmed in R language
(version 2.7.1, R Development Core Team, 2008), available from the
authors upon request.

Temperature-depth (TD) profiles were obtained during each
zooplankton tow using a bathythermograph with data logger
attached to the net mouth, built and calibrated for this purpose
at the Centro Nacional Patagénico (Eng. J. Dignani, Electronics Lab).
Temperature and depth resolution of the sensors were 0.06 °C and
0.05 m respectively. The frequency of data recording was set at 3 s.
To obtain a smooth vertical TD profile in each station, tempera-
ture records were pooled and used to estimate a mean temperature
value for each 2-m stratum. Only data for depths >2 m were ana-
lyzed to avoid error caused by the operation of the plankton net
during and immediately after deployment. Temperature and depth
data are not available for surveys conducted in November 2011 in
the western domain, and in December 2011 in the entire gulf.

3. Results
3.1. Vertical structure of San José Gulf seawater column

Datarecorded between October and March allowed characteriz-
ing the thermal structure of the water column at different stations
in SJG during the austral spring (October to December) and summer
(February and March). Patterns observed on the TD profiles from
different seasons and oceanographic stations allowed confirming
that the water column of the western domain of SJG (stations 1-9)
are permanently mixed by tidal circulation, while at the eastern
domain (stations 15-25) it stratifies from November to March.
Among the well mixed western and the stratified eastern domains,
a transition zone was detected (stations 10-14), showing interme-
diate patterns on the TD profiles (Fig. 3).In October, TD profiles were
similar for all stations showing that in this month, when surface
seawater temperature is almost at its annual minimum, the thermal
structure of the gulf is rather homogeneous (Fig. 3). Temperature
of the seawater column ranged between 10.4°C and 10.9°C in the
transition zone, between 10.7 °Cand 11.8 °Cin the western domain,
and between 10.7 and 12.4°C in the eastern domain. In November,
as seawater temperature increased (12.3-12.9°C and 12.1-14.9°C
for the transition zone and the eastern domain respectively), the
eastern domain started to stratify, more markedly at the deeper
stations, and the thermocline started to develop approximately at
10m below the surface. In February, the temperature was higher
than during the spring; the overall temperature range for SJG was
15.7-18.2°C. The eastern domain was markedly stratified and the
thermocline was obvious at 20m below the surface; in contrast
temperature of the seawater column at stations from the western
domain and the transition zone remained vertically homogeneous
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Fig. 1. Location of San José Gulf, northern Patagonia, Argentina. The dotted line indicates a schematic division between western (WD) and eastern (ED) domains derived

from Amoroso and Gagliardini (2010).

(Fig. 3). During this month, differences in maximum surface tem-
perature between domains reached 1.0°C, the eastern one being
warmer than the western and transition zone. TD profiles sta-
bilized below the thermocline at approximately 35 m below the
surface, ranging between 15.8 and 16.1°C, 15.8 and 16.4°C and
15.9 and 16.4°C for the western domain, the transition zone, and
the eastern region respectively. In March, stratification of the east-
ern domain started to vanish while maximum surface seawater
temperature dropped to 17.3 °C. The difference in maximum sur-
face temperature between domains decreased to 0.5 °C during this
month (excluding the station 9, in which the maximum registered
temperature also reached 17.3°C on 12 March 2012).

3.2. Temporal and spatial distribution of early-life stages

Four cephalopod species were identified in the plankton sam-
ples: Dorytheutis sanpaulensis, Illex argentinus, Semirossia tenera
and Robsonella fontaniana (Table 1). The most frequent were D.
sanpaulensis and I. argentinus; both found in nine stations in abun-
dances ranging between 0.2 and 99.5 paralarvae 100! m~3 and
0.5 and 191.0 paralarvae 100~ m~3, respectively (Table 1 and
Fig. 4). Paralarvae of D. sanpaulensis ranging between 1.1 and
5.9 mm ML were captured from November to March, but were more
abundant in the summer months (February and March) (Monte
Carlo Permutation one-tailed Test P [difference between median

October

February

-64°00

Fig. 2. Spatial distribution of the stations sampled in San José Gulf, northern Patagonia, Argentina, on each month.
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Table 1
Cephalopods captured in plankton samples from San José Gulf, northern Patagonia, Argentina.
Species Date Station Gulf domain Number of individuals/ Maximum depth Bottom depth (m)
abundance (100~ m~3) sampled (m)
Illex argentinus 1 February 2012 6 w 1/3.9 41 80
7 11.7 42 66
8 1/14.1 21 36
9 2/54.8 - 6
8 February 2012 19 E 1/191.0 23 31
15 February 2012 2 W 2/- 22 31
3 2/19.6 13 22
14 March 2012 13 T 1/0.7 30 63
24 E 1/0.5 16 29
Dorytheutis sanpaulensis 11 November 2011 16 E 1/0.2 22 58
26 November 2011 10 T 2/0.7 27 69
30 November 2011 3 Y 1/0.5 - 32
19 December 2011 10 T 1/0.4 - 30
08 February 2012 16 E 1/99.5 42 58
15 February 2012 11 T 11.7 42 72
14 March 2012 15 E 5/3.4 21 37
20 1/1.6 17 26
21 1/0.5 34 55
Robsonella fontaniana 13 October 2011 11 T 1/0.2 36 73
11 November 2011 17 E 1/- 20 67
1 February 2012 9 T 1/27.4 - 6
Semirossia tenera 26 November 2011 18 E 1/1.71 30 59
abundances <0]=0.04). In contrast, paralarvae of I. argentinus ran- in ML were captured in October, November and February, while the
ging between 2 and 6 mm in ML were captured only in the summer only one belonging to S. tenera was 3.2 mm in ML and was captured
months (February and March). in November.
Records for R. fontaniana and S. tenera were more sporadic A marked spatial segregation was observed between the par-
(Table 1). Individuals of R. fontaniana ranging between 3 and 6 mm alarvae of D. sanpaulensis and . argentinus (Fig. 5). The highest
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relative abundances of D. sanpaulensis paralarvae were found
mainly in the north of the eastern domain of SJG. Conversely, most
samples containing I. argentinus were found in the south of the
western domain. R. fontaniana was found both at stations belong-
ing to the eastern (station 17) and western domain (station 9) and
in the transition zone (station 11) (Table 1), while S. tenera was
found in the eastern domain (station 18).

Seawater temperature at stations in which paralarvae of D. san-
paulensis were captured ranged between 12.5°C and 17°C. The
highest relative abundances were obtained where sea water tem-
perature was higher (Fig. 6). Seawater temperature at stations
where paralarvae of I. argentinus were captured was constrained

-42°20

@ 34 ® 16
@ ® 05

@ 1.1
.1.7

-42°20

~64°20

64940 -64°00
Fig. 5. Spatial distribution of Illex argentinus (A) and Doryteuthis sanpaulensis (B)
paralarvae in San José Gulf, northern Patagonia, Argentina. Relative abundance is
expressed as number of individuals 100~! m3.

Fig. 6. Relative abundance of cephalopod early-life stages (paralarvae 100-! m3)
versus sea water temperature in San José Gulf, northern Patagonia, Argentina: Dory-
teuthis sanpaulensis (A) and Illex argentinus (B).

to a narrower temperature range (16-17 °C). The relation between
relative paralarvae abundance and sea water temperature did not
present a clear pattern for this species (Fig. 6). Water temperature
ranged between 10.6°C and 13°C in stations where R. fontani-
ana was caught, and it was 13.1°C in the station where S. tenera
occurred.

4. Discussion

Tidal circulation has a major role on the hydrodynamic structure
of SJG. As shown by satellite imagery (Amoroso and Gagliardini,
2010; Amoroso et al., 2011), cold bottom water from the Valdés
Peninsula tidal front, circulating westwards by the southern margin
of SMG, is injected during rising tides into SJG by its narrow mouth,
generating a highly turbulent flux on its western domain. During
ebb tides seawater is expelled through the mouth to SMG, forming
eddies moving northwards for up to 100 km, reaching the center of
SMG (Amoroso and Gagliardini, 2010). Considering that the mean
tidal amplitude of SJG is 6 m and that the mean depth of the gulfis
40 m, the volume of seawater flowing through the mouth in every
rising and ebb tide represents approximately 15% of its total vol-
ume (Rivas, 1990). Furthermore, since the process is asymmetrical
between domains, this figure must be even higher for the western
domain, explaining the homogeneous structure of the water col-
umn in it. In contrast, the eastern domain remains stratified from
mid-spring (November) to late summer (March), suggesting that
the vertical structure of the water column in this domain is poorly
affected by tidal circulation. In the transition zone between both
domains, a thermal front is formed at the surface (Amoroso and
Gagliardini, 2010).

Considering this contrasting hydrodynamic scenarios, it is
expected that the western domain acts as a high-speed conveyor
belt transporting in and out of SJG mouths’ section large amounts
of planktonic organisms per time unit, and that the front between
domains acts as a retention area, concentrating part of plankters
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carried by currents at the western domain in its boundary and
delivering them to the eastern domain where water flow to SMG is
low.

Cephalopod early-life stages are frequently associated with
highly productive areas (e.g., upwellings areas, frontal systems)
since these regions provide the necessary food supply for growth
and development (Rodhouse et al., 1992; Piatkowski et al., 1993;
Ropke et al., 1993; Gonzailez et al., 2005). Thus, annual or decadal
changes in the extension of these areas have been used to explain
fluctuations in cephalopods stocks abundances (Waluda et al.,
1999; Sakurai et al.,, 2000; Roberts and van den Berg, 2005).
Several highly productive frontal systems have been character-
ized along the coastal waters and inner shelf off Argentina (Acha
et al., 2004; Bogazzi et al., 2005). It is known that these areas
provide the necessary food for early-life stages of several species
of fishes, bivalves and crustaceans that sustain important fisheries
(Achaetal., 2004). However, although several commercially valued
cephalopods species are present in coastal waters and the inner
shelf off these regions (Iribarne, 1990; Barén and Ré, 2002; Crespi-
Abril etal., 2008; Ortiz, 2009; Storero, 2010; Crespi-Abril and Barén,
2012), knowledge about their role in regulating cephalopod popu-
lation dynamics is still poor.

Adults and early-life stages of the four species of cephalopods
found in the zooplankton samples have been reported to present
contrasting behaviors. The sepioid S. tenera is a small, muddy-
bottom dweller with a wide Western Atlantic distribution, ranging
from the Gulf of Maine to Argentina (Reid and Jereb, 2005).
Although this coastal species is present in SJG (Ré et al., 2003),
its occurrence in the zooplankton samples was sporadic. Individ-
uals from this sepiolid have been captured in neritic waters from
the coast to the outer shelf in the northwestern Atlantic Ocean
(Vecchione et al., 2001), mainly associated to bottom waters. Fur-
thermore, Boletzky (1977) has reported that benthic sepioids like
this species produce benthic hatchlings. Therefore, their compar-
atively low abundance (<5% of all paralarvae) could be due to
their low probability of being captured in oblique and horizontal
subsurface tows performed in our study. R. fontaniana is a small
benthic octopus present in the southeastern Pacific Ocean, from
Peru (6°S) to Tierra del Fuego (55°S), and in the southwestern
Atlantic Ocean, from SMG to the south, with a bathymetric dis-
tribution ranging from littoral coastal areas up to 225m depth
(Adam, 1938; Pickford, 1955; Castellanos, 1967; Castellanos &
Menni, 1969; Nesis, 1987; Ré, 1989, 1998; Ibanez et al., 2008).
Spawning grounds of this species are unknown but it has been sug-
gested that females spawn in coastal shallow waters within the
northern Patagonian gulfs of Argentina (41°5-43°S, Ortiz and Ré,
2011). Although R. fontaniana has planktonic hatchlings (Ortiz and
Ré,2011), these were comparatively rare in our samples (<10% of all
paralarvae). However, despite infrequent in samples, R. fontaniana
was particularly abundant (27.4 individuals 100 m—3) in the shal-
lowest station (6 m depth) reflecting that its presence in SJG is not
sporadic.

L. argentinus is distributed from the southern Brazil (22°S)
to Malvinas Islands (54°S) over the Argentinean shelf and slope
(Haimovici et al., 1998). Recent research studies have addressed the
relevance of coastal water frontal systems off northern Patagonia
on the reproduction and recruitment of this species (Crespi-Abril
et al., 2008, 2010; Crespi-Abril and Barén, 2012). This study not
only reinforces this viewpoint but also provide insights on its fine
scale patterns of paralarval transport. Paralarvae of this species
presented a marked spatial segregation in SJG, being present
almost exclusively in the southern region of the western domain
during a limited period of time (mainly in February). The abun-
dance of paralarvae in the present study ranged between 0.5 and
191 paralarvae 100m~3, in agreement with previous observa-
tions reported for the species in outer shelf and slope (0.1-80

paralarvae 100~ ! m~3; Haimovici et al., 1998; Vidal et al., 2010)
and in coastal waters (0.3-6.5 paralarvae 100~! m—3, Crespi-Abril
and Barén, 2012). Their presence in SJG could be explained either
by the spawning activity of females in this basin or by the influx
of egg masses/paralarvae through its mouth carried by waters
from the neighboring Valdés Peninsula Frontal System. The first
alternative seems unlikely since egg masses laid on the western
domain would not be retained until hatching take place due to
the high rate of water exchange caused by tidal circulation. In
this context, the second explanation seems the most likely since
there are several evidences that support it. Recently, Crespi-Abril
and Barén (2012) suggested that Valdés Peninsula Frontal Sys-
tem is one of the regions with the highest suitability for spawning
and early life-stage survival during the summer. This observation
was derived from a model that considered the sea surface tem-
perature (SST) and chlorophyll-a (Chl-a) concentration estimates
over the distribution area of I. argentinus. This approach has some
restrictions since it is constrained only to two relevant environ-
mental variables and it does not consider interaction with other
species (i.e., predation, competition); therefore, the conclusions
derived should be considered with caution. However, empirical
observations such as the presence of paralarvae and important
aggregations of mature individuals (Haimovici et al., 1998) pro-
vided evidences that Valdés Peninsula Frontal System is actually a
spawning ground for I. argentinus. Circulation patterns observed in
satellite imagery (Amoroso and Gagliardini, 2010; Amoroso et al.,
2011)also give a strong support to the second alternative. However,
although SJG may be acting as a pathway of egg masses and par-
alarvae, it cannot be completely discarded that the species uses its
waters as a spawning ground. In either case, the observations pre-
sented in this work evidence that summer spawning groups fished
in the northern part of SMG (Crespi-Abril et al., 2008) and those
aggregating in the Valdés Peninsula Frontal System (Haimovici
et al,, 1998) are interconnected not only by migration of adult
squids, but also by passive transport of egg masses and paralar-
vae.

D. sanpaulensis presents a wide geographical distribution from
Brazil (20°S) to Argentina (~46°S) (Jereb et al., 2010). It has been
reported that the species spawns in northern Patagonian waters
(Barén, 2001, 2003; Barén and Ré, 2002), but the information on
the abundance and distribution of their paralarvae is scarce. It is
worthwhile to mention that D. sanpaulensis paralarvae were caught
during most of the sampling period. In the northeastern region off
the coast of northern Patagonia egg masses of the species occur
almost exclusively from November to March, with no marked peak
of occurrence (Barén, 2001). This last point agrees with the pro-
tracted spawning period (several months) reported for the species
(Bar6n and Ré, 2002; Barén, 2003). On the other hand, paralarvae
from this species were found almost exclusively in the northern
region within the eastern domain of SJG. Hatchlings emerging from
egg masses laid by this species on the bottoms of the eastern
domain of SJG are probably locally retained in this low-circulation
area.

In this study, spatially-representative plankton sampling of
SJG provided novel information on the distribution of cephalo-
pod paralarvae and allowed to propose different hypothesis on
the patterns of distribution of these organisms. Since it is known
that rhythmic larval migrations synchronic with tidal or daily vari-
ations in circulation patterns often results in transport patterns
of meroplanktonic larval stages different from those predicted
based on average circulation (Queiroga and Blanton, 2004), knowl-
edge on the vertical distribution and migrations of paralarvae
from Patagonian cephalopod species is essential to understand
transport mechanisms (Queiroga and Blanton, 2004). Further
studies should be designed and conducted to fulfill this gap of
knowledge.
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