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An extensive series of high-resolution satellite images from the advanced very high-resolution radiometer
(AVHRR) and the sea-viewing wide field-of-view sensor (SeaWIFS) was used in a synoptic oceanographic char-
acterization of San JorgeGulf (SJG, Argentine Patagonia), an area of great significance formarine conservation and
commercial fishing. Remotely sensed information was combined with on-board observer's data and published
information to investigate the role of distinctive oceanographic features in relation to the life cycle of the Patago-
nian red shrimp (Pleoticusmuelleri),main target of the industrialfleet in SJG. Three frontal systems—North, South
andOuter SJG—are characterized. The North and South SJG fronts are associatedwith shrimp reproductive aggre-
gations during late spring and summer. While both function as spawning/nursery grounds, they differ from each
other in many respects. The thermohaline South SJG front has its maximum expression during the winter,
reflecting the influence of the low-salinity Magellanic Plume, while the thermal North SJG front develops during
spring and summer as the water column becomes stratified in the central basin of the gulf. Wind-related down-
welling inshore of the front prevails in the North SJG, and upwelling in the South SJG frontal area. Chlorophyll a is
concentrated near the thermocline on the stratified side of the North SJG, and for that reason, it is not detected by
remote sensors during the spring bloom and the summer but becomes apparent offshore from the location of the
frontwhen the thermocline deepens during the fall (May). In the South SJG front, Chl-a concentration is apparent
inshore from the front all year-round, related in part to upwelling-mediated resuspension. The northern end of
the outer front coincides in time and spacewith a recurrent non-reproductive aggregation of red shrimpbetween
November and January and is presumably related to foraging. It is argued that keeping the North and South SJG
frontal systems off-limits to fishing is a central precautionary requisite for the sustainability of the shrimp fishery.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Over the last two decades, satellite-based technological develop-
ments have facilitated the macroscopic conceptualization of coastal
ecosystems and the fisheries that they support (Klemas, 2012). This
constitutes an opportunity in the case of coastal fisheries, often
data-poor in terms of the fishery-independent data that support stock
assessment and assessment-dependent management strategies.
Remote sensing of coastal environments (Holman and Haller, 2013)
and vessel monitoring systems (VMS) complemented with logbook or
on-board observer programs (Gerritsen and Lordan, 2011), aided by
the generalized use of geographic information systems (GIS) software,
make it possible to identify and characterize major environmental
drivers of stock spatial dynamics and the fishing process. This type of
cki).
information is instrumental as support for spatially explicit strategies
(Russo et al., 2014), e.g., reproductive refugia or marine zoning (Foley
et al., 2010), that may prove effective in the face of uncertainty about
stock size. Paradoxically, modern technology makes available the infor-
mation needed for the diagnostic and management of fisheries consid-
ered “data-poor,” largely located in the developing world.

The Patagonian red shrimp (Pleoticus muelleri (Bate, 1888), Fam.
Solenoceridae) fishery offers an illustrative case. Landings from this
lucrative industrial fishery, developed during the 1980s (Boschi, 1989,
1997), peaked in 2001 at 78,000 metric tons, fetching approximately
U$S 375 million in exports revenues (Góngora et al., 2012). Fishing
activity concentrates in San Jorge Gulf (SJG) and the adjacent shelf
(Fig. 1). Surveys are carried on by national fisheries authority, but no
formal stock assessment is conducted on a regular basis (Góngora,
2011). Management includes spatial and temporal closures, largely de-
signed to prevent hake bycatch. It is generally held that the location of
spawning grounds and migration routes are related to foraging and re-
production (Fernández et al., 2012; Roux et al., 2012), but the links
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Fig. 1. Study region. (a) Southwestern Atlantic, showing main circulation patterns (arrows, after Palma et al. 2008) and the Patagonian Shelf (bound by the 200 m isobath); nearshore
shading: areas of relatively low salinity of the Magellanic Plume; box: study area. (b) Partitions of San Jorge Gulf (SJG) used in the analyses (see text for explanation of acronyms).
(c) Main bathymetric features of San Jorge Gulf. (d) Fisheries management jurisdictions and areas closed to fishing. (For interpretation of the references to colour in this figure, the reader
is referred to the web version of this article.)
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between stock spatial dynamics, effort allocation and regional oceanog-
raphy are poorly understood.

High productivity in shelf ecosystems is often related to frontal
systems, classical examples of “ocean triads”: configurations favoring
enrichment, concentration and retention (Bakun, 2010). Satellite
remote sensing is particularly useful for the identification and charac-
terization of the frontal systems that shape shelf ecosystems (Belkin
et al., 2009). Thermal fronts are identifiable from sea surface tempera-
ture (SST) gradients, while, with due caveats, chlorophyll a (Chl-a) con-
centration has been used as a surrogate of phytoplankton concentration
at the ocean surface. Major frontal systems from the Patagonian shelf,
identified and characterized through the climatological analysis of
remotely sensed SST and Chl-a concentration (Rivas and Pisoni, 2010;
Rivas et al., 2006), support the productivity of regional fisheries (Acha
et al., 2004; Alemany et al., 2014). Remote sensing has been combined
with fisheries information to investigate the spatial dynamics of several
resources, including scallops (Amoroso et al., 2011; Bogazzi et al., 2005)
and hake (Ocampo Reinaldo et al., 2013; Williams et al., 2010).
Fishing and spawning grounds of the Patagonian red shrimpmay be
also related to shelf fronts, but specific linkages have not been investi-
gated. Local fronts that recurrently develop in the SJG and its adjacen-
cies have been usually subsumed in previous work as components of a
broadly defined “Patagonian Tidal Zone” (Acha et al., 2004), an exten-
sive region conformed by a string of localized frontal systems. A finer
resolution is required, however, to investigate the role of oceanographic
features in the spatial dynamics of specific inshore stocks (Gagliardini
et al., 2004). On the other hand, information collected through an
observer program (Góngora, 2011) indicates that the spatial pattern
of effort allocation by the fleet shows high recurrence across years.
Fishery-dependent data, if properly interpreted, often are more power-
ful than snapshot surveys for the purpose of identifying the spatial
dynamics of populations showing ontogenetic migration. Combined
investigation of climatologic patterns of environmental factors and of
recurrent patterns of fishing intensity is potentially informative about
the spatial dynamics of red shrimp in relation to major environmental
features, but that type of scrutiny has not been yet conducted.



Fig. 2. Schematic of the distribution of Patagonian red shrimp (Pleoticus muelleri) in the
study area (shaded), indicating documented spawning/nursery grounds (hatched), the
outer gulf concentration area (November–January) and the axis of the ontogenetic migra-
tion out of Bajo Mazarredo (February–May, arrow).
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In this study, we used an extensive series of high-resolution images
from the AVHRR sensor to identify frontal systems in the SJG and its ad-
jacencies; climatologic characterization of the frontswas complemented
by monthly averaged Chl-a concentration estimated from SeaWIFS
images. Climatologic patterns of environmental variables were com-
bined with aggregated information on the spatial dynamics of the fleet
targeting Patagonian red shrimp. The emerging synopsis, combined
with various pieces of existing information, provides a template to
frame the spatial dynamics of the Patagonian red shrimp life history.
Implications for management are discussed.

2. Study system

2.1. Study area

The SJG, a semi-open basinwith an extension of 39,340 km2, is locat-
ed between 45°S (Cape Dos Bahías) and 47°S (Cape Tres Puntas), and
between 65°30′W and the coast of Argentine Patagonia (Fig. 1). The
central region of the basin, elliptical in outline, is well delimited by the
90 m isobath; maximum depth is 110 m near the center of the basin.
Communication with the adjacent shelf spreads over approximately
250 km, at depths ranging from 90 m at the north and center to 50–
60m at the south end, where the basin is demarcated from the adjacent
shelf by a pronounced sill know by fishermen as La Pared (“TheWall”).
There are no rivers flowing into the gulf; precipitations are scarce (aver-
age: 233 mm yr−1 in Comodoro Rivadavia). Sediments from the central
basin of the gulf, a depositional environment, are dominated by fine silt
and rich in organic carbon derived from seasonally high phytoplanktonic
primary production in the upper layer of the water column (Fernández
et al., 2003, 2005, 2008); continental input is negligible. Consistently,
oxygen concentration in near-bottom water is lowest in the central
basin (Fernández et al., 2005).

The so-called Patagonian ShelfWater, including that of SJG, is a mix-
ture of subantarctic water from the Cape Horn Current and low-salinity
water from theMagellanic Plume (Fig. 1a). The latter, formedby the dis-
charge from the Magellan Strait, extends along inner shelf of southern
Patagonia (Palma and Matano, 2012), entering the southeast sector of
SJG around Cape Tres Puntas (Cucchi Colleoni and Carreto, 2001;
Fernández et al., 2005); in the adjacent shelf, the axis of the plume
matches the 100 m isobath, which shifts offshore at the latitude of SJG.
Modeling results indicate an anti-clockwise surface circulation in the
southern half of SJG (Glorioso and Flather, 1995; Palma et al., 2004,
2008).

San Jorge Gulf presents particularly difficult management problems
because it is exposed to environmental risks related to oil production:
urban-industrial development of the Comodoro Rivadavia hub, pro-
spective offshore drilling, and intense shipping activity (Nievas and
Esteves, 2007). Oil production coexists with major fisheries targeting
valuable shrimp, hake, scallops and king crab stocks (Góngora et al.,
2012) and with areas of great significance for marine conservation
because of the presence of reproductive aggregations and foraging
grounds of many marine birds and mammals. This has been the main
motivation for the creation of the first Argentine marine park along
the north coast of the gulf (Yorio, 2001).

2.2. Red shrimp biology

The Patagonian red shrimp, a strictlymarine species, has a broad lat-
itudinal distribution range in the southwest Atlantic, from southeast
Brazil to Argentine Patagonia. Boschi (1989, 1997) identifiedmajor con-
centration areas in the Argentine Patagonian shelf, between 43°S
(Rawson) and 47°S (south end of SJG) (Fig. 2).With variants, conceptual
models about the spatial dynamics (connectivity, migrations) of the
Patagonian stock are based on a graphical model first introduced by
Boschi (1989, his Fig. 14), in which the Rawson concentration area
(Fig. 2) was thought to function as a major spawning ground. Red
shrimp eggs are hyperbenthic; after hatching, there are several pelagic
larval stages, followed by 4–6 mm long postlarvae that settle on soft
bottoms (Iorio et al., 1990). Larvae were hypothesized to drift south-
ward along the coast and metamorphose along the way to reach the
nursery/wintering grounds of Bajo Mazarredo (Fig. 2) as pre-recruits.
The cycle would be closed by a northward ontogenetic migration from
BajoMazarredo to the Rawson spawning ground. Recent,more complex
versions attachmore significance as spawning grounds to other concen-
tration areas (Góngora, 2011, her Fig. 2.1). Concentration of eggs and
larvae has been observed during summer surveys in areas coincidental
with major areas of shrimp aggregation (Fig. 2) (Fernández et al.,
2012; Góngora et al., 2012; Moriondo-Danovaro, 2011). Starting in
February and continuing during fall (March to May), subadults start a
north-northeastward ontogenetic migration (Fig. 2), leaving the Bajo
Mazarredo nursery and becoming vulnerable to the fishery. Reproduc-
tive maturity is reached at an age of one year (Fernández et al., 2012);
maximum life-span is thought to be in the order of two years
(Góngora, 2011).
2.3. The red shrimp fishery

The fleet targeting the Patagonian red shrimp stock has three com-
ponents: (i) a fleet composed of 35 vessels 11–21 m long, which
operates within the Chubut Province jurisdiction over the Rawson con-
centration area (43°S to 44°30' S) between September andMarch; (ii) a
fleet of approximately 20 boats, 21–31 m long, that land the catch
unprocessed and targets red shrimp opportunistically; and (iii) a fleet
of double-rigged otter trawlers (“tangoneros”) that, by 2011, consisted
of 83 vessels 23–54 m long (Góngora, 2011). The latter operates in SJG
under the two provincial jurisdictions and in the adjacent shelf, in fed-
eralwaters, where it overlapswith an area designated for the protection
of hake recruits, open to the red shrimp fleet on a seasonal basis. The
tangonero fleet landed approximately 80% of the legal catch originated
in the San Jorge and the adjacent shelf between 1991 and 2005
(Fischbach et al., 2006).
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Argentina being a federal country by constitution, the red shrimp
fishery operates under three jurisdictions: federal (offshore) and pro-
vincial (nearshore) (Fig. 1d).The nursery ground of Bajo Mazarredo
(southern SJG, under Santa Cruz Province jurisdiction) has been perma-
nently closed to fishing since 1985 (Fig. 1d); a sector of the northern
fringe of the gulf (under Chubut Province jurisdiction), incorporated
into a marine protected area, has been permanently closed since 2006
(Góngora et al., 2012). In order to address concerns about hake bycatch,
both the provincial and federal fisheries administrations have intro-
duced a complex and changing system of spatial and temporal closures
(Góngora, 2011;Góngora et al., 2012). In 2001 theChubut Provincefish-
ery administration introduced “mobile closures.” Starting in 2003 the
red shrimp fishing season has been regularly closed between October
and December.

3. Materials and methods

3.1. Remote sensing data

3.1.1. Study area and image processing
The study area covers the entire San JorgeGulf and the adjacent shelf

(Fig. 1b). The region of interest was partitioned based on a preliminary
analysis of seasonal maps of SST and Chl-a (Supplementary Materials
SM1), prior information (Section 2.1) and basin topography. Six sectors
were defined (Fig. 1b): Northern (NA), External or Eastern (EA), Central
(CA), Central Coastal (CCA), Southeastern (SEA) and Southwestern
(SWA).

All images were provided by Argentina's National Commission for
Spatial Activities (CONAE), including the following:

3.1.1.1. SST images.A series of nine years(2000 to 2008) of high-resolution
(1.1 km) images from the AVHRR sensor was used. SST was calculated
through a method based on the “Split Window Technique” algorithm
(McClain et al., 1985). SST calculation, further calibration, georeferencing
and image analysis were performed using ERDAS Imagine 8.7 and R
software (R Core Team, 2013).

3.1.1.2. Chl-a images. A series of seven years (2000–2006) of high-
resolution (1.1 km) images of local area coverage (LAC) from the
SeaWiFS sensor was used. Chl-a concentration was derived from the
OC4 ocean color algorithm (O'Reilly et al., 1998, 2000) using SeaDAS
(SeaWiFS Data Analysis System) version 4 (www.seadas.gsfc.nasa.gov).

All images were mapped to a WGS84 reference system (datum
WGS84, ellipsoid WGS84) and co-registered using a calibrated coast-
line, and afterwards they were subset in order to circumscribe the
study area (from 43°S, 67°10'12'' W to 45°30' S, 64°49'48'' W). A total
of 360 SST and 510 SeaWiFS daily images were available from January
2000 to December 2006/2008 respectively.

Monthly mean images of SST and Chl-a were produced by arithmet-
ically averaging all scenes available for each month, on a pixel-by-pixel
basis, in order to obtain a series of twelve climatological images. Land
and cloud pixels were flagged to zero and were not considered for the
computations. The spatial resolution of the input images from both
sensors (1.1 km) was kept in the resulting monthly mean images.

3.1.2. Analysis of remote sensing data
Monthlymean SST andChl-awere calculated for each year of the time

series using R software (R Core Team, 2013). Monthly SST averages were
calculated using the five-day SST composites. Afterwards, the average of
themonthlymeans for each series was calculated in order to obtain a cli-
matological mean image for each month, a climatological image for each
season, and finally, maps of mean SST and Chl-a which were the average
of the whole time series for each parameter, each with its correspondent
standard deviation (Supplementary Materials SM1).

The SST stationary signal as well as the annual harmonics for each
area, from 12 climatological monthly SST composites, were calculated
using least square fitting (Beron-Vera and Ripa, 2000). Regardless of
the semiannual component, the fit reduced to:

SST x; tð Þ ¼ SST1 xð Þ þ T1 xð Þ cos w t−t0ð Þ½ �

where SST0 is the mean SST temporal value, T1 is the annual harmonic
amplitude, w is the frequency (w = 2.π/12) and t0 is the annual
harmonic phase. In this case t0 indicates the time of the year with
maximum SST.

In order to detect frontal zones or other areaswith abrupt changes in
SST, gradients (°C. km−1)were calculated fromeachmonthly SST image
by applying a Sobel operator in a 5 × 5 pixel window (Simpson, 1990).
The Sobel operator consists of two 5 × 5 pixel convolutionmasks, which
are used to calculate two images containing approximations for deriva-
tives (inwest-east and north-south directions) and assuming that there
is an underlying continuous intensity function. At each pixel of the
image, gradient magnitudes are computed and the results show how
“abruptly” or “smoothly” the image changes at that pixel. Maps of sea-
sonal climatological SST fronts were obtained by applying a threshold
criterion that allowed the distinction between gradient values that
corresponded to SST fronts and background values, which indicate the
natural variability of the SST field among pixels. The separation
between frontal pixels and background was performed following Bava
(2004), who used the distribution of frequencies of pixels in the season-
al SST images. Those pixelswith frequencies below10% of the total were
considered as frontal.

3.2. Fishery data

On-board observer programs were implemented by provincial
fisheries administrations since 2000/2001 to monitor the red shrimp
fishery. Data for the period 2001–2008 from the Chubut Province ob-
server program (Góngora, 2011) were used to characterize the spatial
allocation of effort by the fleet targeting red shrimp in SJG. Records for
each fishing haul include vessel ID, observer ID, date, haul duration, ini-
tial haul position (latitude and longitude) and shrimpcatch. Cover of the
tangonero fleet ranged from 7.5% to 15%, depending on the year. Year
2005 was excluded from the analyses because unusual temporal and
spatial closures were implemented in response to low shrimp abun-
dance. The data set consisted of 45,434 hauls, made during 337 fishing
trips and 8,155 fishing days. Fishing intensity was calculated on a
monthly basis as the number of hauls (initial position) per 2′ × 2′ cell.
Complete vessel monitoring system (VMS) records for the tangonero
fleet were obtained from the national fisheries authority for the period
2006–2008 and used to determine if data from the observer program
had the appropriate spatial coverage of the region of interest. Itwas con-
sidered that speed records in the range of 2 to 5 knots (typical for
trawling) correspond to fishing time. Spatial distribution of records
from the observer program and VMS were compared for that period;
no apparent biases were detected in the spatial and temporal coverage
of the observer program (Góngora, 2011). Special carewas taken to con-
template temporal and spatial closures (Section 2.3) in the interpreta-
tion of observed patterns of fishing intensity. Observer program data
were chosen over VMS data because they correspond to discrete fishing
events, more amenable than VMS records to testing the distribution of
effort in relation to environmental variables. CPUE was not used in the
analyses because it has not yet been standardized in the data base
from the fisheries authority. Besides, effort allocation is expected to be
more reflective of recurrent patterns of distribution than the abundance
index, prone to higher year-to-year variation.

3.3. Relationship between fishing effort and oceanographic features

The region where the fleet operates was partitioned in two sectors
(north and south) (Fig. 2). Areas closed to fishing (Robredo and
Mazarredo) and the shelf west of 64.7°W were excluded. Polygons
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bounding fronts were constructed for each month. Fronts were defined
by a threshold SST gradient value of 0.04 °C km−1 (Bava, 2004;
Williams et al., 2010). Analyses were conducted separately for each
sector and month. The relation between fishing intensity and SST,
chl-A and frontal areas was investigated with the method developed
by Perry and Smith (1994), in which the null hypothesis of a random
association between fish distribution and habitat conditions is tested.
The method can be used to investigate the distribution of fishing inten-
sity as well. The general frequency distribution of a habitat variable
(SST, Chl-a,ΔSST) is characterized by means of its empirical cumulative
distribution function (ecdf):

f tð Þ ¼ 1
n

Xn
i¼1

l xið Þ

with the indicator function

l xið Þ ¼ 1; if xi≤t
0; otherwise

�

where n is the total number of cells and t represents an index, ranging
from the lowest to the highest value of the habitat variable at a step
size appropriate for the desired resolution. Next, fishing intensity (as
number of hauls per cell) is associated with the environmental as a
weight in a cumulative distribution function,

g tð Þ ¼ 1
n

Xn
i¼1

yil xið Þ

where yi represents the frequency of occurrence of hauls in each cell
(calculated as the number of hauls per cell divided by the total number
of hauls). All calculations were done on amonthly basis. Strength of the
association between fishing activity and habitat variables is tested by
assessing the difference between the two curves, g(t) and f(t). The test
statistic is constructed by calculating the maximum absolute vertical
distance between them, which is similar to the Kolmogorov-Smirnov
test for comparing ecdf's.

A chi-square goodness of fit test (Zar, 1999) was applied to test the
null hypothesis of no difference in the distribution of fishing intensity
between front polygons and the rest of the region where the fleet
operates. Following Alemany et al. (2014), the observed frequency of
hauls inside and outside the frontal polygons was compared with the
frequencies expected if effort allocation were proportional to the area
of the two regions. Regions of interest were defined so as not exceed
the positive area (Woillez et al., 2007), in order to avoid inflation of
the test statistic.

4. Results

4.1. Temporal evolution of mean SST and Chl-a concentration

In order to show the temporal variability of SST and Chl-a concentra-
tion, the climatological monthly mean spatial values of both variables
were calculated for each of the six sub-areas. SST showed a clear season-
al cycle (Fig. 3); the annual cycle explained more than 99% of the
variance (Table 1). In this case, the change of phase corresponded to
the moment of the year when SST was highest, at the beginning of
February (t0 = 2.08, 17.10 °C) in most of the gulf and around mid-
February in the eastern area (t0 = 2.29, 15.17 °C). Surface water was
warmest in the coastal-central, central and northern areas (13.13 °C,
13.48 °C and 13.65 °C, respectively; Table 2). The eastern and
southwestern areas showed the lowest and the highest thermal ampli-
tudes respectively (3.12 °C and 4.00 °C). Lowest mean and minimum
SST corresponded to the southeastern and southwestern areas.

There was a general tendency towards low concentrations of Chl-a
in winter and high concentrations between October and April (Fig. 3;
Table 3). The absolute minimum values were found in the southwest
(0.42 mg m−3) and the absolute maxima in the central and coastal-
central areas (3.11 mg m−3 y 3.42 mg m−3, respectively), while the
minimum mean values occurred in the southeastern (1.31 mg m−3)
and the maximum mean values over the coastal-central (1.84 mg m−3)
and southwestern (1.62 mg m−3) areas. These results show that there
could be a progression in the moment of occurrence of the autumn
bloom, moving from the deeper parts of the gulf (to the east) towards
the coastal zone. Over the eastern area, the peak occurs between February
andMarch; in the northern, southeastern and central areas inMarch, and
in the coastal-central area in April. It is not the same with the spring
bloom, which occurs in October over all the areas except for the east
and the southeast, where it begins in November. Table 4 describes, in
detail, the annual cycle of Chl-a concentration at each particular area.

4.2. Thermal gradients

Seasonal andmonthly gradientmaps of SST give a general indication
of the structure, extent, variability and intensity of thermal fronts in SJG.
Since such maps were produced from a series of 9 years of AVHRR
images, only those frontal zones that occur recurrently through time
are likely to be captured bymonthly and seasonal averages. Three fronts
were clearly discernible during summer: South, Outer and North SJG, all
characterized by gradients of 0.05 °C–0.15 °C km−1 (Fig. 4a). In autumn
(Fig. 4b), SST was homogeneous across the whole gulf; consequently,
there were no significant thermal gradients. The South SJG thermo-
haline front was most developed during winter, along the coastal zone
around the cape (Fig. 4c, southeastern and southwestern areas), indicat-
ing the difference in SST between the relatively warm inner waters of
SJG and the colder waters of the Magellanic Plume entering the gulf
from the south. The North SJG thermal front, which develops in spring
(Fig. 4d) and is strongest during summer (Fig. 4a), is a consequence of
the tidal mixing generated by the topography of the coast. The Outer
SJG thermal front develops during spring (Fig. 4d), reaching its maxi-
mum spread in summer (Fig. 4a).

High apparent concentration of Chl-a is observed inshore of the
South SJG front all year-round (Supplementary Materials Fig. SM1.4).
On the northern coast of the gulf, concentration of Chl-a is high only
during summer and along the narrow fringe inshore of the North SJG
front (SupplementaryMaterials Fig. SM1.4a). During fall, a bloomoccurs
recurrently inMay offshore of theNorth SJG front summer position; this
phenomenon is clearly observable in autumn climatologies (Supple-
mentary Materials Fig. SM1.4b). High concentration of Chl-a clearly
matches the Outer SJG front during summer. Starting duringmid spring
(November through January) a bloom develops recurrently at the
northern end of the front, centered in the eastern area (Supplementary
Materials, Fig. SM1.4d, EA).

4.3. Fishing intensity

Three months—December, February and August—were selected for
detailed presentation of results because of them being demonstrative
of significant patterns of effort allocation (Fig. 5). Information for the
other months is presented under Supplementary Materials (SM2). Spa-
tial effort allocation by the Chubut Province tangonero fleet generally
tracked the spatial dynamics of red shrimp as currently understood.

In February, effort concentrated in the North and South SJ frontal
areas (Fig. 5f). In the south the fleet converged on the eastern boundary
of the Mazarredo closure (off Cape Tres Puntas), targeting subadults as
they exited the nursery ground and started migrating towards the
northeast along a corridor coincidental with the main axis of the
Outer SJG front, boundby the slopes of the sill (Fig. 5f).Most of the effort
was allocated within the frontal area (Fig. 6f; Table 5), coinciding with
high Chl-a concentration (Figs. 5e and 6e) and the warmest part of
the frontal area (16.5 °C–17.5 °C; Figs. 5d and 6d). While the fleet
continues targeting outmigration shrimp through May, the strong,



Fig. 3. Climatological annual cycles of SST and chlorophyll a in San Jorge Gulf, by partitions.
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front-associated effort concentration observed in February gradually
faded away (Supplementary Materials SM2). Only a few boats operated
in the northern gulf in February, catching large shrimp from the escape-
ment of the previous fishing season. Effort was significantly associated
with the North SJG frontal region (Figs. 5f and 7f; Table 5), strongly
overlapping areas of high Chl-a concentration (Fig. 7e) but not clearly
Table 1
Parameters of the annual model of the thermal cycle for the climatological mean values
over each area (based on monthly values).

Area SST0 T1 w t0 r2

NA 13.65 3.81 0.52 2.05 0.99
CA 13.48 3.74 0.52 1.96 0.99
EA 12.92 3.12 0.52 2.06 0.99
CCA 13.13 3.82 0.52 2.06 0.99
SEA 11.69 3.22 0.52 2.29 1.00
SWA 12.50 4.00 0.52 2.05 1.00
GSJ 13.03 3.57 0.52 2.08 0.99
related to SST (Fig. 7d). Effort concentration in the north persisted
through April (Supplementary Materials SM2).

Frontal systems vanished during the fall (April–May). During the
winter (June–September), effort was increasingly dispersed over open
areas of SJG and the adjacent shelf (Fig. 5i; Supplementary Materials
SM2), expanding offshore into federally managed waters in case of not
Table 2
Descriptive statistics for the mean climatological values of SST in each area (based on
monthly values).

Area Mean Min SD Max Month max Month min

NA 13.65 10.07 2.80 17.85 February August
CA 13.48 9.94 2.79 17.91 February August
EA 12.92 9.80 2.32 16.48 February August
CCA 13.13 9.44 2.85 17.74 February August
SEA 11.69 8.37 2.39 15.17 February August
SWA 12.50 8.28 2.96 16.88 February August
GSJ 13.03 9.56 2.65 17.10 February August



Table 3
Descriptive statistics for the mean climatological values of chlorophyll a over each area
(mg m−3, based on monthly values).

Area Mean Max Min SD Month max Month min

NA 1.57 2.35 1.00 0.46 October August
CA 1.53 3.11 0.57 0.69 October June
EA 1.48 2.37 0.80 0.57 November July
CCA 1.84 3.42 0.97 0.71 October June
SEA 1.32 2.01 0.48 0.52 January June
SWA 1.62 2.43 0.42 0.57 March June
SJG 1.54 2.53 0.89 0.51 October June
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being a hake-related closure. The extension of the positive fishing area
was largest by August–September (Fig. 5i). Association with fronts
vanished in both the north and south regions of SJG (Table 5; Figs. 5i,
6i and 7i). This was particularly noticeable in the south SJG, where the
South SJG thermo-haline front developed during the winter but virtual-
ly no effort was allocated within polygon boundaries (Figs. 5i and 6i).
Effort concentrated in areas with relatively high SST (N9 °C in the
south, N10 °C in the north; Figs. 6g and 7g) and low Chl-a concentration
(b1 mg m−3; Figs. 6h and 7h).

During the spring (October–December), the trenddescribed above re-
versed, as effort concentrated on three areas (Fig. 5c): (i) afishing ground
located at the entrance of the gulf, around 45°S; (ii) the North SJG front;
and (iii) a fishing ground off Rawson, north of SJG. Effort allocation to the
south sector continued to be negligible through January (Figs. 5c and
6a–c). Ground i appears to be associated with a topographical elevation
of the sea bed bound by the 80 m isobath (Fig. 1c), coincidental with
high Chl-a concentration in late spring (November-December, Fig. 5b).
We do not further consider this transient aggregation. It could not be
observed since 2003, when a seasonal closure (October-December)
was introduced. The fishing ground off Rawson, a sink presumably
sustained (at least in part) by migrants originating in the spawning
grounds of SJG, is outside our focal region.

By late spring and early summer (December–January), while effort
deployment within the North SJG front was significant (Table 5), there
was substantial allocation outside the boundaries of the climatological
polygon (Figs. 5c and 7c), probably a result of year-to-year variation in
a narrow and highly dynamical frontal region. Effort concentrated in
regions of relatively high Chl-a concentration (N1.7 mg m−3; Fig. 7b),
but largely irrespective of SST (Fig. 7a).

5. Discussion and conclusions

Three recurrent fronts—South, North and Outer—were identified
and characterized as a result of our inquiry, based on climatologic
monthly averaged SST obtained from an extensive series of images
from the AVHRR sensor, and of Chl-a concentration from the SeaWIFS
sensor. While we acknowledge the existence and significance of year-
to-year and within-month variability in the variables examined, our
Table 4
Outstanding features of annual cycle of chlorophyll a concentration in areas of San Jorge Gulf (

Area Background/minima Blooms

North (NA) Begins to decrease towards late autumn and stays
low until early spring.

Spring (Oc
peak occu

East (EA) Low between mid-autumn and early spring. Two peaks
(February-

Coastal Central (CCA) Lowest in winter; drops during summer to levels
comparable to those of winter.

Peaks in sp
the other a

Central (CA) Similar to CCA, with minimum concentrations in
winter and summer

Two peaks

Southeast (SEA) Low concentrations persisted throughout the year. Slight incr
Southwest (SWA) Minimum in winter. Rising in s

(March). N
constant d
objective was to describe the broad, average climatologic patterns asso-
ciated with the frontal systems that appear to play a role in red shrimp
spatial dynamics, as inferred from the behavior of the fleet and several
pieces of biological information. Variability at finer time resolution
will be addressed in forthcoming contributions, framed in the context
defined by this study. Below we discuss our findings together with
existing information on red shrimp biology.

5.1. South SJG thermohaline front

The observed winter SST minima at the southeastern sector of SJG
can be explained by the influence of relatively cold, low salinity water
from the Magellan Plume (Palma and Matano, 2012). A thermohaline
front, made evident by summer and winter SST gradients, results from
penetration of the plume, togetherwith the turbulentmixing generated
by tidal currents (Acha et al., 2004; Bogazzi et al., 2005). This sector
showed the widest thermal amplitude of the study region; near-shore
water temperature reaches regionalminima below6 °C during thewin-
ter. The reason is that the permanent, tide-originated turbulent mixing
distributes heat flowover the entirewater column, thus impeding strat-
ification (Rivas, 2010; Rivas and Pisoni, 2010; Tonini et al., 2006). Verti-
cal mixing in this sector is well captured by the Simpson-Hunter
parameter, calculated by means of hydrodynamic models (Glorioso
and Flather, 1995; Palma et al., 2004); here tidal energy flow is among
the highest in the world (Tonini et al., 2006).These processes also ex-
plain the later occurrence of the annual SST maximum (mid to late Feb-
ruary) relative to other sectors of SJG. Consistently with the thermal
cycle, the cycle of Chl-a concentration follows a pattern typical of waters
not seasonally stratified, characterized by relatively low variability and
high summer concentration. High apparent year-round Chl-a concen-
tration was observed in the coastal zone at the southeast of SJG
(shallower than 50 m), inshore from the South SJG front. The signal
may be amplified by sediment resuspension due to mixing resulting
from interaction of topography with wind and tides (Rivas et al.,
2006). Modeling results indicate upwelling driven by dominant strong
winds along the south and southwest coasts of SJG (Tonini et al.,
2006) which, combined with the primarily silty nature of sediments
from the BajoMazarredo region (Boschi, 1989; Fernández, 2006), define
a likely scenario for protracted sediment resuspension. Persistence of a
strong Chl-a signal, however, extends to the east, around Cape Tres
Puntas and southward alongshore, where sediments are composed of
coarse (gravel) to very coarse fractions (Fernández, 2006; Fernández
et al., 2003; Ponce et al., 2011). In fact, Chl-a concentration in superficial
sediments showed regional maxima in this sector during spring and
winter (Fernández et al., 2008). During winter, mean total organic car-
bon was highest and the C:N ratio was lowest (indicative of high food
quality), reflecting the lack of a thermocline (Fernández et al., 2005).
While Chl-a concentration was low in the water column, resuspended
material could also be a significant trophic input for stocks of benthic
or demersal invertebrates (Grant et al., 1997). An upwelling zone in
shown in Fig. 1b).

Maxima (mg m−3)

tober) and autumn (March) peaks, as in EA, but the autumn
rs one month later.

Spring bloom: 2.35

: spring (November) and a smaller one at the end of summer
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uring the whole summer.
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Fig. 4. Location of seasonal climatological thermal gradients (°C km−1). (a) Summer. (b) Autumn. (c) Winter. (d) Spring.
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the Bajo Mazarredo area, bound by the South SJG front, is likely to favor
larval retention, while high concentration of suspended particulate
matter, facilitated by vertical mixing, is indicative of favorable condi-
tions for juvenile red shrimp overwintering.

5.2. Outer SJG thermal front

To the northeast of Cape Tres Puntas, theOuter SJG thermal front de-
velops during spring, reaching its maximum spread in summer. During
spring and summer, the front separates the stratifiedwaters of the inner
gulf from the vertically mixed waters overlaying the southeastern area
(Carreto et al., 2007). During fall and winter the water column is homo-
geneous on both sides of the frontal system. The main axis of the Outer
SJG thermal front (southwest–northeast direction), coincidental with
the La Pared sill, is matched by the ontogenetic migration of red shrimp
moving out of the BajoMazarredo ground (closed to fishing since 1985)
and becoming vulnerable to the tangonero fleet. The migration route is
also coincidental with the general direction of residual circulation over
the outer gulf and adjacent shelf (Palma et al., 2004, 2008), which
could facilitate transport given thatmigrating shrimp swim inmidwater
at nighttime (Roux et al., 2012). A localized area of high Chl-a concen-
tration that develops recurrently at the northern end of the Outer SJG,
between November and January, corresponds to “frontal area 7” of
Rivas (2006, his Fig. 3). This ostensible feature is also shown (albeit
not discussed) by Cucchi Colleoni and Carreto (2001, their Figs. 7d, 8d
and 9d) and Carreto et al. (2007, their Fig. 14). The same area was
highlighted by Boschi (1989, his Fig. 1, zone 2) as one among five
grounds of concentration of Patagonian red shrimp and fishing intensi-
ty. Effort allocation data highlight this as an area of highfishing intensity
before 2003 (when a seasonal closure was introduced) between
November and January, precisely matching (temporally and spatially)
the Chl-a concentration signal. Biological information collected by the
observers program and surveys of eggs and larvae indicate that this is
not a shrimp spawning/nursery ground. Unnoticed before, this concen-
tration area is located on a topographically elevated area bound by the
80 m isobath. High productivity may be related to interaction between



Fig. 5. Correspondence between spatial effort allocation (fishing intensity) and significant oceanographic features during representative months (December, February and August). Top
row: distribution of climatological SST (2000–2008); middle row: ibid., chlorophyll a (2000–2006), lower row: front polygons and location of fishing events (2001–2003 for December,
2001–2008 for February and August).
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this feature and circulation. Transient shrimp concentration in this area
during late spring and early summer may be related to foraging.

5.3. North SJG thermal front

The North SJG thermal front develops during spring and summer, at
the boundary between the stratified waters of the central area and the
vertically mixed coastal waters. Suchmixing is the result of the interac-
tion between tidal currents and coastal topography (Gagliardini et al.,
2004; Palma et al., 2004; Rivas and Pisoni, 2010; Tonini et al., 2006).
The consequent dissipation of energy explains the relatively late occur-
rence of the annual SST maximum (e.g., as compared to the central
area), estimated for early February. Modeling results indicate that
down-welling caused by the strong winds from the west quadrant
may be significant along the north coast of SJG (Tonini et al., 2006),
inshore from the front. Spring and fall maxima of Chl-a concentration
are indicative of phytoplanktonic blooms, a cycle typical of temperate
regions, where spring bloomshave been extensively studied. It is gener-
ally accepted that they are caused by a combination of vertical stratifica-
tion and increasing solar radiation after winter replenishment of
nutrients by convectional mixing (Evans and Parslow, 1985). Low sea-
surface concentration of Chl-a during summer is likely to be the result
of nutrient depletion in the euphotic zone (Akselman, 1996; Carreto
et al., 2007; Cucchi Colleoni and Carreto, 2001), and of higher consump-
tion of phytoplankton by zooplankton (Boschi, 1989). A deep chloro-
phyll maximum (DCM) extends over most of the central basin during
summer at 40–60 m depth, matching the thermocline (Cucchi
Colleoni and Carreto, 2001). The frontal system coincides, spatially
and seasonally, with a major concentration of spawning shrimp and of
fishing intensity. The fleet targets large, mature shrimp between
November andMarch (Góngora, 2011). Paradoxically, the Chl-a concen-
trations detected in satellite images are low along the frontal area
during the spawning period. At that time, Chl-a is concentrated at the
DCM, on the stratified side of the front. It is thus suggestive that



Fig. 6. Relation between environmental factors and fishing intensity, south sector of San Jorge Gulf; December, February and August (2000–2008 averages). Main panels: normalized em-
pirical cumulative distributions of environmental factors (ecds), ecds weighted by fishing intensity and absolute difference between the two. The difference between the two curves is
statistically significant in all cases. Top row: sea surface temperature (SST), middle row: chlorophyll a (Chl-a) concentration, bottom row: SST gradient steepness (ΔSST). The histogram
at the top of each panel shows the frequency distribution of fishing effort for bins of the environmental factor.
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maximum concentration of red shrimp larvae have been observed near
the thermocline (Fischbach, 1993).The DCM is a likely source of larval
food in stratified zones, where nutrients are depleted in the photic
zone. A short lived but intense bloom inMay, south of the front location
and followed in June by localized Chl-a depletion, may be related to the
deepening of the thermocline. While spring blooms are reasonably well
understood in temperate regions, autumn blooms are less well studied.
Modelling results indicate that they are transient states between sum-
mer and winter quasi-equilibria states and are expected to depend on
the rate at which the thermocline deepens (Findlay et al., 2006). It is in-
teresting to notice that this localized autumn bloom occurs offshore of
the North SJG frontal area, while spring or summer blooms in most
coastal sectors of the region occur on the colder and shallower side of
the surface thermal fronts. The latter is the case of areas 4, 5, 6 and 8



Table 5
Expected and observed fractions of effort deployed within frontal areas of San Jorge Gulf, north and south sectors, by month (aggregated data for period 2000–2008). Total area of north
sector: 1,462,919 ha, south sector: 3,510,572 ha. Chi-square critical value (α = 0.01) is 6.63. No fronts were observed in April; in May a front developed in the south sector only.

Frontal hauls

Month Total no. of hauls Frontal area % Expected % Observed Chi-squared

North area January 657 453657 31.15 b 71.84 507.21***
February 3487 253825 32.52 b 60.77 1267.95***
March 2351 88232 6.08 b 26.03 1638.33***
April 517 0 – N/A – –

May 648 0 – N/A – –

June 543 34844 2.40 b 5.16 17.54***
July 1038 118828 8.20 N 3.47 30.86***
August 1561 144086 9.92 N 1.92 111.67***
September 1777 74533 5.14 N 1.24 55.57***
October 2688 204267 14.12 b 28.01 427.86***
November 2549 130919 9.02 b 20.40 402.31***
December 1821 209336 16.03 b 49.31 2788.05***

South area January 123 776360 22.21 N 1.63 30.15***
February 979 534606 16.69 b 60.16 1331.05***
March 3062 347029 9.94 b 65.25 10461.91***
April 4248 0 – N/A – –

May 5438 150387 4.33 N 0.81 162.81***
June 3903 245153 7.05 N 0.64 244.65***
July 2864 324988 9.33 N 1.78 193.08***
August 2274 358355 18.25 N 0.66 471.68***
September 2736 230720 6.61 N 0.44 168.72***
October 2145 302156 8.58 NS 7.83 1.51
November 812 274779 17.84 b 63.79 1169.64***
December 263 585571 17.33 b 53.99 246.86***
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identified by Rivas (2006, his Fig. 3), included in our north, southwest
and southeast sectors (Table 4).

5.4. Connectivity between frontal systems

Before the spawning grounds of SJG were documented, Boschi
(1989) hypothesized a post-larval return from the Rawson spawning
ground to the Bajo Mazarredo nursery ground. This is highly unlikely
given the current understanding of circulation in the inner shelf be-
tween 43°S and 48°S (Palma et al., 2008). Under the current hypotheses
of connectivity between major spawning grounds (Góngora, 2011), the
inner gulf is the necessary scenario for post-larval drift from the north
SJG spawning ground to Bajo Mazarredo, the major spawning/nursery
ground at the south of the gulf. Southward drift along the west coast
would be favored by a counterclockwise circulation in SJG (Glorioso
and Flather, 1995; Palma et al., 2004, 2008). The latter, however, has
not been validated by field observation. Besides, it has been well docu-
mented that penaeoid shrimp larval and post-larval transport can be
partly controlled by complex behavioral responses to tidal currents
(Criales et al., 2011; Rothlisberg et al., 1995; Wenner et al., 2005),
which are strong in SJG (Tonini et al., 2006). Annual surveys of the
distribution of eggs and pelagic larvae (e.g., Moriondo-Danovaro,
2011) are not informative about post-larval drift and connectivity, as
they are conducted during the summer (spawning season) and concen-
trate on spawning grounds. On the other hand, all developmental stages
from eggs to juveniles have been found in the main spawning grounds
(Moriondo-Danovaro, 2011). Thus, factual evidence supports a concep-
tual model in which coastal areas to the north and south of SJG function
both as spawning and nursery grounds, implying potential for larval
retention associated with two frontal systems that differ from each
other in many respects.

While factual evidence of connectivity between major spawning/
nursery areas is lacking, mark-recapture data (Roux et al., 2012) and
tracking ofmigrating shrimpby thefleet consistently support asymmet-
ric connectivity, with a predominantly northward direction of shrimp
leaving the south SJG closed area. The origin of the shrimpconcentrating
at the northern end of the Outer SJG front between November and
January remains unknown. A likely hypothesis is that they correspond
to shrimp migrating off the spawning/nursery ground associated with
the North SJG front. The concentration is observed before shrimp start
to leave the South SJG front region in February. As indicated earlier,
spawning occurs earlier in the north than in the south of SJG, and juve-
niles presumably grow faster in the latter due to thehigher temperature.

5.5. Final remarks

Based on integration of our synoptic results on surface oceanography
andfleet behaviorwith prior information on regional oceanography and
shrimp biology, we propose a conceptual model in which the North
and South SJG fronts, symmetrically located along the northern and
southern coasts of SJG, harbor the main spawning/nursery grounds
sustaining the SJG red shrimp stock. While both the North and South
SJG fronts constitute triads in the sense of Bakun (2010), they are radi-
cally different from each other in many respects. The thermohaline
South SJG front has its maximum expression during the winter,
reflecting the influence of the Magellanic Plume, while the North SJG
front develops during spring and summer as thewater column becomes
stratified in the central basin of the gulf. Wind-related down-welling
inshore of the front prevails in the North SJG, and upwelling in the
South SJG frontal area. Chlorophyll a is concentrated near the thermo-
cline on the stratified side of the North SJG, and for that reason it is
not detected by remote sensors during the spring bloom and the sum-
mer, but becomes apparent offshore from the summer position of the
front when the thermocline deepens during fall (May). In the South
SJG front Chl-a concentration is apparent inshore from the front all
year-round, related in part to upwelling-mediated resuspension.

The SJG ecosystem, as we see it today, took shape during the last
post-glacial, as an endorheic depressionwas flooded ca. 15,500 calibrat-
ed years BP (Ponce et al., 2011, his Fig. 6), a short time-frame in terms of
life-history evolution. One implication that red shrimp life history is not
likely to have evolved to match present hydrographic scenarios. Its ex-
traordinary productivity is due to a degree of plasticity that facilitates
the use of the triadic configurations contingently available in the region,
despite them differing from each other in significant properties and
dynamics. Such plasticity is potentially significant for the resilience of
the stock in the face of climate change (Koeller et al., 2009).



Fig. 7. Ibid, Fig. 6, north sector of San Jorge Gulf.
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The SJG red shrimp fishery (and its northward extension to the
Rawson grounds) has remained productive for two decades despite the
lack of a management strategy supported by regular stock assessments.
Closures of the Mazarredo spawning/nursery since 1985 and of the
Inter-jurisdictional Marine Park since 2006 may be key to the continued
productivity of the stock. Carl Walters (quoted by Orensanz and
Jamieson, 1998) claimed that “if we look at fisheries that have been suc-
cessful over the long term, the reason for their success is not to be found
in assessment, learning andmanagementmodels, but in the existence of
a spatial accident, something about the spatial structure of population
dynamics interacting with regulatory systems, or about the behavior of
the species and fishers, that creates a large scale refuge for a substantial
segment of the spawning population.” Following up, Orensanz et al.
(1998) prescribed that “when such ‘natural accidents’ do not exist, the
first priority of any sensible management plan should be to create their
equivalents: reproductive refugia that, through regulation and enforce-
ment, are off limits tofishery operations.” This,we argue, provides the ra-
tionale for keeping and refining reproductive refugia associated with the
North and South SJG fronts in the Patagonian red shrimp fishery
(Góngora et al., 2012).
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