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In the southwest South Atlantic Ocean (SWAO) strong ocean surface warming hotspots
have been observed mainly along the path of the Brazil Current (BC), Brazil-Malvinas
Confluence (BMC), and in the Río de la Plata (RdlP). However, there is no knowledge
about the signature of ocean hotspots below the surface and the potential effects of
ocean warming on marine biota. In this work, we provide initial evidence of how deep
the hotspots of the SWAO extend in the water column, in particular at mid-water and
bottom layers where two marine species - the green turtle (Chelonia mydas) and the
Patagonian scallop (Zygochlamys patagonica) - inhabit. We compare 15 years (2003–
2017) of Copernicus Marine Environment Monitoring Service (CMEMS) ARMOR3D
high−resolution (1/4◦) 3-D temperatures reprocessed from combined satellite and in situ
observations with high−resolution (1/12◦) Mercator ocean reanalysis. We also use
location data of C. mydas and Z. patagonica to discuss the potential impacts of warming
on these species in terms of geographic distribution, phenological shifts and thermal
tolerance. The potential distribution of C. mydas changes in relation to the sea surface
temperature (SST) and the bathymetry. The warming of the whole water column in the
RdlP (>0.4◦C/decade) and the southward movement of the mean surface isotherms,
which likely drove turtle displacements, could enable the opening up of novel optimal
thermal habitats and/or a longer seasonal residency for the species. At the BMC,
warming is driven by the southward displacement of the BC during the past decades.
Ocean model temperature indicates cooling/warming in deep waters along the outer
shelf and shelf break regions, which vary according the displacements of the BMC.
The expected warming of the waters over the Patagonian scallop largest bed could
exceed the thermal tolerance of this species and its survival. Given the lack of long-term
monitoring programs to address the impacts of climate change on marine biota in
the SWAO, our results provide the first effort to call the attention of stakeholders and
decision makers on marine conservation and fishery management to work toward better
management strategies in the context of climate change.

Keywords: southwest South Atlantic Ocean, climate change, ocean warming, green sea turtle, Patagonian
scallop, ocean governance
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INTRODUCTION

During the past decades, a consistent poleward shift of the
major subtropical ocean gyres driven by climate change has
been reported, and a stronger surface ocean warming trend
has occurred over the western boundary currents of the oceans
(Wu et al., 2012; Yang et al., 2016, 2020). In the South Atlantic
Ocean, a poleward displacement of the subtropical gyre at a
rate of 0.11◦/decade has been observed (Yang et al., 2020),
and the western boundary current - the Brazil Current (BC)
- has been reported as one of the most extensive and intense
surface warming hotspots in the global ocean (Hobday and Pecl,
2014). Although changes in the distribution and productivity of
marine species have been recorded over faster ocean warming
regions worldwide (Burrows et al., 2014; Sunday et al., 2015; Pecl
et al., 2017), potential changes remain largely unexplored in the
southwest South Atlantic Ocean (SWAO, see Franco et al., 2020).

The SWAO extends from ∼22◦S (Brazil) to the tip of
Tierra del Fuego (55◦S, Argentina) (Figure 1). The dynamics
in the SWAO is dominated by the Brazil-Malvinas Confluence
(BMC), which is the region of convergence of two distinct
western boundary currents: the Brazil and Malvinas currents
(MCs) (Figure 1). The MC transports cold and nutrient-
rich waters northward along the continental slope and shelf-
break of Argentina, while the BC transports warm and salty
waters southward along the continental slope and outer shelf
of Brazil and Uruguay. Changes in sea surface temperature
(SST), sea surface height (SSH) and numerical simulations
indicate that the BC is shifting southwards 0.81–0.39◦/decade
driven by the poleward displacement of the subtropical gyre
(Goni et al., 2011; Lumpkin and Garzoli, 2011; Combes and
Matano, 2014; Yang et al., 2020). Intense surface ocean warming
hotspots in the SWAO have been observed mainly along the
BC path and at the BMC (Yang et al., 2016, 2020; Oliver
et al., 2018). While surface ocean warming hotspots and marine
heatwaves are relatively well studied based on the availability
of satellite data, subsurface temperature changes remain poorly
described, despite their possible impact on neritic, pelagic and
benthic ecosystems.

In the SWAO, the northern shelf is occupied by waters
of subtropical origin and the southern shelf by waters of
subantarctic origin (Piola et al., 2000). Subantarctic shelf waters
are exported offshore mainly near the BMC region (Franco
et al., 2018). In the northern SWAO shelf, tropical waters are
observed in upper layers (Campos et al., 1995). The Río de la
Plata (RdlP, 35◦–36◦S) discharge is the major freshwater inflow,
with annual averages of ∼23,300 m3 s−1 (Möller et al., 2008).
The RdlP discharge modulates the input and distribution of
freshwater and nutrients, impacting the marine food web and
the feeding of the most abundant pelagic fishes and several
marine species over the shelf (Acha et al., 2012). Although
a relatively weak surface warming has been observed in the
RdlP (Oliver et al., 2018), a long-term shift from cold-water to
warm-water species in industrial fisheries of Uruguay suggests
the impact of climate change (Gianelli et al., 2019). Whether
ocean warming affects other components of the ecosystem
is unknown. In this study, we provide the first evidence of

the vertical extension of the warming hotspots of the SWAO
and discuss the potential impacts of ocean warming on two
marine species: an ectothermic vertebrate species of conservation
concern and a benthic cold-water invertebrate species of great
economic importance.

Sea turtles are a useful case study for understanding the
impacts of ocean warming on wild populations of conservation
concern (Hawkes et al., 2009; Fuentes et al., 2013; Hamann
et al., 2013). As ectotherms, sea turtles are likely to have range
distributions largely defined by temperature, which is the most
important environmental factor affecting sea turtles from eggs
to adults (Spotila et al., 1997). However, more is known about
the effects of changing temperatures on the reproductive phase
− e.g., loss of nests due to sea level rise, shifts in the timing
of nesting season, altered hatchling sex ratio and survival of
incubating eggs − than to other stages of sea turtle life cycle
(Hawkes et al., 2007; Fuentes et al., 2009; Mazaris et al., 2015).
The effects of ocean warming on sea turtle ecology in foraging
grounds are less understood (Hawkes et al., 2009; Fuentes et al.,
2013; Hamann et al., 2013).

The RdlP is a seasonal, highly used foraging ground for at
least three sea turtle species within their southern boundary
range (Frazier, 1984; González Carman et al., 2011, 2012,
2016a; Vélez-Rubio et al., 2013). The green turtle (Chelonia
mydas) distribution is mainly associated with tropical and
sub-tropical warm waters, which sustain the bulk of the
species nesting colonies and foraging grounds (Pritchard, 1997;
Campos and Cardona, 2019). However, C. mydas has also been
recorded south of the RdlP, in the El Rincón (ER) estuary
(39◦–41◦S, see Figure 1) and sporadically over the northern
Patagonian shelf to ∼42◦S (González Carman et al., 2011,
2012). Whether these southernmost records are related to
ocean warming that has occurred during the past decades is
difficult to assess since no sea turtle systematic records exist
in this region before 2003 (González Carman et al., 2011).
Nonetheless, if current C. mydas satellite tracking is coupled with
distribution modeling, the species austral distribution - and its
potential changes due to ocean warming - could be explored
in the region.

A second example is the Patagonian scallop (Zygochlamys
patagonica), a useful case study for understanding the impacts
of ocean warming on wild populations of economic interest. The
species is an important economic resource in Argentina, whose
fishery is certified by the Marine Stewardship Council1 (Ciocco
et al., 2006; Soria et al., 2016). This cold-water affinity bivalve
feeds by filtering phytoplankton and organic matter (Schejter
et al., 2002; Bogazzi et al., 2005; Mauna et al., 2011; Cragg,
2016). Since the survival of the Patagonian scallop beds along
the Argentine shelf-break ground is highly dependent on the
productivity of the Patagonian Shelf Break Front (SBF) and
benthic-pelagic coupling processes (Franco et al., 2017), the
southward displacement of the warm, nutrient-poor BC along
the outer shelf and shelf break could have negative impacts on
the productivity of the SBF, and hence reduce the sustainability of
Z. patagonica fishery.

1www.msc.org
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FIGURE 1 | Schematic circulation in the southwest South Atlantic Ocean
(SWAO). Concentration of surface chlorophyll-a (mg m-3) from the SeaWIFs
radiometer (austral summer average) is shown in the background colors. The
magenta lines indicate the schematic shelf circulation. The Brazil-Malvinas
confluence (BMC) region is shown. El Rincón estuary is shown as ER. From
Franco et al. (2017), with permission.

MATERIALS AND METHODS

GLORYS12 Data
The physical ocean model used here is the 1/12◦ global
Mercator Ocean reanalysis (hereafter, GLORYS12). GLORYS12
provides monthly mean sea temperature for the period 1993–
2017 on 50 verticals levels. The model also provides monthly
mean mixed-layer depth (MLD) outputs. However, the model
presents an unrealistic water mass structure and a cold bias
prior to 2003. The introduction of more temperature and
salinity profiles from Argo floats in the model assimilation
after 2003 led to more realistic water mass vertical structure.
Our conclusion is based on the comparison of model data
with historical in situ data (more than 20,000 in situ
observations available from World Ocean Database2) for the
study region. Therefore, in this study we have restricted the
analyses of model outputs to the 2003–2017 period. GLORYS12,
available from Copernicus Marine Environment Monitoring
Service3 (CMEMS), is based on the current real−time global
high−resolution forecasting CMEMS system PSY4V3 (Lellouche
et al., 2018). The model assimilates observations with a
7−day assimilation cycle (Lellouche et al., 2013), including

2https://www.nodc.noaa.gov/
3http://marine.copernicus.eu

along−track satellite altimetry data from CMEMS (Pujol
et al., 2016), satellite SST from NOAA, sea−ice concentration,
and in situ temperature and salinity vertical profiles from
the latest CORA in situ databases (Szekeley et al., 2016).
GLORYS12 provides a realistic representation of the general
circulation of the SWAO and the location of the BMC
(Artana et al., 2018, 2019).

ARMOR3D Data
The physical ocean model will be compared to the ARMOR3D
dataset which is based on observations. The ARMOR3D dataset
provide the 3-D temperature, salinity, and velocity fields
derived from satellite (sea level anomalies, geostrophic surface
currents, and SST) and in situ (temperature and salinity profiles)
observations (Guinehut et al., 2012). ARMOR3D data is provided
on a 1/4◦ resolution grid and is available from CMEMS (see
text footnote 3). The monthly mean temperature for the period
2003–2017 will be used in the following analyses.

Green Turtle Data and Distribution
Modeling
To explore potential changes in C. mydas austral distribution
likely driven by the warming of inner shelf waters, we used
satellite tracking of nine juveniles during the period (2008–2011)
(González Carman et al., 2012). The species mostly occurs from
late austral spring (October) to the fall (May). By the end of
the fall, C. mydas start migrating to the southern Brazil shelf to
winter in warmer waters. Some juveniles performed a round-trip
migration using offshore waters to return to different parts of
the RdlP in consecutive years (González Carman et al., 2012).
Thus, we divided the year in four periods resembling C. mydas
behavior in the SWAO: 1) arriving (October to December), 2)
remaining (January to March), 3) leaving (April to June), and 4)
absent (July to September).

Green turtle tracking data were collected using the Argos
satellite system and downloaded with the Satellite Tracking and
Analysis Tool (STAT; Coyne and Godley, 2005). Argos locations
are classified as 3, 2, 1, 0, A, B and Z, according to accuracy.
Location classes 3, 2, 1, 0 are categorized to lie within 150 m,
150–350 m, 350–1,000 m or >1,000 m of the tag’s true position,
respectively. Locations classes A and B have no location error
estimate. Routes were reconstructed using locations 3, 2, 1, 0,
A, and B. Duplicated locations, locations class Z, locations on
land and those implying high rate of travel >5 km/h were
removed from analysis. We also removed locations from the first
48 h of transmission after deployment to avoid abnormal turtle
behavior after release.

After filtering the data, we developed maximum entropy
(MaxEnt) species distribution modeling (Phillips et al., 2006) to
identify the potential distribution of C. mydas in relation to two
predictor variables: SST and bathymetry. SST is derived from
GLORYS12 data for the period 2008–2011, and bathymetry is
obtained from the GEBCO Digital Atlas and ETOPO2 Global
2′ Elevations datasets (British Oceanographic Data Centre and
NOAA’s National Geophysical Data Center). Bathymetry is a
good predictor variable in marine species distribution modeling,
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and it is important for green turtles given their coastal habits and
benthic foraging behavior (Meylan et al., 2011).

Compared to other distribution modeling approaches MaxEnt
is much less sensitive to sample size (Hernandez et al., 2006; Wisz
et al., 2008); which make it suitable for small sample sizes (in
terms of number of individuals and years) like ours. To reduce the
effect of spatial autocorrelation of consecutive locations on short
time intervals, we selected the best position (according to Argos
accuracy) for each turtle every 48 h, as done in other studies (e.g.,
Edrén et al., 2010; Pikesley et al., 2013, 2015) using R (R 3.5.0; R
Development Core Team, 2018) (see Supplementary Table S1).
MaxEnt modeling was implemented in MaxEnt version 3.4.1. We
obtained a mean response model after running 15 models for
each month. Each time, a random sample of 25% of the dataset
was saved to test the model. To ensure convergence of the model,
the number of iterations was set to 5,000 (Young et al., 2011; see
Supplementary Table S2 for further modeling details). We then
generated 12 maps of habitat suitability (HS) scaled from lowest
(blue) to highest (red) suitability (Phillips et al., 2006; Elith et al.,
2011). The area under the curve (AUC) was used to provide a
measure of model performance. An AUC value of 0.5 indicates
that the performance of the model is not better than random,
while values closer to 1.0 indicate better model performance
(Phillips et al., 2006; Supplementary Table S3). To identify
the mean SST that is likely to drive the austral distribution
of C. mydas we also used MaxEnt response curves − showing
the SST at which HS for C. mydas is ≥0.5 (Supplementary
Figure S1). We then overlapped those identified monthly mean
SST isotherms with turtle HS. Relative contribution of SST and
bathymetry to the models were obtained from MaxEnt outputs
(Supplementary Figure S2).

After identifying the surface isotherms likely to drive C. mydas
distribution through the year, we chose the middle month of
the periods “arriving,” “remaining,” and “leaving” to explore
changes in the thermally accessible range of C. mydas (i.e.,
changes in the location of the identified isotherms) during three
5-years periods: 2003–2007, 2008–2012, and 2013–2017. Given
our limited sample size and tracking years, our main assumption
is that green turtle behavior observed during 2008–2011 is
representative of the GLORYS12 period analyzed (2003–2017).

RESULTS

Regional Oceanography
The MLD represents the lower limit of the surface layer at
which variables are nearly constant with depth due to turbulent
mixing processes. Therefore, there is no important changes in
temperature throughout the water column until the depth of
the MLD. The MLD along the Brazilian shelf, the RdlP, and
the northern shelf of Argentina is shallower than 10–15 m
depth. There is a sharp increase of MLD along the path of the
BC between ∼32◦ and 36◦S, and a slight deepening along the
southern shelf of Argentina (Figure 2A). GLORYS12 results show
a sharp shoaling trend of the MLD (>5 m/decade) along the
middle shelf and shelf break of Argentina. The highest shoaling
trend of the MLD occurs along the BC path between ∼34◦ and

38◦S, where values reach up to >15 m/decade, extending toward
the open ocean (Figure 2B).

Surface and Subsurface Ocean Warming
To characterize how deep the main hotspots of the SWAO
extend in the water column we compare the temperature trends
from both GLORYS12 and ARMOR3D at the surface and
selected subsurface levels. At the surface, the larger positive
temperature trends (◦C/decade) from GLORYS12 are located
over the path of BC up to ∼36◦S with the highest values
along the southernmost extension of BC (south of ∼38◦S).
Negative temperature trends are observed along the BC path,
between∼36◦–38◦S with the highest negative values located over
the slope. Over the shelf warming stronger than 0.4◦C/decade
occurs along the southern mid shelf of Brazil, Uruguay, RdlP,
and inner-mid shelf of Argentina (Figure 3A). ARMOR3D
reports similar warming trends along the BC path and BMC
regions. In the RdlP, both datasets exhibit trends higher than
0.4◦C/decade (Figures 3A,B).

Temperature trends from both GLORYS12 and ARMOR3D
reported at 20 m depth are quite similar to the surface trends
(Figures 4A,B). Most intense positive temperature trends from
GLORYS12 are located over the path of BC up to ∼36◦S with
maxima along the southernmost extension of BC (south of
∼38◦S), while negative trends are observed along the BC path
between ∼36◦ and 38◦S. Over the shelf, trends higher than
0.4◦C/decade are reported from GLORYS12 over the northern
coast of Brazil, in the RdlP, and along the inner-mid shelf of
Argentina. A similar warming pattern along the BC path is
observed from the surface down to 50 and 100 m depth in
GLORYS12 (Figures 4C,E). Unlike the GLORYS12 subsurface
trends, the ARMOR3D trends along the BC path present maxima
along the southernmost extension of BC and over distinct
areas in the open ocean (Figures 4D,F). Over the Argentina
(∼36◦S) outer shelf, negative temperature trends are reported by
GLORYS12 while positive trends are reported by ARMOR3D at
50 and 100 m depth.

Green Turtle Distribution
A total of 1.456 locations of C. mydas occurrence was used to run
the models. Monthly distribution models returned AUC values
higher than 0.86, indicating a good model performance for all
months (Supplementary Table S3).

Our modeling exercise shows that the potential distribution
of the species in the SWAO is driven by SST and bathymetry,
though the contribution of SST changes during different seasons
(Figure 5, Supplementary Figure S2). During the “arriving”
period, highest (red) suitable areas occur in shelf waters of
southern Brazil (south of 25◦S) and offshore waters (∼36◦S)
(Figure 5A), and then shift southward, reaching the ER
estuary at ∼39◦S (Figures 1, 5C). The mean SST isotherms
likely drive the species distribution (i.e., HS ≥ 0.5) also
increase during this period: from 16 to 20◦C as austral spring
progresses (Figures 5A–C). During the “remaining” period,
highest suitable areas are restricted to shelf waters mainly off
Uruguay and Argentina, and SST isotherms range from 20 to
22◦C (Figures 5D–F). During both periods, bathymetry has the
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FIGURE 2 | (A) Mean mixed layer depth (MLD) in meters. (B) Trend of MLD in m/decade during 2003–2017. The 200 m isobath is shown in black.

FIGURE 3 | (A) GLORYS12 and (B) ARMOR3D surface temperature trend (◦C/decade) during 2003–2017. The yellow contour corresponds to the 0.4◦C/decade
isoline. The 200 m isobath is shown in black.

higher relative contribution to the model (from 77.8 to 88.3%)
compared to SST (Supplementary Figure S2).

During the “leaving” period, however, highest suitable areas
begin to shift northwards reaching the southern Brazilian shelf,
accompanied by a decrease in the mean SST isotherms (from
17–18◦ to 12–13◦C; Figures 5G–J, Supplementary Figure S1).
During the “absent” period, high suitable areas are restricted to
shelf waters off northern Uruguay and southern Brazil. Offshore
high suitable areas shift northward reaching similar latitudes
in October (∼36◦S, Figures 5J–L). In contrast to the previous
two periods, SST increases and equals its relative contribution
compared to bathymetry (from 37.8 to 50.0%) during both
“leaving” and “absent” periods (Supplementary Figure S2).

The thermally accessible range of C. mydas changes
throughout the years (Figure 6). When the species arrives
(November) and leaves (May), its thermal range seems to be
associated with the 18 and 15◦C isotherms, respectively. In
February, the species thermal range is associated with the
22◦C isotherm. The mean monthly location of these isotherms
shifted southwards along the three 5-year periods (2003–2007,
2008–2012, and 2013–2017) at rates of −0.08, −0.12, and −0.14
degree of latitudes per year, respectively (Figure 6).

Patagonian Scallop Thermal Tolerance
GLORYS12 displays a large variability of the southern position
of the BC over the slope between 2005 and 2014 at the surface
(Figures 7A,B). The mean surface temperature during 2014
shows warmer BC waters (T > 20◦C) reaching latitudes further
south than observed during 2005. The BC reaches the Argentina-
Uruguay Common Fishing Zone (AUCFZ) during 2014 (until
∼40◦S; Figure 7B). A similarly large variability of the southern
position of the BC over the slope is also observed at 92 m
depth (Figures 7C,D).

The Figure 7 is useful to show how upper ocean
cooling/warming trends are modulated by BMC displacements.
Since cold waters are transported by MC and warmer
waters by BC cooling/warming trends may be induced
by displacements of the BMC (Figure 8). The dynamical
connection (coupling) between the high surface phytoplankton
concentration along the SBF (overlying water) and
the largest bed of the Patagonian scallop (bottom) is
promoted by benthic-pelagic coupling processes which are
particularly strong in austral spring (Franco et al., 2017).
Therefore, we focus on the temperature trend in spring
(October–November–December).
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FIGURE 4 | GLORYS12 temperature trend (◦C/decade) during 2003–2017 at (A) 18 m, (C) 47 m, and (E) 92 m. ARMOR3D trend (◦C/decade) at (B) 20 m, (D)
50 m, and (F) 100 m. The yellow contour corresponds to the 0.4◦C/decade isoline. The 200 m isobath is shown in black.

The model shows a clear warming trend along the path of the
BC north of 37◦S over the past 15 years with positive trends over
the outer shelf, shelf break, slope and oceanic regions north of
37◦S at 92 m depth in spring (Figure 8). As Patagonian scallop is
a cold-water affinity species this warming trend and its projected
southward displacement implies a trend toward unfavorable
thermal conditions for the species. While this study focuses
on the kinematics of the region, the dynamics of the driving
mechanisms of those trends will be addressed in a separate study.

DISCUSSION

It is widely recognized that climate change must be incorporated
into species conservation and management (Hannah et al., 2002;
Grémillet and Boulinier, 2009; Evans et al., 2010; Hamann et al.,
2010; O’Brien et al., 2013). Satellite derived surface chlorophyll-
a distributions indicate that the SWAO, and the Argentine shelf
in particular, present abundant phytoplankton concentrations
(Gregg et al., 2005). Nonetheless, there are limited in situ
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FIGURE 5 | Green sea turtle (Chelonia mydas) monthly habitat suitability throughout the year in its boundary range of the SWAO. C. mydas behavior is divided in
periods as: (A–C) arriving, (D–F) remaining, (G–I) leaving, and (J–L) absent. Dashed black line indicates 200 m isobath.

observations of plankton composition and primary productivity
observations (e.g., Lutz et al., 2018) and therefore the detection
of ocean warming-driven impacts is constrained. Our results

indicate negative trends of MLD over the Argentine mid-shelf
and shelf break, which could alleviate light limitation and
result in an increase in primary productivity (Figures 2A,B).
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FIGURE 6 | Changes in the thermally accessible habitat range of the green
sea turtle (Chelonia mydas) from 2003 to 2017 in the SWAO. The southward
displacement of the surface isotherms likely drove the species distribution is
shown for the representative months of the (A) “arriving,” (B) “remaining,” and
(C) “leaving” periods. The inset shows the southward movement
(latitude/year) of the mean isotherms for each period.

This is in accordance with the 2% increase in annual surface
chlorophyll-a concentration observed in the mid- and outer shelf
regions of the SWAO (Marrari et al., 2017) during 1998–2017.
These changes in surface chlorophyll-a concentration are likely
associated with changes in the cold, nutrient-rich water supplied
by MC onto the adjacent, seasonally stratified waters of the outer
shelf (Valla and Piola, 2015).

In the SWAO, surface warming induced by climate change
is reported from GLORYS12 along the BC path, the BMC, the
RdlP, and over the Patagonian inner and mid-shelf (Figure 3A).
Higher positive temperature trends reported from GLORYS12
throughout the whole water column (surface to 100 m depth)
along the path of the BC and BMC regions are consistent with
the southward shift of the BC (Figures 3A, 4A,C,E). Subsurface
warming over the continental shelf is reported from the southern
of Brazil, RdlP, and over the Patagonian inner and mid-shelf
(Figures 4A,C). Our study provides initial evidence on the
vertical extent of the main hotspots of the SWAO.

We also explored the potential impacts of ocean warming
on two thermally constrained species. Water temperature plays
a key role in the seasonal occurrence of sea turtles in high-
latitude foraging grounds in the SWAO (González Carman et al.,
2012, 2016a; Vélez-Rubio et al., 2018). The potential distribution
of C. mydas in the region is explained by both, SST and
bathymetry. SST increases its relative contribution to the model
during the “leaving” and “absent” periods of turtle behavior,
when individuals are most likely to be spatially constrained by
temperature (Figure 5, Supplementary Figure S2). The warming
implied by the displacement of mean surface isotherms likely
drove the southward displacement of the species in the region
during the period 2003–2017 (Figure 6). This is in agreement
with the observed and projected poleward displacement of the
thermal habitat of loggerhead turtles (Caretta caretta) reported
by Witt et al. (2010).

Potential impacts of ocean warming on C. mydas in the
SWAO are diverse. First, an increase in SST could imply an
expansion of the optimal thermal habitat available for the
species. For example, if the mean 18◦C isotherm − critical
for C. mydas when arriving to and remaining at Argentine
shelf waters − continues displacing southward (Figure 6), the
potential distribution of the species could also extend poleward.
This seems a plausible hypothesis given that similar poleward
displacements have been suggested for other sea turtle species
such as loggerheads and leatherbacks (Dermochelys coriacea) in
the North Atlantic (McMahon and Hays, 2006; Hawkes et al.,
2007). In addition, subsurface ocean warming observed at 20 m
depth in areas highly used by C. mydas (Figure 4), suggest a
vertical expansion of the optimal thermal habitat.

However, the sea turtle distribution is likely driven by factors
other than temperature. Sea turtles − especially C. mydas−
show high fidelity to foraging areas (see Hart and Fujisaki, 2010
for a review), which may constrain exploration and settlement
in alternative foraging grounds. Nevertheless, at least some
juveniles of C. mydas in the SWAO show more behavioral
plasticity compared to individuals of populations at lower
latitudes. They are neither strictly herbivore nor neritic, as the
canonical knowledge on the species claims. In summer and
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FIGURE 7 | GLORYS12 mean temperature at surface during (A) 2005 and (B) 2014. GLORYS12 mean temperature at 92 m depth during (C) 2005 and (D) 2014.
The Argentina-Uruguay Common Fishing Zone (AUCFZ) is shown by two polygons with black heavy lines. The northernmost and largest Patagonian scallop bed is
shown by a magenta polygon. The 200 m isobath is shown.

fall, juveniles forage most of the time in estuarine areas where
no submerged macrophytes are found. In winter and spring,
they either migrate northward to warm coastal areas where
macroalgae and seagrass are available or inhabit deep-water
areas (>200 m) compatible with a pelagic feeding behavior
on gelatinous plankton (González Carman et al., 2012, 2014).
Therefore, this behavioral plasticity exhibited by C. mydas could
favor the exploration of new foraging areas.

Another factor driving sea turtle distribution is food
availability (Witt et al., 2010). Brazilian seagrass communities are
being affected by eutrophication, increased storm frequency, and
sediment shifts associated with climate change (Short et al., 2006).
Increased temperatures negatively affect growth and calcification
of subtropical macroalgae, posing a great threat to macroalgal
populations (Koch et al., 2013; Graba-Landry et al., 2018). But
compelling evidence suggests that jellyfish abundances fluctuate
with climatic cycles (Condon et al., 2013), with the majority
of the temperate species studied increasing their abundance
in warm temperatures due to increased asexual reproduction
(Purcell, 2005; Purcell et al., 2007). Ocean warming may increase
many populations of gelatinous species and trigger changes in
its distribution and timing (Purcell, 2005; Purcell et al., 2007).
This can be beneficial for C. mydas feeding on jellyfish in the
SWAO, although trends in jellyfish abundance are ambiguous
(Brotz et al., 2012; Condon et al., 2012).

An additional potential impact of ocean warming on
C. mydas in the SWAO is a shift in the timing of seasonal

movements (i.e., arriving earlier and leaving later). The
southward displacement of the 15◦C isotherm, critical for
C. mydas when leaving Argentine shelf waters in May
(Figure 5H), could potentially trigger a longer seasonal residency
in these relatively high latitudes, along with increased foraging
times if food availability is unchanged.

Besides the species considered in this study, the SWAO -
especially the Argentine and Uruguayan shelves up to 20–50 m
of depth - is a key ecological area for several megafaunal species
of conservation value such as the loggerhead and leatherback
turtles, the Brown-eyed albatross (Thalassarche melanophris),
two sea lions (Otaria flavescens and Arctocephalus australis),
among others (González Carman et al., 2016b). The potential
impacts of ocean warming on some of these species might not be
directly related to availability of optimal thermal habitats/periods
or thermal tolerance, but to changes in the populations of their
main prey species.

A key question emerging from our study is how climate
change will impact the distribution and thermal tolerance of
marine species in the SWAO. To answer this question and
to overcome the high uncertainty levels associated with global
predictive climate models (Franco et al., 2020), outputs from
future regional models with higher horizontal resolution than
Coupled Model Intercomparison Project (CMIP5)-class models
(1◦ × 1◦) will be necessary to better resolve changes in the
circulation over the SWAO shelf and then the changes in marine
species distribution.
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FIGURE 8 | GLORYS12 temperature trend (◦C/decade) during spring of 2003–2017 at 92 m. The Argentina-Uruguay Common Fishing Zone (AUCFZ) is shown by
two heavy-black polygons. The northernmost and largest Patagonian scallop bed is shown by a magenta polygon. Trends higher than 1◦C/decade are depicted by a
heavy yellow line. The 200 m isobath is shown in black.

The poleward displacement of warm tropical and subtropical
waters of the BC (Figure 7) may have a strong impact on the
productivity of SBF and the sustainability of the northernmost
scallop beds. These benthic cold-water affinity communities that
inhabit the outer shelf and shelf break region along the MC
benefit from shelf-break upwelling and benthic-pelagic processes
induced by MC. The southward shift of the BC could trigger
significant changes on productivity of northern extent of the SBF.
The resilience capacity of the benthic communities dependent
on SBF productivity is also a key issue which requires further
investigation. Stronger warming trends in subsurface waters
reported by our study (Figure 8) are consistent with observations
from Artana et al. (2019), who report a long-term trend of BC
intensification and warming at 36◦S in the upper 1,000 m (see
their Figures 13A,C). The southward displacement of the tropical
BC waters and the induced changes in the advection of BC deeper
waters are suggested to induce such changes in the warming
trend of deeper waters (their Figures 2, 13). In a climate change
scenario, warming of the BC and BMC is expected to continue
during the 21st century, driven by the southward shift of the
BC and the weakening of the MC transport (Yang et al., 2016,
2020; de Souza et al., 2019). This southward shift of water masses
may induce a gradual warming over outer shelf and shelf break
regions. The shelf break region currently under the influence
of the northernmost extent of the MC (south of ∼38◦S), where
the largest Patagonian scallop bed is located, may be particularly
vulnerable to such poleward displacement of warm waters.

A poleward shift of the subtropical gyres of the oceans and
a fast warming of western boundary currents like the BC have
been reported during the past decades (Yang et al., 2016, 2020).
In addition, large changes in the strength and position of the
western boundary currents have already been observed (Van
Gennip et al., 2017). Therefore, we suggest that future impacts of
climate change could affect import commercial fisheries and the
conservation of several marine species in other regions located
near poleward extension of western boundary currents.

Planning of analytical techniques in response to the increasing
vulnerability of targeted fish stocks and affected communities
to climate driven effects is required to support decision making
(Ogier et al., 2020). Level of feasibility, risk of negative effects,
and expected benefit in responding to a specific climate challenge
should be evaluated based on a selected sub-set of options.
Regional network between scientists, fisheries managers, and
government stakeholder groups are required to plan the first
steps to identify and evaluate the implications of temporal
and distributional effects of implementing adaptation options
(Ogier et al., 2020).

CONCLUSION

Surface and subsurface warming in the SWAO has been
occurring at least during the past four decades, particularly in
highly productive areas such as the RdlP, the BMC and the SBF.

Frontiers in Marine Science | www.frontiersin.org 10 September 2020 | Volume 7 | Article 563394

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-563394 September 24, 2020 Time: 19:51 # 11

Franco et al. Subsurface Ocean Warming Hotspots in SWAO

Given the high uncertainty levels associated with predictions
of global climate models (Franco et al., 2020), outputs from
future regional models with higher horizontal resolution will
be necessary to better resolve the potential changes in the
circulation over the SWAO shelf and their potential impact on
species distributions.

Ocean warming in the SWAO has potential impacts on the
ecology of two thermally restricted species - C. mydas and
Z. patagonica. Selection of case studies - as done here - to
assess species exposure and sensitivity to ocean warming, and
modeling of species response to climate changes are necessary to
advance our understanding of the biological impact of climate
change. These actions will be useful on the implementation of
conservation programs (such as the National Plans of Action) and
stock assessments of commercially important species.

Given the lack of long-term monitoring programs to address
the impacts of climate change on marine biota in the SWAO,
our results provide evidence to call the attention of stakeholders
and decision makers on marine conservation and fishery
management. These results are a useful basis toward better
management strategies in the context of climate change.

In rapidly warming regions urgent efforts are needed to
establish inter-disciplinary networks to set management and
adaptation pathways, promote global learning, and implement
adaptation options to cope with future changes in climate, the
oceans, the marine species they host, their ecosystem services and
the socioecological systems they conform.
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