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Abstract Primary production hotspots in the marine

environment occur where the combination of light,

turbulence, temperature and nutrients makes the

proliferation of phytoplankton possible. Satellite-derived

surface chlorophyll-a distributions indicate that these

conditions are frequently associated with sharp water

mass transitions named ‘‘marine fronts’’. Given the link

between primary production, consumers and ecosystem

functions, marine fronts could play a key role in the

production of ecosystem services (ES). Using the shelf

break front in the Argentine Sea as a study case, we show

that the high primary production found in the front is the

main ecological feature that supports the production of

tangible (fisheries) and intangible (recreation, regulation of

atmospheric gases) marine ES and the reason why the

provision of ES in the Argentine Sea concentrates there.

This information provides support to satellite chlorophyll

as a good indicator of multiple marine ES. We suggest that

marine fronts could be considered as marine ES hot spots.
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INTRODUCTION

Over the course of history, the ocean has supported the

social development of human groups. By providing food,

materials and communication, the oceans have allowed

humans to spread all over the planet. The oceans stimulated

the curiosity of early navigators, merchants, fishermen and

adventurers, played the role of muses for artistic disciplines

from visual arts to literature, challenged and motivated

naturalists and scientists, and justified wars and territorial

conflicts (Kurlansky 1998; Duarte 2010). Today, over 50%

of the world human population lives within 200 km from

the coast (28% lives closer than 100 km, Kummu et al.

2016). Despite the strong and long-lasting connection

between human development and the oceans, marine sys-

tems still pose many relevant unanswered questions and

knowledge gaps (Duarte et al. 2015).

Ocean science research is challenged by logistic and

technological requirements that involve a high economic

cost; this has delayed both, the improved understanding of

physical, chemical and biological processes and the

potential benefits that humans may obtain (Townsend et al.

2018). This deficiency is especially relevant given the

growing demand for marine resources, as well as their

intense and expanding exploitation posing a significant risk

of altering marine ecosystem functioning (Weatherdon

et al. 2016). In addition, climate change is also affecting

marine life by modifying physical and chemical properties

of the ocean (Poloczanska et al. 2016). For instance, it is

predicted that due to climate change the global ocean will

be warmer, less alkaline and less oxygenated, and will be

less capable to absorb atmospheric gases (Rhein et al.

2013). Under this scenario, ocean sustainable management

poses a serious challenge.

Sustainability and conservation of marine environments

should be a common concern of stakeholders (e.g. fisher-

men, nongovernmental organizations, governmental and

intergovernmental agencies involved in the management of

natural resources). However, as some stakeholders have

interests that are opposed, or perceived as opposed, there is

a stringent requirement to conciliate and integrate the
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different points of view to generate successful environ-

mental policies (Cáceres et al. 2015). It is in this context

that several questions arise: how to conciliate antagonistic

environmental, social and economic demands? What ben-

efits, besides fishery production, are provided by the sea?

What are the social consequences of management alter-

natives? Traditional approaches to ocean management and

conservation, such as natural resource management and

creation of marine-protected areas do address these ques-

tions, but often fail to integrate social and ecological

dimensions. This integration may come from the Ecosys-

tem Services (ES) approach, which focuses on the multiple

benefits that humans obtain from ecosystems, considering

ecological as well as social and economic dimensions, and

providing an integrative framework to design and imple-

ment management tools (MEA 2005; Fisher et al. 2009).

The ES approach was initially developed for terrestrial

environments and adopted for coastal marine ecosystems

(Barbier et al. 2011). However, its application in marine

systems beyond the coast has been difficult (Cognetti and

Maltagliati 2010; Townsend et al. 2018). For instance,

though people in coastal areas are strongly tied to the sea,

humans do not inhabit the open ocean; therefore, there is a

temporal and spatial uncoupling between provision of

services by the ocean and their use by people on land,

hampering the perception of these services. Most studies on

marine ES have focused on functional features (e.g. Arm-

strong et al. 2012; Thurber et al. 2014) with few analyses

including social dimension issues, such as economic val-

uations and assessments of the success of management

policies (e.g. the Baltic Sea, Sagebiel et al. 2016).

The apparent homogeneity of the open ocean hides the

existence of strong spatial contrasts in the distribution of

resources and other environmental conditions. One of the

most conspicuous large-scale manifestations of hetero-

geneity is the distribution of chlorophyll-a as seen through

satellite images (Fig. 1). These images are useful to eval-

uate phytoplankton biomass distribution, and therefore, to

identify primary production hotspots in the ocean. In these

areas, a favorable combination of light, turbulence, tem-

perature and nutrients may initiate and sustain phyto-

plankton blooms. These conditions, and the associated

primary production, are particularly conspicuous in marine

fronts (Fig. 1a, Acha et al. 2015). These three-dimensional

structures are observed at the encounter of water masses

with different characteristics that are typically associated

with relatively sharp changes in temperature and/or salinity

(Belkin et al. 2009; Acha et al. 2015). By modulating the

vertical flux of nutrients, relatively intense vertical veloc-

ities near marine fronts may lead to enhanced primary

production (e.g. Pollard and Regier 1990). In turn, primary

production is linked to top-down and bottom-up processes

propagating the heterogeneity onto other ecosystem levels,

processes and components (Falkowski et al. 1998; Benoit-

Bid and NcManus 2012). In this sense, several studies on

marine fronts show marine consumers and biogeochemical

cycles linked to high primary production areas (Woodson

and Litvin 2015; Acha et al. 2015). For instance, marine

mammals, turtles, birds and fish are coupled to primary

production through trophic interactions (e.g. Mann and

Lazier 2006); and, the large amount of phytoplankton

photosynthesizing in marine fronts leads to increased CO2

uptake from the atmosphere through the so-called biolog-

ical pump (Takahashi et al. 2002).

Furthermore, several studies present evidence that cer-

tain types of fisheries are linked to marine frontal areas,

and hence to primary production hotspots. For instance, the

alternation of sardine-anchovy regimes and salmon pro-

duction in the California current is clearly correlated to

marine frontal areas (Woodson and Litvin 2015). In a

global analysis, Chassot et al. (2010) demonstrated that at

the scale of Large Marine Ecosystems primary production

determines fisheries catches.

Given the social and economic importance of fisheries, a

large effort has been dedicated to generate useful indicators

of fish abundance. For instance, bathymetry and hydrody-

namics have been used as indicators for some fisheries in

different habitat types such as Arctic shelf waters (Bergstad

et al. 2018), tropical regions (Lembke et al. 2017) or

abyssal environments (Leitner et al. 2017), but data are

scarce for many regions, especially for those located in

remote areas and/or within economic zones of less wealthy

countries; thus, ocean dynamics are mostly based on

models that are updated as data become available (e,g.

O’dea et al. 2012). However, bathymetry and hydrody-

namics may not be enough to predict other marine ES nor

useful for all fisheries.

Though provision of seafood is the most acknowledged

marine ES, oceans provide much more than fishes, as

mentioned above. The tight relation between primary

production and marine ecosystem components and pro-

cesses leads to hypothesize that marine fronts could be also

ES hotspots and thus satellite chlorophyll (SATC) could be

a useful marine ES indicator. There is a need for general

indicators in marine systems beyond coastal areas that

allow mapping ES (Townsend et al. 2018). SATC is usu-

ally limited to surface chlorophyll-a occasionally detecting

subsurface chlorophyll-a maximum (Blondeau-Patissier

et al. 2014), therefore underestimating chlorophyll-a con-

centration. There are, in addition, some external conditions

that may introduce error in the estimations. For instance,

due that chlorophyll-a is a photosynthetic pigment it

changes with radiation conditions specially at higher lati-

tudes where, after several months of darkness during

winter, solar radiation increases sharply during spring with

increasing solar elevation (Qu et al. 2006). Beside these
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Fig. 1 Global (a) and Patagonian shelf large marine ecosystem (b) satellite chlorophyll-a distribution during austral summer, averaged between

2002 and 2018 (seasonal climatology). NASA Goodard Space Flight Center, Ocean Biology Processing Group; 2018: MODIS-Aqua Sensor,

Ocean Color Data, NASA OB.DAAC. Greenbelt, MD, USA. Accessed 2018/10/22. Level 3 product. Resolution: 9 km
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limitations, SATC is widely used as a proxy of phyto-

plankton biomass with large spatial and temporal cover-

ages. Thus, marine fronts and their adjacent areas offer the

opportunity to evaluate the link between primary produc-

tion and marine ES production, as well as the potential of

SATC as an ES indicator.

The Patagonian Shelf Large Marine Ecosystem (Sherman

2005) contains a noticeable marine frontal system situated

along the Argentine shelf break. It is globally one of the most

extensive chlorophyll hotspots (Fig. 1b) and is hereafter

referred to as ‘‘shelf break front’’ (SBF). The front spans over

1500 km (approximately between 38�S and 54�S), from the

confluence of the Brazil and Malvinas Currents in the north, all

along the extension of the shelf break, east of the Malvinas

Islands to the Burwood Bank in the south (Acha et al. 2004).

Given its latitudinal extension and persistency, the SBF rep-

resents a paramount component of the SW Atlantic Ocean

providing the critical resources for a large number of species

(e.g. Mauna et al. 2011; Blanco et al. 2015). Altogether, these

features make the SBF an excellent site to investigate the

possible coupling between primary production hotspots and

marine ES. In this context, we analyze the connection between

marine fronts and marine ES production using the SBF as a

study case. Given that the SBF is predictable and detectable by

SACT (Romero et al. 2006), the analysis carried out in this

study would provide further evidence of SACT as a general

marine ES indicator. With this purpose, we carried out a

workshop of experts from different disciplines including

oceanographers, marine ecologists, terrestrial ecologists with

expertise in ES, sociologists, environmental lawyers, marine

resource managers and nongovernmental environmental

organization representatives to revise the existing information

(from scientific literature and technical reports to general

public and press releases) on the SBF to integrate it under the

ES framework. Under the hypothesis that primary production

is linked to most of the marine ES, we collaboratively con-

structed the ES cascade for the SBF socio-ecosystem (Fig. 2).

During the construction process, we identified the main

structural components and functions of the SBF and evaluated

the potential connection between intermediate services, final

services, benefits, social actors and drivers of change and the

chlorophyll hotspot in the SBF. Below we present evidence

connecting primary production in the SBF with marine ES and

introduce as a perspective the potential use of SATC as a

marine ES indicator.

THE SHELF BREAK FRONT: A PRIMARY

PRODUCTION HOTSPOT IN THE MARINE

ENVIRONMENT

Quasi-stationary marine fronts are ubiquitous in the World

Ocean (e.g. Belkin et al. 2009). Most of the stable marine

fronts are guided by the bottom topography; thus, the shelf

breaks and upper continental slopes play a fundamental

role in the stability of their associated marine fronts (e.g.

Belkin et al. 2009). The Argentine continental shelf in the

Patagonian Shelf Large Marine Ecosystem is characterized

by a relative flat plateau that descends to about 160 m deep

and precipitates in a gentle slope reaching depths of 4000

to 5000 m. The slope represents the offshore border of the

continental shelf and thus it is referred to as ‘‘shelf break’’.

These features of the sea floor determine the formation of

the SBF, a permanent thermohaline marine front that is

broader and more intense during the austral spring and

summer than in the cold season (Rivas and Pisoni 2010).

The SBF marks the transition between low salinity shelf

waters and the colder, saltier and nutrient-rich Malvinas

Current waters (Romero et al. 2006).

The flow of nutrients to the surface layer is a result of

the upwelling of nutrient-rich deep waters. This nutrient

injection to the illuminated upper layer is essential to

sustain the growth of phytoplankton and occurs continu-

ously in the marine frontal zones due to the existence of

relatively intense vertical flows (upwelling and relaxation

of upwelling, Pollard and Regier 1990; Valla and Piola

2015). Harmful algal blooms (HAB) in the Southwestern

Atlantic are limited to coastal areas, never exceeding the

100 m isobath; given that, HABs have never been reported

for the SBF or for nearby areas (Hoffmeyer et al. 2018).

Phytoplankton biomass, estimated from SATC, shows a

persistent local maximum extending along the SBF. This

primary production hotspot is associated with high nutri-

ents input from the Malvinas Current and subsequent

upwelling along the SBF (Valla and Piola 2015; Carreto

et al. 2016). The onset of the high SATC is observed in the

early austral spring and a maximum in late spring and

summer (Romero et al. 2006). This conjunction of features

makes the SBF the highest primary production area of the

Argentine Sea and one of the most important in the world

ocean (Fig. 1).

COUPLING AMONG THE SHELF BREAK FRONT

AND ECOSYSTEM FUNCTIONS AND SERVICES

Bathymetry, thermohaline gradients, Malvinas current,

nutrients, vertical flows and biodiversity are the main

structures and processes of the SBF system (Fig. 2). These

components together with the functions (primary produc-

tion, energy transfer, carbon sequestration, nutrient

cycling) constitute the support of ES and all the way up to

the wellbeing of the beneficiaries. Below we examine the

evidence that links the production of marine ES in the SBF

system with primary production. In particular, we will

discuss the evidences found on regulation (climate
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regulation), provision (seafood) and cultural (recreation

and scientific potentials) services.

Climate regulation: an inconspicuous though global

service

Due to primary production, the ocean captures carbon

dioxide (CO2) and is therefore one of the main regulators

of the greenhouse effect (Stocker 2015). While the SBF

covers only 11% of the Argentine Sea it absorbs * 45% of

the total atmospheric CO2 captured (A. Bianchi, pers. obs.),

representing the area of maximum CO2 uptake at the

Patagonian Shelf Large Marine Ecosystem. The biological

pump (CO2 uptake by phytoplankton photosynthesis) is the

dominant process of the annual CO2 balance in the

Patagonian Shelf Large Marine Ecosystem, and at the SBF

(Kahl et al. 2017). Thus, the production of this regulation

service shows a clear dependency with primary production.

This function, along with the thermal regulation of the

atmosphere by the ocean, contributes to global climate

regulation. The entire continental shelf and shelf break are

responsible for capturing approximately 17 000 000 tons of

carbon per year (Bianchi et al. 2009), which is equivalent

to the total carbon emissions used by residential energy in

Argentina (Bianchi et al. 2010). With the exception of

some smaller-scale marine fronts, the CO2 captured per

unit area at the SBF is higher than the mean over the whole

shelf region. Moreover, the shelf break has been considered

as a key area for anthropogenic carbon intrusion to the

ocean interior in the SW Atlantic Ocean (Orselli et al.

2018).

Ocean currents, together with the atmospheric circula-

tion, redistribute large amounts of heat received from the

sun. Thus, given its capacity to store and transport heat, the

ocean plays a key role in regulating the Earth’s climate. In

fact, it has been suggested that the incorporation of marine

fronts in climatic models could improve predictions of its

future evolution (Ferrari 2011). Given the difference in

temperature between continental shelf waters and waters

from the Malvinas Current (e.g. Acha et al. 2004), heat

transfer occurs between water masses at the SBF. Under a

warming scenario, this transfer could become relevant and

affect the atmosphere–ocean heat exchange. Therefore, and

in addition to its capacity to uptake atmospheric CO2, the

role of the SBF in regional and global climate regulation

could be important.

Fisheries: the tangible service

Several large-scale studies show that some fisheries are

linked to marine frontal systems and to primary production.

For instance, pelagic resources, especially large ones (e.g.

Atlantic bluefin tuna Thunnus thynnus: Druon 2010;

swordfish Xiphias gladius: Podestá et al. 1993) are

Fig. 2 Ecosystem service production functions cascade for the socio-ecological system of the shelf break front (SBF) of the Patagonian shelf

large marine ecosystem
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associated with marine fronts and hence their fisheries

concentrate around frontal regions. The area encompassing

the Patagonian Shelf Large Marine Ecosystem and the

adjacent open ocean is recognized as an important fishery

ground (FAO Major Fishing Area 41). The distribution of

some target species presents a strong association with the

SBF. For instance, the Argentine shortfin squid (Illex

argentinus) uses the SBF during part of its life cycle for

feeding and reproduction, and therefore, the fishing effort

of squid jigging vessels is concentrated in these areas (e.g.

Alemany et al. 2014, Fig. 3). Moreover, the commercial

exploitation of the Patagonian scallop (Zygochlamys

patagonica) matches with the SBF where large concen-

trations of these organisms occur (Bogazzi et al. 2005). The

Patagonian toothfish (Dissostichus eleginoides) is a valu-

able fish also caught at the SBF (Martı́nez and Wöhler

2016). Similarly, international fleets exploit the Argentine

hake (Merluccius hubbsi) in a portion of the SBF located at

international waters (e.g. Spanish fleets, Vilela et al. 2018).

Argentina is a country with relatively low fish con-

sumption (4.8 kg per capita per year) within Latin America

and the Caribbean (regional average of 10 kg per capita per

year; FAO 2016). In fact, about 85% of the products

derived from the marine fishing industry are exported

(Secretarı́a de Agroindustria, Argentina 2018). In terms of

income, fishery exports are ca. 1500 million US dollars per

year, which represents around 3% of the country total

exports (INDEC 2018). More than 60% of the marine

primary products exported originate from only a few spe-

cies: red shrimp (Pleoticus muelleri), Argentine hake,

Argentine shortfin squid, Patagonian scallop, Patagonian

hoki (Macruronus magellanicus) and Patagonian toothfish.

Except for the red shrimp and the Argentine hake, the other

four species are mainly fished at the SBF (Alemany et al.

2014). Between 2001 and 2018, the Argentine fishing

sector exported on average 500 thousand tons of seafood

per year, equivalent to 1300 million US dollars per year;

almost 50 thousand tons, equivalent to 144 million US

dollars, were at least provided by the SBF (Fig. 4). On

average, the SBF contributes with 12% of the export

income of seafood production.

Fig. 3 Night satellite image showing the distribution of the jigging fleet fishing squids in the Argentine Sea. Low light satellite image provided

by the U.S. Air Force Defense Meteorological Satellite Program and processed by the NOAA, National Geophysical Data Center; courtesy C.

Elvidge. The red line indicates the average central position of the shelf break front (adapted from Acha et al. 2004). The right hand panels show

photographs of the fleet (top and middle) and a single vessel (bottom) taken from a fishery surveillance airplane
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A relatively small portion of the Patagonian Shelf Large

Marine Ecosystem, and part of the SBF, extends beyond

the Argentinean Exclusive Economic Zone. Several trans-

zonal stocks that use the SBF are highly migratory, such as

the Argentine shortfin squid that is also being caught

around the Malvinas Islands; and in the high seas beyond

Argentina’s jurisdiction (Vilela et al. 2018). Thus, con-

sidering the total catches of Argentine shortfin squid in the

area (including the Argentine Exclusive Economic Zone

and the adjacent international waters) the SBF contributed

between 1993 and 2018 with around 50% of the fishery,

which on average accounts to 220 thousand tons per year

equivalent to 270 million US dollars (Fig. 5). Moreover,

one of the main benefits of seafood to human consumption

is its high nutritional value, for example, squids consist

of * 14% proteins (Eder and Lewis 2005). Therefore, a

straightforward calculation between the average annual

catch and the percentage of protein indicates that the SBF,

including Argentine and international waters, provides

30 000 tons per year of proteins from squid only. Applying

the same criterion, the exports of extracted proteins

corresponding only to the Argentine Exclusive Economic

Zone originated from the SBF amounts to 3700 tons per

year (2700 tons from squids and 1000 tons from scallops

adductor muscle; 15% protein for scallops, Campodónico

and Garaffo 2014). This corresponds to twice the Argen-

tina’s annual beef exports. There are also important fish-

eries in areas adjacent to the SBF that in some cases can be

indirectly supported by primary production derived from

the SBF. For example, the Argentine hake, whose exports

in terms of total biomass are higher than those of scallops,

is captured by the Argentine fleet in the Patagonian Shelf

Large Marine Ecosystem in areas close to the SBF, where

the trophic web is presumably supported by the primary

production in the front (Alemany et al. 2014). Thus, the

SBF is an important area for fisheries not only generating

economic benefits but also high-quality food supply for

humans.

Inspiration, recreation and science: the intangible

services

There are also additional non-material benefits such as

recreation, aesthetical enjoy and art-inspiration denomi-

nated cultural services (MEA 2005). The development of

knowledge through science is also within the cultural ser-

vices. The scientific research of the oceans revealed the

existence and the relative importance of the SBF. Today,

several research studies, including this one, are under the

hypothesis that the SBF is the main primary production

hotspot or the ‘‘backbone’’ of primary production in the

Argentine Sea and that energy is exported from the SBF to

the other regions in the continental shelf.

The ocean has been the original inspiration of numerous

myths, legends and stories of literature, cinema and visual

arts (Duarte 2010). In this sense, the space for reflection

and for the cognitive development provided by nature is

also included within the cultural ES; so is cultural identity,

which refers to the sense of home that an individual or a

social group develops with their natural surroundings. In

the marine realm, far from the coasts, these cultural ser-

vices are provided by the ocean as a whole and not by a

particular region. Therefore, cultural services provided by

the ocean are perceived different from those provided by

terrestrial and coastal areas where humans usually settle

and have a direct use and perception of the local

environment.

Top predators such as petrels, albatross, penguins, turtles,

whales, elephant seals and sea lions are some of the species

considered as charismatic (i.e. megafauna, often vertebrates

with a symbolic value and a widespread popular appeal) and

highly valued by humans for their beauty (aesthetic value) or

just their existence (intrinsic value). Some of these species,

like albatross and petrels (Quintana and Dell’Arciprete

Fig. 4 Export of fishery products (in thousands of tons, upper panel)

and the economic value (in millions of dollars, lower panel) of the

Argentine fishing sector with the particular contribution of the SBF

from 2001 to 2018. y axis is in log scale. See Electronic

Supplementary Information for details on the calculations
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2002) and the right whales (Zerbini et al. 2016), use the SBF

seasonally associated with migratory and reproductive

behaviors; while others, like elephant seals, use it throughout

the year (Falabella et al. 2009; Fig. 6). For instance, a large

part of the elephant seal population breeding at Peninsula

Valdés, travels more than 400 km from coastal areas to feed

on fish and squids along the shelf break and the adjacent deep

ocean, in occasions up to depths of 1000 m (Campagna et al.

2007). They maintain their reproductive areas on the coasts

of Penı́nsula Valdés (Argentine Patagonia, 428S), where they

are one of the main ecotourism attractions. Therefore, in this

case, the benefit obtained from the ecosystem is captured

hundreds of kilometers away from where it is produced. In

this sense, marine ecosystems are often different from ter-

restrial ecosystems. On land benefits tend to be captured

locally, such as economic benefits for local inhabitants, jobs,

and climate regulation at local scale, although some benefits

are captured on global scale (e.g. climate regulation) or far

from the area of production (e.g. food and raw material

export).

Biodiversity in the front

Marine fronts have been highlighted for their high con-

sumer abundances. However, only a few studies

specifically address the relationship between marine fronts

and biodiversity, and the derived conclusions are somewhat

contradictory (see Acha et al. 2015). However, several

studies relate biodiversity patterns to the occurrence of

marine fronts. For example, in the planning process for a

marine-protected area, UK shelf-sea fronts were assumed

as a surrogate measure for mapping the abundance and

diversity of pelagic organisms (Miller and Christodoulou

2014). Though the relationship between marine biodiver-

sity and the SBF is still being explored, some studies

indicate that the SBF is a high-biodiversity area. For

instance, cartilaginous fish (Lucifora et al. 2012) as well as

benthic communities (Mauna et al. 2011) are more diverse

in the SBF than in adjacent areas. In addition, all species

make up the ecosystem genetic pool, and its biodiversity

increases the chances to adapt to environmental changes.

Thus, the genetic pool represents an important option value

(with future potential) whose ecosystem functions and

services may be important under certain environmental

scenarios or if the advance of the scientific knowledge

allows its role to be revealed. Moreover, the ocean repre-

sents a virtually untapped resource for the discovery of

novel chemicals with pharmaceutical and cosmetic poten-

tial (Jaspars et al. 2016). New marine natural products are

being continuously discovered, providing elements for the

Fig. 5 Total catches of Argentine shortfin squid (in thousands of tons, upper panel) and the economic value (in millions of dollars, lower panel)

with the contribution of the SBF to the fishery from 1993 to 2018. See Electronic Supplementary Information for details on the calculations
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development of new drugs (Costa Leal et al. 2012). Marine

algae, plants, animals, and microbes produce compounds

that have potential for treating human diseases. These

‘‘secondary metabolites’’ (i.e. chemicals that are not nee-

ded by the organism for basic or primary metabolic pro-

cesses) are believed to confer some evolutionary

advantage. The main advantage proposed for the success of

marine based drug is not just the high marine chemical

diversity but also the fact that marine organisms have some

primitive human genetic characteristics that could be useful

to unlock human medical issues (Calado et al. 2018).

Following the high primary production in the SBF,

many studies have also shown an increase in the abundance

or in the habitat use of several consumers such as marine

birds, mammals (e.g. Bost et al. 2009) and zooplankton

(e.g. Marrari et al. 2004), and of important commercial

species such as Argentine shortfin squid (e.g. Chen et al.

2007), Argentine hake (e.g. Ruiz and Fondacaro 1997),

Argentine anchovy (Engraulis anchoita, e.g. Sánchez and

Ciechomski 1995) and Patagonian scallop (e.g. Soria et al.

2016). Thus, part of the high primary production in marine

frontal areas is transferred as energy through the food web.

This energy allows high concentration of zooplankton,

mainly small crustaceans and larval stages of other

organisms, which are the link between phytoplankton and

small fishes like anchovy, myctophids and juveniles of

other fish species or squids (e.g. Ciancio et al. 2008).

Moreover, the energy transferred to top consumers such as

large fishes, invertebrates, birds and marine mammals is

redistributed through migratory movements to other areas

of the ocean (van Deurs et al. 2016). Given the high pri-

mary and secondary production found at the SBF, and the

better conditions for reproduction and feeding, this marine

frontal system is ecologically relevant for a high number of

species of different trophic levels, which also spans to

remote regions.

Fig. 6 a Distribution and habitat use areas of 16 charismatic species including albatross (5), petrels (3), penguins (4), sea lions (3) and the

elephant seal (adapted from Falabella et al. 2009). The red line indicates the average central position of the shelf break front (adapted from Acha

et al. 2004). Photo credits: b, c, e Valeria Falabella, d Claudio Campagna
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FOSTERING MARINE CONSERVATION

AND SUSTAINABLE MANAGEMENT

UNDER THE ECOSYSTEM SERVICES APPROACH

To transcend the academic world, and guide to a better

informed and rational strategy of sustainable use and

conservation, the integral value of the ecosystems should

be communicated to decision-makers as well as to the

citizens, under governance frameworks that warrant a wide

representation and participation of stakeholders. Therefore,

it is necessary to raise awareness and inform society on the

challenges that we face and the future potential risks. It is

also necessary to assess and synthesize all available

knowledge to objectively inform decision-makers based on

solid scientific results. The valuation of nature based on its

capacity to produce goods and services has served as a

communication tool for multidisciplinary ecosystem man-

agement groups. It highlights that the loss of nature implies

a cost that is paid by society, though in many cases the cost

is not easily perceived and not equally understood by dif-

ferent stakeholders (de Groot et al. 2010). The monetary

dimension of ES depends not only on the social demands

for benefits, but also on the state of the ecosystems and

biodiversity (biophysical values) and on the environmental

behavior, local ecological knowledge, and the cultural and

local identity of people (Jacobs et al. 2016).

ES are produced in bundles and, therefore, they can

interact and jointly respond to natural (e.g. ENSO cycle,

Antarctic Oscillation) and anthropogenic pressures (e.g.

fisheries, species introduction, pollution, acidification—as

a consequence of increasing CO2). It is important and

necessary to evaluate the biological production of ES, but

this is not enough to define management strategies (Mas-

trangelo and Laterra 2015). The capture of most services

requires some kind of human intervention (e.g. fishery

requires fish populations but also ships, knowledge and

technology) that should also be considered in the valuation.

In 1997, Costanza et al. published the first economic global

valuation of ES. This estimation was the corner stone for

the economic valuation of the ecosystems. After several

criticisms, in 2014, the economic valuation was updated

acknowledging that many ES are public goods and,

therefore, the conventional market is not the best institu-

tional framework for management. Even so, this estimation

expressed in monetary units has been very useful to high-

light the magnitude of the ES (and their loss) without

entering in a specific context of decision-making and also

to make projections under different global scenarios (Ku-

biszewski et al. 2017). According to Costanza et al. (2014),

the value of marine shelf ecosystems is 2222 US Dollars

per hectare per year; applying this estimate to the Argen-

tine Sea (whose area is approximately 1 000 000 km2) the

total value of this ecosystem is 222.2 billion US Dollars per

year, which is equivalent to 40% of the Argentine gross

domestic product and fourfold the value of Argentine

exports in recent years (e.g. 2016 see INDEC 2018). The

SBF covers an area of 107 000 km2 which based on the

same approach leads to an economic valuation of * 24

billion US Dollars per year. In the light of the information

summarized in this study, it is possible that a more accurate

estimate will lead to a higher economic valuation to frontal

areas given the comparatively high production of ESs.

The distribution of ES in the Argentine Sea is hetero-

geneous, with a particular concentration in the SBF through

a tight association with primary production as the main

support or intermediate service (Fig. 2). In addition, there

is a significant connectivity among marine systems as well

as between coastal marine and terrestrial ecosystems. The

distribution patterns and the connectivity among adjacent

systems require considering large spatial scales for sus-

tainable management strategies. Moreover, multi-country

agreements are also required given the large-scale dis-

placements of water masses and the migrations of several

species (e.g. several predators, Harrison et al. 2018) and the

foreign fishing activities in the high seas. Thus, global

changes, such as ocean warming and acidification, and also

anthropogenic activities taking place in adjacent areas

connected by ocean currents (e.g. mining, oil extraction)

should be taken into account as potential forcing factors

that are likely to alter the ecological functioning and

structure of the SBF.

It is necessary to evaluate the different demands, usually

subjected to conflicting interests, from all the stakeholders

to identify ecologically possible and socially accept-

able states of the socio-ecological system (Mastrangelo and

Laterra 2015). The demands and possible conflicts are

subject to individual, political and economic interests each

having specific logics and dynamics. Therefore, institutions

and organizations responsible for proposing and operating

marine resource management strategies (public adminis-

tration, nongovernmental organizations, academia) must

integrate knowledge about the respective socio-ecological

system. Otherwise, decisions may lead to unsatisfactory

results with negative consequences for biodiversity and for

the ecological functioning.

Regulation of atmospheric gases, particularly CO2, and

the provision of seafood are the most documented services;

it is in part due to the increasing worldwide demand of

these services and, therefore, more information is available.

Provision of seafood represents an important income

source for Argentina and involves different stakeholders.

Therefore, the area of fishery resources is a subject of

cross-cutting interest for various stakeholders (e.g. fisher-

men, entrepreneurs, environmentalists, governmental nat-

ural resource managers and scientists). These stakeholders

may have potentially conflicting interests ranging from

123
� Royal Swedish Academy of Sciences 2019

www.kva.se/en

550 Ambio 2020, 49:541–556



exploitation to sustainability and conservation that fre-

quently lead to social and political conflicts. It is expected

that knowledge of the response of target species to natural

and anthropic drivers of change, together with social

demand, will help partially solve some of these conflicts.

Though society may perceive the marine frontal systems

as distant and unknown, the latter provide continuous

benefits through the provision of multiple services. Our

study shows that through high primary production, the SBF

concentrates a significant provision of ESs of the Argentine

Sea. Thus, the SBF should be considered a key area in the

provision of ESs for an integrated management of the

Argentine Sea. In addition, management should consider

that ongoing or planned activities should not directly or

indirectly affect the primary production in a significant

way.

Finally, our study also shows that, under the ES

approach, the management of this ecosystem depends on

the use of integrated information on the socio-ecological

system and the participation of the different stakeholders

involved in developing public policies and decision-mak-

ing. Therefore, we highlight the need to carry out inte-

grated studies that allow comparison of the provision of ES

in the SBF with that over the shelf and other smaller-scale

marine fronts. This approach will help to lay out man-

agement strategies based on ocean heterogeneity and the

provision of multiple ES.

SATELLITE CHLOROPHYLL AND MARINE

FRONTS AS INDICATORS FOR MARINE

ECOSYSTEM SERVICES

Moving from theory to practice, marine ES requires vali-

dated indicators (Townsend et al. 2018). The information

reviewed here shows that SATC has the potential of being

an excellent indicator for marine ES with the advantage

that it allows for mapping at large temporal and spatial

scales. Another advantage is that given the connection of

primary production with most of the ES identified for

marine systems, SATC can be used as a general indicator

of multiple ES with further implications. Indicators should

simplify the information in a way that it could be easily

communicated and understood. They should help managers

to take decisions based on actual evidence as well as to

identify and prioritize interventions, monitor the progress

of ongoing programs and opportunely make modifications.

In particular, ES indicators should allow decision-makers

to know and understand the state, trends and rates of

change of ES.

Terrestrial systems have an analogous well-validated

indicator of multiple ES: the Normalized Difference

Vegetation Index (NDVI, Paruelo et al. 2016). The NDVI

index, though technically differ from SATC, relies on

remotely sensed primary production as SATC is. This

index has been validated as a good indicator for several ES

such as carbon sequestration (regulation service), biodi-

versity (bird richness and abundance; cultural service) and

water provision (provision service). Again, pioneer terres-

trial studies may serve as a cornerstone for developing

methodologies for marine systems. Satellite images pro-

vide a unique large-scale approach that allows scientists to

better understand the ecological ocean dynamics and

identify general distributional patterns, and even to validate

models (Field et al. 1998; Lutz et al. 2010). In addition to

the large spatial and temporal scales that allows the iden-

tification of trends, satellite images are easily accessible at

a relatively low cost, and can be combined with other

variables to achieve better estimates (for instance chloro-

phyll in situ data help to estimate chlorophyll 3D distri-

bution and primary production, e.g. Lutz et al. 2010).

Moreover, satellite images are being increasingly used in

management at different levels. Climate forecasting is one

of the most widely used applications, but uses can be

highly diverse. For instance, satellite images have been

used to detect red tides (NOAA Harmful Algae Bloom

Forecast), to monitor ocean acidification and coral

bleaching (Heron et al. 2016), sea state (waves; Ardhuin

et al. 2019) and to localize emperor penguin colonies

(Fretwell et el. 2012). Furthermore, regimes of

chlorophyll-a variation have been identified with SATC

and used as surrogates for assemblages of species with

conservation interest in marine-protected areas in the Coral

Sea (Welch et al. 2015).

The validation of SATC as an indicator of marine ES

requires the compilation of actual data on ES production

coupled to SATC data covering temporal (e.g. seasonal and

interannual time scales) and spatial (latitudinal) trends. In

an initial state of analysis, SATC data will help to select the

sites that deserve more observational efforts. It is also

important to identify those cases in which the indicator

may fail. We should also consider a misalignment between

the indicator and the production of a given ES. For

instance, a bloom of phytoplankton may be identified

through SATC but the response in terms of fish biomass

may be found several months or even years later. In this

sense, it is crucial to analyze time series.

Within the ES approach, social sciences and mapping

(with information on the spatial distribution of ecological

components) are clearly underrepresented (Liquete et al.

2013) due to the above-mentioned limitations. As shown in

preceding sections, the association between high primary

production and ocean fronts, fisheries, CO2 sequestration

and biodiversity are well documented. Given the link

between several ES such as seafood, climate regulation and

biodiversity to marine fronts (through the high primary
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production present there), we propose that SATC may be a

good indicator to identify hot spots of marine ES. This

proposed indicator can be remotely monitored, providing

information at large spatial and temporal scales, and

serving for multiple ES.

CONCLUSIONS

The reviewed information indicates that high primary

production (identified through SATC) associated with the

SBF is the main ecological feature that supports the pro-

duction of marine ES, and the reason why the provision of

ES in the Argentine Sea concentrates there. This infor-

mation provides additional support to our initial proposal

of SATC as a useful indicator of multiple ES at large

temporal and spatial scales. We synthesized how the high

primary production present in marine frontal systems

subsidizes the production of ES, and therefore, these areas

could be considered as marine ES hotspots.
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Duarte, C.M. 2010. Océano, el secreto del planeta Tierra. Madrid:

Los libros de la Catarata, CSIC.

Duarte, C.M., R.W. Fulweiler, C.E. Lovelock, P. Martinetto, M.

Saunders, J.M. Pandolfi, S. Gelcich, and S. Nixon. 2015.

Reconsidering ocean calamities. BioScience 65: 130–139.

Eder, E.B., and M.N. Lewis. 2005. Proximate composition and

energetic value of demersal and pelagic prey species from the

SW Atlantic Ocean. Marine Ecology Progress Series 291:

43–52.

Falabella, V., C. Campagna, and J. Croxall. 2009. Atlas of the

Patagonian Sea: Species and spaces. Buenos Aires: Wildlife

Conservation Society and BirdLife International.

Falkowski, P.G., R.T. Barber, and V. Smetacek. 1998. Biogeochem-

ical controls and feedbacks on ocean primary production.

Science 281: 200–206.

FAO. 2016. El estado mundial de la pesca y la acuicultura 2016.

Contribución a la seguridad alimentaria y la nutrición para todos.

Rome: FAO.

Ferrari, R. 2011. A frontal challenger for climate models. Science

332: 316–317.

Field, C.B., M.J. Behrenfeld, J.T. Randerson, and P. Falkowski. 1998.

Primary production of the biosphere: Integrating terrestrial and

oceanic components. Science 281: 237–240.

Fisher, B., R.K. Turner, and P. Morling. 2009. Defining and

classifying ecosystem services for decision making. Ecological

Economics 68: 643–653.

Fretwell, P.T., M.A. LaRue, P. Morin, G.L. Kooyman, B. Wienecke,

N. Ratcliffe, A.J. Fox, A.H. Fleming, et al. 2012. An emperor

penguin population estimate: The first global, synoptic survey of

a species from space. PLoS One 7: e33751. https://doi.org/10.

1371/journal.pone.0033751.

Harrison, A.L., D.P. Costa, A.J. Winship, S.R. Benson, S.J. Bograd,

M. Antolos, A.B. Carlisle, H. Dewar, et al. 2018. The political

biogeography of migratory marine predators. Nature Ecology &

Evolution 2: 1571–1578.

Heron, S.F., L. Johnston, G. Liu, E.F. Geiger, J.A. Maynard, J.L. De

La Cour, S. Johnson, R. Okano, et al. 2016. Validation of reef-

scale thermal stress satellite products for coral bleaching

monitoring. Remote Sensing 8: 59. https://doi.org/10.3390/

rs8010059.

Hoffmeyer, M.S., M.E. Sabatini, F.P. Brandini, D.L. Calliari, and

N.H. Santinelli. 2018. Plankton ecology of the Southwestern

Atlantic—From the subtropical to the subantarctic realm. Part

VI: Harmful algae and their impacts, 453–515. New York:

Springer.

INDEC. 2018. Instituto Nacional de Estadı́sticas y Censo, Argentina.

https://www.indec.gob.ar/. Accessed 26 Nov 2018.

Jaspars, M., D. de Pascalle, J.H. Andersen, F. Reyes, A.D. Crawford,

and A. Ianora. 2016. The marine biodiscovery pipeline and

ocean medicines of tomorrow. Journal of the Marine Biological

Association of the United Kingdom 96: 151–158.

Jacobs, S., N. Dendoncker, B. Martı́n-López, D.N. Barton, E. Gomez-
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