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Submarine canyons have a relevant role in marine ecosystems. They are responsible for oceanographic conditions such as variability of temperature and salinity, sediment transport, nutrients, and even pollutants amongst marine areas. Submarine canyon studies have been growing and reaching prominence due to their importance in the Blue Economy. Initiatives to promote sustainable development for the ocean have been discussed in the Ocean Decade. Although canyons studies are increasing, how can we integrate these with the Ocean Decade outcomes? Thus, we aim to demonstrate an overview of the advances of submarine canyons studies and their link to the Ocean Decade for South America. We analyzed 160 studies divided into spatiotemporal analysis and study approaches according to the Ocean Decade outcomes. We discuss these articles, building a timeline and argumentative topics considering the advances, and discuss gaps to predict the future of submarine canyons studies in the Ocean Decade and Blue Economy context.
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INTRODUCTION

Submarine canyons are relevant marine features that make up continental margins around the world. They are biodiversity hotspots responsible for marine environment health (Santora et al., 2018; Robertson et al., 2020). Currently, several studies have been published about submarine canyons and their influence on the ocean and how a seabed feature is essential to provide a complex system amongst the geological (Fildani, 2017), physical (Aguiar et al., 2018), biological (Bernardino et al., 2019), and social (Uddin et al., 2021) processes. Submarine canyons studies aim to understand the association of each process that belongs to their system, increasing the overview on different study subjects as well as the specific locals present on continental margins, shelf-break, slope, or close to the rise areas in the ocean (Leynaud and Sultan, 2010; Callow et al., 2014; Lavagnino et al., 2020).

Several studies have been published and involve different approaches on submarine canyons. For instance, some studies have aimed to assess the impacts of pollution (Cau et al., 2017; Kane and Clare, 2019). Other approaches are understudied and need to be developed, i.e., marine geohazards (Meleddu et al., 2016) and geohabitats (Ternes et al., 2020). These studies are even understudied in developed countries, including countries in South America (SA). So, the need to improve the knowledge about submarine canyons in these areas is clear, especially about their oceanographic processes and impacts.

The lack of funding to scientific studies in SA has negative impacts in all spheres of a country, mainly in their economy. The Blue Economy concept is a popular term in ocean governance, which seeks to associate ocean-based development opportunities with environmental stewardship and protection (Voyer et al., 2018). Although its concept is complex and broad, we must highlight its importance following its objectives and feasibility in a balanced and coherent way amongst the countries (Smith-Godfrey, 2016). However, it is a challenge due to concept variations and ways of applying the Blue Economy, and their association with the gaps in distribution of the spatiotemporal database of canyons studies in SA, especially in EEZs boundary. Canyon studies examine how countries explore their EEZs, and management of marine space is a matter of national and international importance due to conventions for oceanic areas established by the United Nations Convention on the Law of the Sea (UNCLOS) (Polejack, 2021).

Marine spatial planning (MSP) has developed as a mechanism to cope with the challenges that come along with the allocation of human activities and ecological functions to marine space (Steenbeek et al., 2020). The main purpose of MSP is to promote sustainable development, to identify the use of maritime space, and to manage spatial uses and conflicts in marine areas (European Union, 2014). The MSP concept has been designed to help with decision makers and stakeholders, the disclosure of knowledge, and management of the maritime Blue Economy and marine environment. However, management of marine space is a hard task and needs to be prepared in a systematic and organized way (Mayer et al., 2013). According to the authors, marine ecosystems have been affected by human activities such as fisheries, shipping, wind farms, recreation, and tourism. Thus, it is becoming crucial to regulate and plan marine spatial claims.

Therefore, we understand how canyon studies are important for management MSP and marine ecosystems as fundamentals to society. However, there are several questions to consider. What direction have submarine canyons studies taken over the years? How are they included in marine research? What are the next steps in canyon submarine studies? These are some questions about the future in this research area, and they can drive future studies to contribute to MSP and Ocean Decade Outcomes. The United Nations Decade of Ocean Science for Sustainable Development or Ocean Decade (2021–2030) emerged as an initiative to catalyze transformative ocean science solutions for sustainable development, connecting people, science, and technology to the ocean. The Ocean Decade is a great opportunity to change and support a sustainable development and galvanize ocean sciences for the future (Ryabinin et al., 2019).

The Ocean Decade aims to promote the generation of data, information, and knowledge to move from the ‘ocean we have’ to the ‘ocean we want’ through seven outcomes which describe the ‘ocean we want’ at the end of the Ocean Decade Challenges: (1) A clean ocean where sources of pollution are identified and reduced or removed; (2) A healthy and resilient ocean where marine ecosystems are understood, protected, restored, and managed; (3) A predicted ocean where society understands and can respond to changing ocean conditions; (4) A safe ocean where life and livelihoods are protected from ocean-related hazards; (5) A sustainably harvested and productive ocean supporting sustainable food supply and a sustainable ocean economy; (6) A transparent and accessible ocean with open and equitable access to data, information and technology, and innovation; and (7) An inspiring and engaging ocean where society understands and values the ocean in relation to human wellbeing and sustainable development (IOC-UNESCO, 2021).

Thus, this study aims to demonstrate an overview for the future of the role of SA submarine canyons studies and their link to the Ocean Decade, highlighting the advances, gaps, and forecasting of them into the marine science development. It also aims to approach their evolution for timeline building and its influence on the world scenario through spatiotemporal analysis.



METHODS


Database Formation

The Web of Science and Scopus were chosen to collect papers peer-reviewed in May 2020, which used the same set of keywords, and unlike most reviews, a filter for searching keywords was applied in the whole document to classify the canyons studies in a timeline even if it occurred as just a citation in all of them. Boolean operators were also chosen by the criterium of increase on the searching range. From that: ALL = (“submarine canyon*” OR canyon*) AND (Argentina OR Bolivia OR Brazil OR Chile OR Colombia OR Ecuador OR Guyana OR Paraguay OR Peru OR Suriname OR Uruguay OR Venezuela). In total, 468 studies were retrieved and analyzed for description of main results, but 308 papers were eliminated as they did not match the adopted criteria, such as paleocanyons or continental canyons (Lima and Dias, 2008; Mansurbeg et al., 2012). Finally, 160 studies were selected to compose the database divided into spatiotemporal analysis and types of studies.



Timeline Building

Three layers of analysis were assumed for timeline building, established by the results of the main aspects (temporal, spatial, and combination) and one layer related to the advances, gaps, and forecasts of canyons studies and their link with the Ocean Decade (Figure 1).
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FIGURE 1. Methodological flowchart with the development steps and visualization of the results map.


To check the chronology of studies, the temporal analysis was chosen. Thus, a Productivity Coefficient (Pc) was created, which is equal to the Analyzed Period (Ap) divided by the Number of Publications per Year (NUPPY). From this, we were able to estimate the percentage yield obtained by the difference of the Pc values concerning the previous year.
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On the other hand, the spatial analysis considers the distribution of studies among countries, identifying which agents are involved and what approach the studies have. Thus, we decided to rank the countries that publish the most in SA in ascending order, classifying them into three different approaches according to the development stages involving canyons studies, classified in identify (ID), qualify (QL), or quali-quantify (QLQT). The ID occurs when there is a citation of the submarine canyon feature “not directly” related to the study, i.e., when there is a reference to it in the text body without necessarily contributing to the development of the study, ignoring the submarine canyons in a discursive context. The QL occurs when the submarine canyons “characteristics” have contributed to the study development, complemented by a set of arguments observed in the main results, discussion, and conclusions, qualifying the importance of the canyon. At last, QLQT happens when the “characteristics” and “number” of canyons have also corroborated for its development, i.e., besides QL, the cataloging of them is indispensable for the discussion and complement in general.

In combination, we establish the connection with the studies approach, which is defined by their main characteristics. In total, six different study approaches have been identified, divided into four general groups, namely geodynamics (morphotectonics, depositional systems, and marine geohazards), physical (hydrodynamic interactions), biological (knowledge of biological communities), and social appeal (pollution), although each of them has a social character.

Finally, we have discussed the advances, gaps, and forecasting of knowledge of the evolution process involving submarine canyons studies in SA, highlighting the similarities with the Ocean Decade social outcomes.




CHRONOLOGICAL PROGRESS IN SOUTH AMERICA

Initially, 160 studies were verified for temporal analysis which presents two periods with different characteristics (Figure 2). The first is from 1970 to 2000 and it was verified that its publications did not have a successive periodicity (as an exception in 1994 to 1995) but has 10 years between publication intervals (seen in 1983 to 1993). The second period is from 2001 to the present, with a gradual increase in the NUPPY, in addition to maintaining the periodicity over the years. Here, we also observe the relative growth point of studies that separate both periods if we consider the average of the NUPPY.
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FIGURE 2. Temporal analysis of submarine canyons studies from 1970 until April 2020 (unfinished), with an average number of studies over the years (dark blue line), and relative growth point of studies (dash gray line). The highlight for the increase of productivity coefficient (Pc) is equal to the period analyzed divided by the NUPPY.


The individual analysis shows for the first period that the NUPPY has a minimum of one publication per year (for most years until the year 2000) and a maximum of four in 1997. The average of studies over the years began with two studies in 1970, remained relatively stable with one publication per year (except in 1995 by two publications) in the following years until 1997, where four publications were verified, falling again to two and one studies, respectively, in 1998 and 2000.

After the 2000s, a gradual and significant increase in the NUPPY was identified. From 2001 to 2005, 14 studies were published with a Pc equal to 2.8. As a comparison, when analyzing the period from 1970 to 2000, we 18 studies re published in 30 years with a Pc of 0.6. This shows a 220% increase in Pc in comparison to the first period. Also, from 2006 to 2010 and 2011 to 2015, productivity increased and remained relatively constant, because even with the respective increase in the Pc of 5.4 and 8.0, the values in yield remained at 260.0%. Comparing the period 2016–2020 (61 studies) with the previous (40 studies), we have an increase in both Pc of 12.2 and in the yield, reaching 420.0%.

In spatial analysis, the studies number among SA countries shows a difference between the two groups, separated by the criterion of extremes concerning the amount of publication by country. Also, the numbers point to diversity in the type of approach associated with submarine canyons studies for each country as ID, QL, or QLQT.

Moreover, Figure 3 has two groups that stand out concerning the NUPPY. The type of approach is important for maintaining these numbers, especially when analyzing within Group 1 the studies that only mentioned canyons using the ID approach, reaching 32.8% in Chile with almost 20 studies published and in Group 2 Trinidad and Tobago with a 100% ID approach for only two published studies. It seems low in comparison QL and QLQT, but we must consider that the composition of each approach is fundamental when analyzing the spatial profiles of studies. Thus, making a relationship between Figure 3 and Figure 4, Brazil, Venezuela, and Guyana are three of the five countries mostly with a QL approach, at the beginning phase, while Argentina and Chile have a QLQT approach in the current phase. The largest numbers of publications with an ID approach are interspersed throughout the interval phase.
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FIGURE 3. Spatial analysis of submarine canyons studies with emphasis on the percentage of approach types concerning the ranking of publication by country and their division by groups.
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FIGURE 4. Timeline evolution of submarine canyons studies in South America, highlighting the changes in the specificity of study trends (geodynamics, physical, biological, and social) and their main publication agents to represent the arise point of Number of Publication per Year (NUPPY) among the countries and their first specificities of studies over the timeline.




TYPE OF STUDIES AND ITS SPATIAL DISTRIBUTION

Submarine canyons studies were classified according to the main types: (1) morphotectonics, (2) depositional systems, (3) marine geohazards, (4) hydrodynamic interactions, (5) knowledge of biological communities, and (6) pollution. The spatial distribution model was used to find patterns and similarities in a systematic way and more effective responses to advance discussion on submarine canyons studies.

South America shows a spatial distribution pattern, especially when we assign the margin as an analysis parameter. There are differences between the studies carried out on the active margin as marine geohazards and those on the passive margin as coastal erosion (Figure 5), and the analysis topics with the biggest differences were realized in each study approach. The Supplementary Data Sheet 1 shows the quantity of studies that were chosen to represent the arise point of countries and their first studies’ approach over the timeline (as seen in Figure 4).
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FIGURE 5. Spatial distribution map of studies on submarine canyons areas (letters) in South America with emphasis on the number of publications by different specificities data with countries in white that have published and in gray that did not publish. (A) Amazon. (B) Vidal Deep-Sea. (C) Darien Ridge. (D) Manzanares. (E) Los Roques. (F) Patia/Mira/Esmeraldas/La Aguja. (G) Santa Helena/Guayaquil. (H) Paita/La Bocana. (I) San Antonio/Rapel/Mataquito/Maule/Itata. (J) Biobio/Lleulleu/Imperial/Toltén/Lingue. (K) Callecalle/Chaihuin/Chacao/Cucao. (L) Mar Del Plata/Ameghino. (M) Ignacio. (N) Almirante Câmara/Grussai/Rio Doce/Watu Norte/São Tomé. (O) Regencia. (P) Salvador/Itacaré/Almada/Uma/Canavieiras. (Q) São Francisco/Japaratuba. (R) Equatorial Mid-Ocean/Fernanado de Noronha Arquipélago. (S) Grossos/Areia Branca/Mossoró/Apodi/Ponta do Mel. (T) Ponta do Mangue/Macau/Assu.



Morphotectonics

Morphotectonic studies have been made in the whole timeline relative to three different natures: geomorphological characterization, geomorphological evolution, and tectonic control. At first, the access for turbidites through seismic profiles investigation was performed to map the Demerara and Barracuda abyssal plain through the local bathymetry and morphological characteristics of submarine canyons (Embley et al., 1970; Figure 5B). Geophysical methods and sedimentary framework were used to recognize the geologic history of the southern Brazil-Uruguay continental margin (Butler, 1970). A high influx of sediment from Brazil was dispersed predominantly southeastward along the trend of the Fernando de Noronha Basin, to form the prominent lower Miocene acoustic reflector which occurs throughout the Equatorial Mid-Ocean Canyon (Damuth and Gorini, 1976; Figure 5R).

Generally, morphotectonics studies are based on the identification of seabed features describing their morphological aspects. The acoustic intensity data (side-scan) to describe the morphology of the San Antonio submarine canyon was presented by Hagen et al. (1996), while Alfaro and Holz (2014), have detailed characterization of the geomorphological architecture of gravity-driven deposits on the tectonically active Caribbean margin and its interpretation of the triggering mechanism of gravity-driven sedimentary processes (Alfaro and Holz, 2014). Almeida et al. (2015; Figure 5S), have provided the first full data coverage of the seafloor between the upper and middle continental slopes (100–1300 m) adjacent to the Brazilian equatorial margin, using multibeam bathymetric data.

Geomorphological studies are used to classify the features as depressions, channels, pinnacles, and submerged reefs, and their association with seafloor sediment distribution and composition, as well as biological communities’ interactions. Studies have discussed the influence of antecedent geology and distinct spatially and temporally driven processes in the formation of the shelf-upper slope depositional features in contrasting geomorphological and sedimentological shelf breaks (D’Agostini et al., 2019; Figure 5N). Also, these studies map the seafloor and geology in the near subsurface using 3-D seismic reflection data from four sedimentary basins, with specific interest in the identification of constructive and destructive surfaces that record the seafloor of these fore-arc basins (Calvès et al., 2017; Figure 5H).

Seabed features like submarine canyons are an important evolution approach that can report on the major tectonic studies in subduction zones, describing the origin of basins based on tectonic control (Schubert, 1982; Figure 5E). They can be used to observe the origin and structural evolution of the Valparaiso Basin, which is the only morphologically prominent and structurally significant deep water forearc basin (Laursen et al., 2002), or study the morphotectonics in the forearc region, and their tectonic effect over the subducting Nazca Plate structure on the continental margin (Li, 1995). Geomorphology and geological controls that led to the incision of the La Aguja submarine canyon are discussed by Restrepo-Correa and Ojeda (2010; Figure 5F), providing strong geologic and geophysical evidence of the major processes that sculpted the canyon: faulting, submarine erosion and axial incision, structural uplift, tectonic subsidence, and mud diapirism.

Seismic investigations to understand the sediment distribution was increased simultaneously to the new methods used. Studies focused on the plate boundary subduction contact, and the tectonic-sedimentary evolution provides a powerful tool to reconstruct exhumation histories of the source areas (Contardo et al., 2008, 2011; Jegou et al., 2008). In the South-Central Chilean margin, for example, the reconstruction of the relevant processes is applied to sediment pathways that can be reconstructed based on longitudinally variable topographic and orographic settings (Heberer et al., 2011; Figure 5K).

Studies involving climate changes were also developed concerning the variability of temperature and their impacts on the sea. Armijo et al. (2015) hypothesize that a global plate tectonic reorganization involving long-lasting viscous mantle flow has probably forced both Andean orogeny and global climate cooling since ∼50 Ma. Michaud et al. (2015; Figure 5G) evaluate the spatial and temporal contribution of tectonic and climate changes on the structural development and stratigraphic evolution of the Ecuador continental margin. Quaternary studies have progressed in continental margin zones and have been associated with geomorphological evolution studies such as sea level rising and the last glacial lowstand (Camargo et al., 2015). Shelf-margin studies to reconstruct late quaternary sedimentary and advance new insights into the age as well the hydrocarbons deposits under the seafloor are being developed (Ercilla et al., 2019; Mason et al., 2019).

Also, mass transport complexes (MTCs) studies emerge as important deposits transported by submarine canyons. The MTC in deep-water basins means that efficient oil and gas exploration and development in such settings hinge on an understanding of the nature, processes of formation, distribution, and relationship between them. Deposits share with surrounding deep-water environments, and also pursue a detailed geomorphological study of the last glacial lowstand shelf-margin system along eastern offshore Trinidad (Moscardelli and Wood, 2008; Moscardelli et al., 2012; Figure 5C). Besides, recent mass-transport deposits (MTDs) in the Ecuador trench are identified, and their volumes and sources are estimated, discussing their potential causes by comparing their frequency with the sea-level rise over the last 23 kyr, turbidites frequency over ∼5 kyr, and local earthquakes frequency during the last century (Ratzov et al., 2010; Figure 5F).

The evolution of methods and ways to collect data as well as the objective (2) of Ocean Decade, morphotectonics studies are fundamental to survey research to generate comprehensive knowledge and understanding of the ocean floor. Several morphotectonics studies have used advanced survey mapping technology to investigate the seabed (Jara-Muñoz et al., 2017), substrate (Gruetzner et al., 2016), sediment layers (Esteban et al., 2017), bedforms (Gomes et al., 2016; Figure 5T), and flow–topography interaction (Warratz et al., 2019), but almost all describe in detail the marine morphology and its depositional architecture (do Nascimento Silva et al., 2018; Idárraga-García and León, 2019; Lavagnino et al., 2020).



Depositional Systems

Depositional systems studies were carried out to understand the sedimentary processes in the marine environment, reporting how seabed features are formed. Depositional systems studies are divided into four categories: sediment dynamics, stratigraphic architecture, hydrocarbons, and chronostratigraphic. From sediment dynamics, studies of seabed mapping were the first found to evaluate sedimentary processes as a link with the previous specificity (morphotectonics). Damuth (1975; Figure 5A), have demonstrated how echograms can be utilized in conjunction with sediment data (piston cores, etc.) to evaluate sedimentary processes to best describe the morphological features mapping. Several methods were used to map a huge extension of the seafloor over the EEZ’s of SA countries as side-scan sonar, single-channel seismic reflection, and bottom sampling survey across the Peru-Chile forearc mapped a large submarine canyon system offshore of southern Peru and northern Chile (Hagen et al., 1994).

Depositional studies are generally focused on understanding sedimentary mass transport (Gruetzner et al., 2012; Lorenzoni et al., 2012) through submarine canyons between continental shelves and abyssal plains, and understanding the characteristics of the sandy turbidites deposited on an active margin, which reveals their characteristics and patterns of Quaternary sandy deposits distributed across the entire Venezuelan margin (Faugères et al., 1993; Figure 5C). These studies describe the sedimentary processes that occur near canyons as features formation (Bruhn and Walker, 1995), the sand bodies geometry (Bruhn and Walker, 1997; Hübscher et al., 2002), grain-size distribution (Heberer et al., 2010), submarine canyon as a conductor of sediments and nutrients (Bernhardt et al., 2015, 2016), and the characteristics of organic matter present in bulk surface sediments (Escobar et al., 2019; Figure 5Q).

On the other hand, depositional systems studies have already deeply explored the flow–topography interaction (Franco-Fraguas et al., 2014) to analyze the imprint over the modern sediments of the local oceanographic phenomena and the complex interplay between different geostrophic currents and hydrological processes from the outer shelf to offshore (Viana et al., 1998; Figure 5N). According to Lima et al. (2007), the objective is to develop a tool to simulate the interaction between bottom currents and the submarine physiography, and to depict the relative importance of any individual current-forcing mechanism as a sediment-reworking agent.

Depositional systems studies also are following new estimates of age using geochemistry data sets to improve sedimentary evolution knowledge (Muñoz et al., 2004, 2007; Violante et al., 2010) and using chronostratigraphic analysis to understand and reconstruct the previous coastal environment. These studies aim to understand how the events of long-term exposure and limited subsidence have controlled the characteristics of the Holocene sedimentation, the distribution of the seascapes and the human uses management, particularly for the fishery areas (Dominguez et al., 2013; Figure 5P). They also aim to study the dominant sedimentary processes (outer-shelf hydrodynamic, effects, cross-shelf export mechanisms, bottom-current, transport) which are discussed based on seism-acoustic profiles, lithological texture, grain-size distribution, and terrigenous Neodymium isotopic data (Hanebuth et al., 2019; Figure 5M). Chronological studies were developed to investigate the temporal evolution of geological structures (Riedinger et al., 2017; Collot et al., 2019).

Stratigraphic architectures studies appeared to characterize the architecture of substrate, highlighting their sedimentary and morphological processes (Vergara, 1997; Berton and Vesely, 2016). Volker et al. (2012; Figure 5J), summarizes the geologic setting of southern Central Chile using recently published geophysical, seismological, sedimentological, and biogeochemical data and their outcome is an overview of the current knowledge about the geology. Stratigraphic studies provide a measure of sediment rates to match the volume distribution with the factors that are supposed to control the sediment input, and yields information about their effectiveness of latitudinal sediment transport within the trenches as identified in active continental margins (Völker et al., 2013). Stratigraphic studies are important to introduce the knowledge of hydrocarbons basins in offshore environments. Recent hydrocarbon exploration in offshore basins has led to the availability of numerous high-quality industry seismic and well-log datasets to the academic community (Gorini et al., 2014).

Several hydrocarbons studies were developed to rescue marine resources or something relating to an economic benefit (Benjamin et al., 2015; Isola et al., 2020). There has been an increase in the number of studies focused on hydrocarbon potential. That is the case of the Regência canyon study, which was induced mostly by a longer term (>400,000 years) decrease in sediment supply, resulting in the investigation of the turbidites form oil reservoirs in the Lagoa Parda (LP) oil-field, located near the mouth of the Doce River (Bruhn and Walker, 1997; Figure 5O). Methods of reflection in continental margins by high-resolution seismic activity are developed in an attempt to find hydrocarbon reservoirs (López-Ramos, 2016). Marine seismic reflection cruises on continental margins have revealed deposits of gas hydrates, which are ice-like solids, constructed mainly from water that also contain a large concentration of gas (Rodrigo et al., 2009; Figure 5K).



Marine Geohazards

Marine geohazards studies are divided into four different categories: earthquake events, tsunami prediction, submarine landslide, and coastal erosion. Each of them is associated with a type of continental margin (active or passive). Active margin studies on earthquake events report a potential sediment mass movement caused by tectonic control as turbidites. To analyze the potential sediment mass movement, studies have used various limit equilibrium methods, with shear strength values obtained mainly from vane shear tests and less frequently from direct shear and triaxial compression tests (Busch and Keller, 1983). Studies aim to date the estimation of volume and sources of sediment to discuss their potential causes by comparing the frequency with the sea-level rise over the last 23 kyr, turbidites frequency over ∼5 kyr, and to measure earthquake events (Ratzov et al., 2010; Figure 5F). Aguilar et al. (2016; Figure 5D), have proposed by analysis of sediment cores that a large historical earthquake on the El Pilar fault had consequences on the sedimentation within the Gulf of Cariaco.

However, geohazards studies to understand the earthquake events have used other methodologies, for example based on a joint inversion of these events, obtained through the minimum P wave velocity model (Stow et al., 2012). The marine and terrestrial network, which work independently from each other, provided a broadly similar earthquake distribution at the Central Margin of Chile (Thierer et al., 2005; Figure 5I). Earthquake events are more common than we think and their signatures can be easily recorded by sediment core through structural patterns identified by seismicity networks throughout the world. Tréhu et al. (2021) have investigated the responses after the 2010 Maule earthquake using seismic high-resolution signatures of S and P waves, which have identified, as an example, 34 earthquakes located within at least six phase picks.

Earthquake events serve as a trigger to other processes in sequence, but this rule is not definite. Submarine landslides can also trigger a series of events depending on their magnitude (Geist and Lynett, 2011; Clare et al., 2016; Camargo et al., 2019). According to Völker et al. (2009; Figure 5K), a large volumetric mass (∼24 km3) of displaced continental slope material that maintained much of its cohesion during the slump and run out process from a steep and high headscarp, suggested that a localized but dimensionally large and high tsunami could have been generated that was only counteracted by a large water depth of 4500 m of the source area. In active margins, submarine mass wasting is related to the tectonic control, where continuous uplift of the forearc across transgressive upper plate faults results in very steep slope gradients (Geersen et al., 2011).

Tsunami prediction studies provide their potential effects on the coast, when its magnitude can be increased by the seafloor topography as submarine canyons and coastal features behave as several resonators (Aranguiz and Shibayama, 2013; Aranguiz et al., 2019). As well as shelf promontories, which exhibit bathymetric features with regards to tsunamis, affecting their submerged cape morphology, a potential tsunami generated seawards of the promontory could cause a specific mode of propagation and coastal impact (Ioualalen et al., 2011). However, there is a challenge involving the prediction of tsunami risks, as its warning systems are increasing and becoming more accurate. Further, scenarios for identifying risk assessment by numerical simulation have been applied. Martínez et al. (2012) have analyzed the tsunami risk for an extreme event that allows to generate risk management criteria, to reconstruct the process of a given region by three different scenarios of risk assessment.

On the other hand, in passive margin, coastal erosion studies were developed to describe the dynamics of the shoreline position with submarine canyons as conductors of coarse sediment to the deep sea, and trails of depressions and sediment waves eroding submarine channels (Kokot, 2004; Heiniö and Davies, 2009). Bittencourt et al. (2001; Figure 5P), have monitored the morphodynamical variations of the beaches associated with an estuary contiguous through superposition of aerial photographs to show the presence of distinctive erosive and constructive cycles of low and high frequencies. Submarine landslide studies are also present in passive margin and focus on the sediment transport from the coast to the deep sea (Dalla Valle and Gamberi, 2011). According to Krastel et al. (2011), the continental margin of Uruguay and the de la Plata River extending into northern Argentina is an excellent site to study submarine sedimentation processes, their imprint on seabed morphology, and associated geohazards.



Hydrodynamic Interactions

Studies that focus on physical aspects are divided into three categories: upwelling, wind-driven, and paleoceanography. Almost all studies describe upwelling events relative to the more different contribution in advances of canyons as interacting with the systems of currents with seabed topographic features, that influence the mesoscale distribution and retention organisms (Valle-Levinson and Moraga-Opazo, 2006). The interaction between coastal topography, winds, and seasons have intensified upwelling as a complex system, involving transport, retention, and larval aggregation within mesoscale features as eddies and fronts (Vargas et al., 1997; Figure 5J). Amorim et al. (2012; Figure 5P), have established a first regional picture on the influence of large-scale circulation and transient processes, as well as local topographic features, on the seasonal eastern Brazilian shelf circulation.

Submarine canyons are regions of enhanced upwelling and cross-shelf exchange including nutrient flux onto the shelf (Hickey, 1997). Leth and Middleton (2004) have suggested a likely mechanism for the enhanced upwelling of the Gulf of Arauco region: wind-forced upwelling in conjunction with deep upwelling by a cyclonic eddy and shoreward advection by a headland eddy next to the Gulf. To upwelling mechanisms, the onshore cross-shore pressure gradient supports the alongshore geostrophic flow that breaks the geostrophic constraint as it interacts with the canyon topography, driving water into the canyon (Aguiar et al., 2018). The study looked at the adjustment of geostrophic currents, for example, and quasi geostrophic motion like coastal-trapped waves due to their abrupt variations of the bottom topography, modifying the coastal-trapped waves and their low-frequency energy, which can be dispersed into higher modes (Sobarzo et al., 2001).

Generally, physical aspects such as geostrophic currents, pressure gradient, and vorticity are the foundation of hydrodynamic interactions studies (Bravo et al., 2013), however, biological conditions of induction of productivity that arise from the upwelling circulation have been studied more frequently in association (Yannicelli et al., 2012). Also, measurement of high-productivity have increased together with hydrodynamic interactions, highlighting the potential of top-down control of the shelf production and export of nutrients (Vergara et al., 2017; Testa et al., 2018). Hence, an increase in biological communities has already impacted on nearby upwelling zones, mainly in submarine canyons. Landaeta et al. (2008) have described a series of processes acting at different spatial and temporal scales, as an interaction of the spawning behavior of marine fishes that inhabit the southern part of the Humboldt Current and the frequency of occurrence on mesoscale physical processes.

On the other hand, wind-driven studies are also carried out to describe the circulation models by topographic control nearby submarine canyons and upwelling processes. Sobarzo and Djurfeldt (2004) have characterized the physical development of the coastal upwelling process near Biobio and Itata canyons and its relation to local wind-forcing and the topographic control of the subinertial flow. Wind-driven processes promote a stronger variability in the water mass exchange between the canyon and the deep ocean near the surface, although the Japaratuba canyon seems to behave most of the time as a water export to the deep ocean, with reversed flow depending on the winds (Del-Giovannino et al., 2000; Figure 5Q). Winds to act on transporting the sediment plume offshore, reducing the shelf stratification and increasing the chances of a full upwelling. In the Mar del Plata canyon, the occurrence of upwelling is interrupted by strong downwelling events, which tend to advect buoyant waters northward and back toward the shore, “capping” the upwelling center (Pimento et al., 2008; Figure 5L).

Wind-driven studies have been developed using different approaches such as upwelling studies. Studies to explain the formation of vortices in bay beaches, the establishing of currents and their interaction with the tide and local wind (Leite et al., 2011), and to analyze the barotropic tidal currents and vortices (Aguirre et al., 2010), have illustrated the potential of top-down control of the shelf production and export of organic matter (Baird et al., 2007). Sobarzo et al. (2010) have presented the first analysis of diurnal-period wind variability and their current response. Intensity and seasonal cycles of winds create a unique coastal shelf environment with several special features. As a result, thermal stratification of the upper water column in spring and summer is governed by solar radiation, and temperature in the deeper water column is controlled by upwelling favorable wind stress (Sobarzo et al., 2007).

Lastly, the paleoceanography studies emerge to study the climate archive for paleoceanographic environmental reconstruction, to present different approaches about paleocurrent records for the Last Glacial Maximum (LGM), and offer paleoecological insights documenting past changes for anticipating future impacts on the environment (Warratz et al., 2017; Gu et al., 2019), all of them carried out in the Mar del Plata canyon (Figure 5L).



Knowledge of Biological Communities

Biological studies began in 2003 with five different natures of studies: vertical distribution, horizontal, taxonomy, ecology, and Marine Protected Areas (MPA). The vertical distribution is relative to nektonic and planktonic organisms that move in water columns, reaching the shallowest areas (Lauretta and Penchaszadeh, 2017; Bernal et al., 2019). Valle-Levinson et al. (2003; Figure 5J), have suggested two mechanisms that may cause the high primary productivity of the system of current and hydrographic variables in an equatorward facing bay adjacent to a coastal upwelling center. According to them, it is related to a persistent flow into the gulf through the deepest part nearby Biobio canyon and would be described with the diurnal variability in heat from ocean–atmosphere interactions and horizontal momentum from wind-driven stress, as mentioned previously. With the high frequency of semidiurnal tides, diurnal fluctuations superimposed onto others of lower frequency of wind-driven upwelling may contribute significantly to variations in the transport of individuals from bays in upwelling areas (Yannicelli et al., 2006).

Transport and retention are physical processes responsible for moving early pelagic life stages from the spawning site toward an appropriate nursery ground, influencing the regulation of recruitment and year-class strength (Landaeta et al., 2008). According to Castro (1993), knowledge of the location of nursery areas of fishes has been considered as a research requirement for the management of fisheries (Vazquez et al., 2016). On the other hand, the flow–topography interaction has also contributed to modify the vertical distribution and the intensity of its physical processes by upwelling zones which can impact the assemblage’s variability. According to Rojas and Landaeta (2014), the combined effects of coastline and bathymetry on the upwelling circulation may generate a spatially structured coastal habitat where three types of fish larval assemblages can coexist.

To better understand the environment characteristics we decided to classify the horizontal distribution studies as associated with benthic organisms that have habitats and depend on the seafloor substrate to live. Benthic organisms are influenced by physical parameters such as temperature, salinity, and currents (de Araújo et al., 2018; Bremec and Schejter, 2019; Teso et al., 2019). However, chemical processes are mainly responsible for maintenance and variability of biological assemblages’ distribution in submarine canyons where the nutrient exchanges are bigger than abyssal regions (Yamashita et al., 2018). Eichler et al. (2019; Figure 5T), have shown habitat preferences associated with different foraminiferal species in newly discovered environmental conditions and their potential to indicate paleo-upwelling and other environmental conditions. Bernardino et al. (2019; Figure 5N), have suggested that even with similar higher taxa composition, submarine canyons of E-SE Brazil host distinct assemblages individually and between canyon-slope habitats.

Ecology studies have compared benthic and fish communities to evaluate the relationship between their assemblages to study their eating habits and reproductive tactics (Schejter et al., 2014; Flores et al., 2019). Penchaszadeh et al. (2016) have described the egg mass of a moon snail from deep waters, and the findings of all intracapsular stages of development in the same expedition, including early stages and hatchlings as enormous crawling juveniles, may suggest a long reproductive season. Penchaszadeh et al. (2017) have contributed to the understanding of the reproductive modalities of the family Volutidae in the Mar del Plata canyon. According to them, all the species studied until now experience direct development and hatch as crawling juveniles. Physical and abiotic factors associated with seabed features have structured shallow water communities even within small spatial scales due to differences in local conditions, such as topography and currents, through nutrient-rich currents reaching them through the canyons and aiding primary productivity, or by a combination among these factors (Rovira et al., 2019).

Generally, taxonomy studies were carried out to describe new species identified following the morphological characteristics (Hasegawa et al., 2019), extending the known distribution range and a phylogenetic review of the genus (Pereira et al., 2019; Siegwald et al., 2020), but also to investigate the reproductive habits (Sánchez et al., 2018). Here, almost all taxonomy studies have approached the first report of a typical species related to submarine canyons environment as an effort to understand the biodiversity, spatial distribution, and habits of the biological communities and their relationship with these environments (Lauretta and Penchaszadeh, 2017; Martinez et al., 2019).

On the other hand, the MPA studies were carried out to understand the oceanographic characteristics that provide suitable foraging, reproductive, and spawn conditions and encourage conservation due to vulnerability and increasing economic interests at fishing areas. Schejter et al. (2016) have reported the most recent and complete checklist of benthic mega and macrofauna that summarized 240 taxa collected at three sites in the Namuncurá MPA. According to them, it will help detect indicator taxa vulnerable to trawling, recognize distribution patterns of the benthic organisms, and support management strategies. The MPA creation provides the identification of oceanographic processes that lead to prey availability which is fundamental for understanding the ecology of marine predators and developing conservation strategies for critical feeding ground habitats (Buchan and Quiñones, 2016). According to Almada and Bernardino (2017), any scenario of deep seabed mining within its EEZ, conservation actions need to anticipate bidding auctions and exploration off those areas in a similar way suggested for the offshore oil and gas industry, since those areas lack proper biological assessment and likely host unique and vulnerable assemblages.



Pollution

Marine pollution by submarine canyons is becoming an issue that can affect the environment in many different aspects. A single pollution study carried out in the Fernando de Noronha Archipelago was identified concerning submarine canyons (Ivar do Sul et al., 2013), which suggests the existence of an outward gradient of mean plastic-particle densities using biological assemblages.

Here, the marine litter study summarized an overview about how the pollution through submarine canyons can transform the whole environment, changing the sediment accumulation rate even in small proportions, modifying the flow as physical barriers and generating impacts on biological communities (Pierdomenico et al., 2019; Harris, 2020; Uddin et al., 2021). The South Atlantic region is expected to present an upward trend in land-based pollution sources as a result of increasing urbanization and industrialization in the coastal zone and the lack of comprehensive regulation, appropriated enforcement, and abatement (Hatje et al., 2021). Some islands are uninhabited, while others are occupied by a few to thousands of people. In the Caribbean Sea, the permanent and/or temporary occupation associated with high costs for waste disposal result in potential land-based sources of plastics depositing in hundreds of insular environments and surrounding waters (Monteiro et al., 2018, 2020).

Technological advances have influenced all types of studies which can be observed in the methods used, as well as the different natures of each of them (Supplementary Data Sheet 1).




CHANGE OF KNOWLEDGE AND THE EVOLUTION OF CANYONS STUDIES

Four groups of studies are observed in timeline: geodynamics (morphotectonics, depositional systems, and marine geohazards), physical (hydrodynamic interactions), biological (knowledge of biological communities) and social (pollution) studies. As a result, a sequence of arguments was followed for identifying some important aspects from submarine canyons studies in SA to analyze each of them and their link to the Ocean Decade.

Geodynamic studies are based on morphotectonic and depositional systems, since in the mid-1970s new methodologies triggered seabed mapping driven by technological advancements post World War II (Johnstone and McLeish, 2020). Seabed mapping is becoming faster due to the investigation of oil reservoirs, and also the emergence of studies carried out in offshore areas (Solheim et al., 2007). The high NUPPY is also related to the financial support of the main oil exploration companies which is observed nowadays (Rolin et al., 2013). Partnership between academy and industry is a trend that helps to map the EEZs regions considered of high potential for exploiting resources (Kerry et al., 2008). Depending on the location and investment sources, each EEZ may be partially or integrally linked to these resources (Voyer et al., 2018). Morphotectonic studies based on seabed mapping are observed practically along the whole timeline, even if they have emphasized only on technological development.

The climate change associated with sea level rise has increased the NUPPY realated to transport areas and sediment accumulation concentrated at mouths of rivers (Lavagnino et al., 2020). Studies on continental margins appear, where the methodologies are modified according to the purpose of each of them (Idárraga-García et al., 2019). As a result, sediment dynamics studies have investigated below the seabed to identify how oil reservoirs have changed to determine eustatic cycles (Gomes et al., 2016). Geomorphological changes promoted by the sea level rising have become the focus for increasing investments in technologies that anticipate the occurrence of extreme events in coastal zones (Ratzov et al., 2012). Studies included exploring the smallest to the largest sources of impact on coastal erosion (Kokot, 2004), classifying earthquakes with epicenters at sea (Ioualalen et al., 2011), and prediction of submarine landslides and tsunami risks (Krastel et al., 2011; Aranguiz and Shibayama, 2013).

Marine geohazards emerge to represent coastal erosion, earthquakes, submarine landslides, and tsunamis (Camargo et al., 2019). Most geohazard studies are associated with the active margin on the subduction zone (Nunn and Pastorizo, 2007), although they are also present on the passive margin (Krastel et al., 2011; Figure 5). In active margin, studies have investigated features of the seabed as pockmarks as an indication of possible areas of gas hydrate leaks and indicative of energy sources (de Mahiques et al., 2017), for mapping potential areas for the occurrence of extreme events as submarine landslides areas (Albertão et al., 2015). They have also aimed to introduce new techniques to predict extreme events and mitigate impacts (Michaud et al., 2015; Aranguiz et al., 2019).

Nevertheless, environmental social movements emerged to discuss the type of method used in marine surveys, leading to its reassessment and concern for the affected organisms (Lee et al., 2011). Studies based on the relationship of marine communities and their behavior appear in submarine canyon areas as bedforms (Lastras et al., 2011), type of substrate (Hagen et al., 1994), degree of inclination (Idárraga-García and León, 2019), depth changes (Bernal et al., 2019), and marine relief (Rojas and Landaeta, 2014). Currently, the race for oil exploration gives space to the advancement to so-called benthic geohabitats, being used as a trigger for the investment of public and private initiatives to develop new projects focusing on the knowledge of marine biological assemblages and their association with different oceanographic processes (Hernández-Molina et al., 2011; Ternes et al., 2020).

Physical studies are being carried out in active margins related with upwelling effect and its local biota association, mainly on the coast of Peru and Chile (Sobarzo et al., 2016). Although, the dimension of physical processes is not limited to upwelling zones and their influence on fishing areas (Montero et al., 2007; Yannicelli et al., 2012), but also by processes such as wind driven (Del-Giovannino et al., 2000; Sobarzo et al., 2010) and paleoceanography (Voigt et al., 2013; Gu et al., 2019). Instead, we have a complexity of elements inserted to better understand the oceanographic relationships of each margin.

The environmental characteristics are determined by their interactions with sediment input, rainfall regime, intensity and direction of winds and currents, water masses, and biological assemblages, affecting a high complexity region such as the Amazon River mouth (Figure 5A; Jegou et al., 2008; Lavagnino et al., 2020). The sediment distribution, as well as the flow dynamic in submarine canyons, are examples of how the flow–topography interaction is fundamental for the maintenance of these processes (Lorenzoni et al., 2012). Methodological advances, such as internal waves analysis (Aguirre et al., 2010), interaction of vorticity (Leth and Middleton, 2004), or even water masses intrusion at shelf-break (Bravo et al., 2013) have been a great influence in studies’ evolution over the knowledge of physical processes that occur near coastal zones. The increase of NUPPY and development of hydrodynamic models suggest the flow–topography interactions were carried out to better understand the role of submarine canyons in the edge effects, and transport of water masses from deeper to shallower areas (Amorim et al., 2012; Aguiar et al., 2018).

The water column proprieties have changed the local ecosystems due to entry of more saline and cooler and nutrient-rich waters from deeper regions. Variation in the trophic chain, depending on the intensity of their changes, transform from an initially oligotrophic to mesotrophic or even eutrophic environment (Medina et al., 2014). Submarine canyons areas have become the target of studies in the last decades, due to their fishing dynamic being of great importance to the economy with studies exploring fishing areas (Katsanevakis et al., 2011; Camargo et al., 2015), and social aspect impacting publications for the creation of MPA, responsible for maintenance and conservation of marine life (Almada and Bernardino, 2017).

Biological studies approach two perspectivies, (1) biological of benthic organisms and their reproductive tactics and (2) processes of the derivation of fish larvae and other organisms that belong to water column (Yannicelli et al., 2006; Landaeta et al., 2008). Studies have demarcated the distribution areas, being horizontal for benthic communities (Molina et al., 2004) or vertical for nektonic organisms (Rovira et al., 2019). Studies which emphasize the creation of MPA’s have become more frequent as a result of surveys of biodiversity and delimitation of organisms’ distribution (Schejter et al., 2016; Yamashita et al., 2018). As a result, an increase of knowledge of biological communities studies have discovered new species and biodiversity hotspots nearby submarine canyons, such as the research developed on the Argentine coastline (Lauretta and Martinez, 2019; Teso et al., 2019).

To the social group, Brazil has an unprecedented publication in the timeline with a focus on pollution that is related to microplastics in the Fernando de Noronha archipelago which have mentioned submarine canyons and their association with marine litter (Ivar do Sul et al., 2013). Although this study does not show results related to canyons as vectors of dispersion of pollutants in the oceans, it demonstrates a trend established nowadays, due to the spread of the impacts caused by the uncontrolled use of plastic (Cau et al., 2017; Monteiro et al., 2018).



ADVANCES, GAPS, AND FORECASTING FROM SUBMARINE CANYONS AND THEIR LINK TO THE OCEAN DECADE

Submarine canyons studies are being developed due to the increase of interest for new perspectives about the land-ocean system (Tubau et al., 2015; Fernandez-Arcaya et al., 2017). Investments and politics that support creating more beneficial conditions for practical applications of new knowledge and technology are more present in the world framework in association with organized actions to achieve transformational ocean science (Ryabinin et al., 2019; IOC-UNESCO, 2021). To provide solutions that will deliver optimal benefits to ocean science which is co-designed by a diverse range of stakeholders needs to be nothing short of a revolution in the way we generate and use ocean science (IOC-UNESCO, 2021), and promote sustainable development, to manage spatial uses and conflicts in marine areas (Steenbeek et al., 2020).

Systematically, initiatives around submarine canyons studies are following scientific discussions focused on the ocean’s future, i.e., to develop an efficient politic of actions for building the ocean that we want and its perspectives for future generations. The Ocean Decade emerges as a revolution with the mission to catalyze transformative ocean science solutions for sustainable development, connecting people and our ocean. Submarine canyons studies have been presented as a Decade contribution that supports the Decade through provision of a necessary resource or implementation of a Decade Actions or even the coordination function of the Decade. The influence of the Ocean Decade as change in the trend of study’s types with submarine canyons in SA can contribute to the advancement of knowledge and development of new approaches into the Decade overview.

A series of scientific marine content should be integrated to accomplish the Decade development. According to the IOC-UNESCO (2021), among the Decade Objectives, objective 1 summarizes the urgent need for knowledge for regular integrated assessments of the state of the ocean and of ocean science capacity, promotion of new technology and increased access to technology, enhancement and expansion of observations infrastructure, and development of mechanisms to optimize citizen science initiatives. Objective 2 involves the mapping and understanding of ocean components, understanding of thresholds and tipping points for the ocean system, increased use of historical ocean knowledge, improved ocean models and prediction services, and increased efforts in education, training, and transfer of marine technology. Objective 3 involves understanding of the role of ocean science in the development of interoperable and open-access data platforms and services, facilitation of co-designed and co-delivered ocean solutions including planning, management, and other tools and services, and the promotion of formal and informal education.

The evolution of SA canyons studies is included in the third objective. According to the timeline, we can observe two well-marked divisions, one from 1970 to 2000 and the other from 2001 onward. At first, studies with submarine canyons were not well structured and present several gaps between periods of publication. Although we have known the importance of these environments, the focus of studies with submarine canyons in the 70s, 80s, and 90s were not heavily publicized among the academic community (Figure 2), except for those that intended to map the seafloor as a framework for knowledge advancement. The Nippon Foundation-GEBCO Seabed 2030 Project in partnership with Scripps Institution of Oceanography at the University of California San Diego is an example of it. They have strengthened their collaboration with a newly established Memorandum of Understanding (MOU) which has as its main purpose to pursue the attainment of worldwide bathymetric data, and to increase human understanding of the oceans. Also, GEBCO is a joint project of the International Hydrographic Organization (IHO) and the Intergovernmental Oceanographic Commission (IOC). The Nippon Foundation-GEBCO Seabed 2030 Project. (2021). https://seabed2030.org/news/nippon-foundation-gebco-seabed-2030-project-announces-new-collaboration-scripps-institution [Accessed August 24, 2021].

In canyon areas, the technology and time of survey are still limit the advance of studies in such vast, hostile, and difficult to access environments (He et al., 2014). The constancy of events close to the coastal zone makes the region of continental margins one of the most dynamic places, whether due to the presence of natural or extreme events (Gao and Collins, 2014). From the 2000s, we can see a slight increase in the NUPPY concerning submarine canyons, maintaining diversity, and exploration of content to the present day (Figure 2). It is important to search for better comprehensive knowledge of the continental margins, with advancement of the Ocean Decade insights in the last years and the association of new technologies for detailed mapping of the oceans provided an increment in the NUPPY relate to scientific ocean research, including submarine canyons studies. The difference in study number is associated with the infrastructure availability and research incentives given for each country (Fernandez-Arcaya et al., 2017).

However, gaps are not only temporal but also spatial, which we can observe in the studies approach which is inserted in a period of the timeline. The information crossing shows that submarine canyons studies in SA follow a complex development trend, with a predominantly QL approach at the beginning, QLQT at the end, and isolated points of ID studies throughout the timeline (Figure 3). Several factors could be associated, such as the lack of investments and specialized training seen in some regions, due to specific interest and method of publication of each country, or due to technological limitations added to geographical barriers in areas of difficult access (Kelley et al., 2014). Although it is not appropriate to attribute its behavior and generalize only to these arguments, we must highlight technology as one of the main reasons and add an important aspect within the issue of the gaps: Ocean Science Diplomacy.

According to Polejack and Coelho (2021), the lack of investments is hampering studies in Latin America and the Caribbean from accessing and using marine technologies to develop the science needed to inform decisions and international negotiation processes on an equitable basis. They also emphasize that researchers from developed countries often access funding and infrastructure to conduct research in Latin America and the Caribbean waters. However, researchers usually apply only a small portion of the funding in the foreign field, leaving local contributors with limited access to research equipment. Most marine research in the southern hemisphere has a limited research budget with highly fluctuating exchange rates, that is spent in keeping up with international standards which determine data accuracy, thus allowing replicability and comparison (Polejack and Coelho, 2021). As a gap, the lack of investments can be observed in almost all submarine canyons studies in SA, influencing the smallest NUPPY of Group 2 seen in Group 1 (Figure 3) and diversity of studies per country (Figure 5).

Nevertheless, we must also consider the Blue Economy as an important approach within the gaps. However, the Blue Economy’s approach is complex and needs to comply with several aspects to be applied coherently. The activity scale includes aspects such as the type of activity, the service the activity is providing, established and emerging industries, growth drivers for sustainable industrialization, and technological development of important countries to marine science. For Golden et al. (2017), the increased industrialization challenges the traditional paradigm of jurisdictional control of waters and seabed features within national exclusive economic zones (EEZs). According to the authors, this strain is currently becoming apparent in three different spheres: (1) nations’ capacities to govern the waters within their EEZs, (2) the international community’s capacity to regulate international waters, and (3) the ability of industrial and financial institutions to reach consensus on forms of self-governance.

Smith-Godfrey (2016) and Golden et al. (2017) have identified activities relating to the oceans which both have similar proposals for the activity’s development like the Ocean Decade Challenges. Although, it is necessary to realize that they will not be the same for all countries since the management of marine spatial planning processes is not equal. As a result, a contrast in the evolution of submarine canyons studies have been observed in SA with concentrations on different types and natures of studies, identifying a specific country as a major focus of publication with each subject (morphotectonics, depositional systems, marine geohazards, hydrodynamic interaction, knowledge of biological communities, or pollution) (Figure 4).

According to Golden et al. (2017), to change this scenario would be to reimagine the oceans as a shared space and a resource capable of providing social, environmental, and economic goods, but only if transparency, coordination, and the commitment to balance competing objectives are at the forefront of public policy and governance, finance, and management of global supply chains. As well as technological development and the entire management process for planning the use of marine space, all of this is included as an economic factor that can be represented in the NUPPY variation for submarine canyons surveys for the SA. Economic activities within the Blue Economy are fundamental for the investment of new perspectives for canyons studies throughout the world. Although, Latin America and the Caribbean struggle to conduct marine scientific research and seize the opportunities of Blue Economy due to their limited access to state-of-the-art technology (Polejack and Coelho, 2021). The Blue Economy has contributed to the development of submarine canyons studies as well as the formation of the Ocean Decade Challenges based on seven most urgent social outcomes.

The Ocean Decade (2021–2030) appears as an aspect oscillating between gaps and forecasts because it is structured as the main vector that will lead the evolution of the relationship between humans and the sea, although it is still in the beginning development process (Ryabinin et al., 2019; Heymans et al., 2020; Polejack, 2021; Polejack and Coelho, 2021). As a gap, the Decade Challenges as seven outcomes are still obstacles to be overcome, and probably the change will not occur only within the given period. We must highlight how those studies with submarine canyons in SA are framed in this scenario, even when they are ambiguous, behaving sometimes as a gap or as forecasts. Nevertheless, they play a strong role within environmental study, contributing to the understanding of the types of processes and actors involved in the horizontal transition zones, marked by the land-ocean limit, and vertically defined by the balance of oceanographic components present in the water column.

As a forecast, ignoring the fact that pro-ocean actions have been gaining strength due to the initiatives promoted by the Ocean Decade is a contradictory attitude, especially due to the impact generated in various geopolitical, economic, and social spheres (Steenbeek et al., 2020). Generally, when we approach forecasts concerning marine science in any aspect, we find an immediate association with the Ocean Decade Challenges and their social outcomes. It is practically impossible to talk about the future of the oceans and not relate to any objectives mentioned for the decade.


The Decade Challenges as an Overview for the Future of Submarine Canyons Studies

We saw here that each study approach related to submarine canyons had a relationship to one outcome mentioned in the Ocean Decade Challenges. This relationship was presented in the following chronological order according to the timeline of submarine canyons studies in SA relative to the decade outcomes, as discussed previously. The Ocean Decade Challenges summarizes the needs based on: (1) A clean ocean, through identifying and removing sources of pollution; (2) A healthy and resilient ocean, with mapped and protected marine ecosystems; (3) A predicted ocean, enabling society to understand current and future ocean conditions; (4) A safe ocean, protecting people from ocean hazards; (5) A sustainably harvested and productive ocean, providing food and resources for the blue economy; (6) A transparent and accessible ocean, giving citizens equitable access to data, information, and technologies; and (7) An inspiring and engaging ocean, which here, serves as a cycle of marine events to outcomes where society understands and values the ocean in relation to human wellbeing and sustainable development (Figure 6).
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FIGURE 6. Cycle of marine events following chronological order according to the timeline of submarine canyons studies in South America relative to the Ocean Decade outcomes.



(6)Morphotectonics and a transparent and accessible ocean, giving citizens equitable access to data, information, and technologies. In morphotectonic studies, the evolution of technology has provided improvements in the collection method and, consequently, the increased interest in studies in areas of submarine canyons. Although the efforts of morphotectonics studies to map and study the seafloor is in order to produce a “transparent and accessible” ocean, the enormous need for more ocean information in the scientific, governmental, private, and public sectors demands a change in ocean education at all levels (Ryabinin et al., 2019). Morphotectonic studies have presented a consistent proposal over marine research, evaluating new technologies, methods, and approaches for understanding submarine topography. Also, the challenges into the MSP have been designed to help decision makers, stakeholders, and students understand and manage the maritime Blue Economy and marine environment.



As well as objective (1) posed by the Ocean Decade, which includes sub-objectives related to the provision of knowledge for regular integrated assessments of the state of the ocean and of ocean science capacity, the promotion of new technology and increased access to technology, enhancement and expansion of observations infrastructure, and development of mechanisms to optimize citizen science initiatives and the recognition and inclusion of local and indigenous knowledge is also crucial (IOC-UNESCO, 2021). Thus, we can associate morphotectonic studies with the Decade Challenge (6) “a transparent and accessible ocean,” that forecasts how advances of new technologies and the digital revolution are transforming the ocean sciences to deliver data and information to all stakeholders (Ryabinin et al., 2019).


(5)Depositional systems and a sustainably harvested and productive ocean, providing food and resources for the Blue Economy. This concerns the exploitation of sea resources, spatially led by oil prospecting in offshore areas and later by fishing surveys in areas nearby canyons, considered biodiversity hotspots. Observing the development of depositional systems studies, we can include them in two goals that seek to strengthen global partnerships to achieve the targets of the 2030 Agenda for the Ocean Decade: (1) Knowledge and solutions for a sustainable ocean economy and (2) Knowledge and solutions for low-impact ocean energy. Hence the depositional systems should be included on Decade Challenge (5) “a sustainably harvested and productive ocean” which should create a better understanding of the interactions and interdependencies of the ocean ecosystem and environmental conditions and processes and the use of resources and the economy. According to Ryabinin et al. (2019), this is a major task in context of the development of the ocean economy that will document the potential impacts from environmental changes on the established and emerging maritime industries and their ability to generate growth, especially for least developed countries and Small Island Developing States (SIDS).

(4)Marine geohazards and a safe ocean, protecting people from ocean hazards. The objective is based on marine geohazard studies, giving visibility to the most common events, such as coastal erosion, to the most impactful, such as earthquakes, submarine landslides, and tsunamis, present on active continental margins, or coastal erosion in passive margins. Marine geohazards are one of the challenges established for the Ocean Decade to attempt to understand how they can impact the coastal zone in social, economic, and environmental ways. Therefore, it is important to enhance multi-hazard early warning services for all geophysical, ecological, biological, weather, climate, and anthropogenic-related ocean and coastal hazards, and mainstream community preparedness and resilience (IOC-UNESCO, 2021). According to Ryabinin et al. (2019), the decade will promote research aimed at minimizing impacts of various changes and risk reduction through adaptation and mitigation, contributing to enhanced preparedness and awareness of society with regard to ocean risks. Thus, for the Ocean Decade, submarine geohazards are concerning the Decade Challenge (4) “a safe ocean,” whereby human communities are much better protected from ocean hazards and where the safety of operations at sea and on the coast is ensured (Ryabinin et al., 2019).

(3)Hydrodynamic interactions and a predicted ocean, enabling society to understand current and future ocean conditions. This concerns hydrodynamic interactions studies, highlighting the upwelling effect, the dynamics of currents, water mass flows, and their interactions with other oceanographic processes in submarine canyons. Hydrodynamic interactions studies have discussed the gaps between ocean–atmosphere interactions and the effects of climate changes to ensure that physical aspects and their variability of proprieties, especially within the water column, are known more deeply. For the decade challenge, it is important to enhance understanding of the ocean-climate nexus and generate knowledge and solutions to mitigate, adapt, and build resilience to the effects of climate change across all geographies and at all scales to improve services including predictions for the ocean, climate, and weather (IOC-UNESCO, 2021).



Studies based on modeling and prediction of the seasonality of upwelling events and their impacts on the whole environment with transport of nutrients from deeper to shallowest areas are fundamental to the management of fishing areas. According to Ryabinin et al. (2019), knowledge of present and future conditions is a pre-requisite to the development of sustainable ocean economic policies and ecosystem-based management, and through systematic ocean observations under the Ocean Decade, it would be possible to map all ocean basins to initialize coupled models and facilitate improved ocean understanding. Hence, hydrodynamic interactions studies can be inserted on the Decade Challenge (3) “a predicted ocean” which has the capacity to understand current and predict future ocean conditions and their impact on human well-being and livelihoods (Ryabinin et al., 2019).


(2)Knowledge of biological communities and a healthy and resilient ocean, with mapped and protected marine ecosystems. Biological communities’ studies in submarine canyons compose the framework for comparing social outcomes, focused on the creation of Marine Protection Areas because of surveys of biodiversity and the delimitation areas of the distribution of organisms. Biological studies are a response to geodynamics (morphotectonics, depositional systems, and geohazards) and physical studies. Biological studies have a vertical distribution of planktonic and nektonic organisms in the water column influenced by physical proprieties, and horizontal distribution of benthic organisms on the seabed substrate based on sediment characteristics. Each group has an important ecological role for understanding the complexity of the marine biological assemblages and their interactions to provide a biodiverse environment. It leads to conservation of the MPA’s nearby canyon areas, i.e., biodiversity hotspots.



Knowledge of biological communities’ studies are important for the knowledge of and solutions for management of ecosystems faced with multiple stressors (IOC-UNESCO, 2021), evaluating the economic and societal value of the ocean and its ecosystems to stimulate marine spatial planning, MPA, coastal zone management, and other ecosystem-based management approaches (Ryabinin et al., 2019). Thus, the biological communities’ studies can be inserted on Decade Challenge (2) “a healthy and resilient ocean” in which (Ryabinin et al., 2019) marine ecosystems are protected, elucidating impacts of cumulative stressors on the ocean, its seas, ecosystems, and resources, hence providing required information to enable actions, which can reverse the ocean ecosystem degradation.


(1)Pollution and a clean ocean, through identifying and removing sources of pollution. Finally, we relate the Ocean Decade to the first pollution study in association with submarine canyons and the confirmation of a strong trend line regarding the advances in pollution research in the oceans. However, the reversal of the degradation cycle will evolve not only through research and development of innovative solutions in individual institutions but also through collaborations between national and international groups of stakeholders, including scientists, traditional communities, indigenous peoples, and the private sector who could contribute with their experience, time, and other resources (Hatje et al., 2021).



Thus, the Decade Challenge (1) “a clean ocean” should be related to pollution studies which assume integrated research will assess the human and environmental shorter-term and long-term risks from ongoing and future types of ocean pollution and generate new ideas on how to reduce ocean pressures by recycling, improved waste management, and strengthening the governance regimes that encourage more sustainable production and consumption (Ryabinin et al., 2019). Ensuring that the most vulnerable environments are properly protected from pollution and its consequences requires the early establishment of agreements, protections, and policies that will minimize social inequality and secure a clean ocean (Hatje et al., 2021).

All of these are based on the unique opportunity to change the way we support sustainable development and galvanize ocean sciences for future generations (Ryabinin et al., 2019; IOC-UNESCO, 2021; Hatje et al., 2021). Therefore, we can understand a little better how submarine canyons studies are being developed over the years in SA. Also, we observe the period with the highest NUPPY, the person responsible for the publication, the main approach, the importance of the location of the studies, and the type of studies identified in each study. Parallelly, we have the timeline to understand the evolution of studies and their role in the overview for the future, demonstrating how it is inevitable to dissociate the relationships among geological, physical, biological, and social (economical) conditions in spatiotemporal analysis and type of studies.




CONCLUSION

To advance submarine canyons studies, we have geodynamic studies at the base of evolutionary overview. Morphotectonic studies explore seafloor investigation and development of new technologies for data collection in areas of difficult access. The interest in understanding sedimentological processes is increasing, with the first studies on sea level rise, eustatic cycles, and seismic stratigraphy on the continental margins. Marine geohazards are presented as events impacting the coastal zone. Differences between the types of geohazards and their link to active and passive margins are observed. The physical studies of hydrodynamic interactions arise to further restrict this scenario. The upwelling zones have influenced the fishing areas, even the interactivity between the processes is important for building the environmental conditions leading to the nutrients’ distribution and biodiversity close to the submarine canyons. The behavior of biological communities is a response to these events, which has a vertical distribution of planktonic and nektonic organisms in the water column and horizontal distribution of benthic organisms on the substrate. Each group has an important ecological role in understanding the complexity of the marine organisms and their interactions as biodiversity environments to establish the conservation of the MPA nearby canyon areas as biodiversity hotspots. In addition, we have pollution as a source of impact on all aspects mentioned above. Marine litter deposits on the seabed, in addition to polluting the environment causing impacts on biological communities, can also modify the sediment accumulation rate even in small proportions and alter the flow as they are considered physical barriers, especially close to submarine canyons.

In summary, we observed that the spatiotemporal distribution of submarine canyons studies is different in two types of margins (active and passive), as it interferes with the way that studies will be carried out. It is also evident that the main reasons for it are associated with geological, physical, biological, or social processes. Moreover, economic investments generated by Blue Economy and the evolution of new technologies are two aspects that occur simultaneously and, therefore, are fundamental to understanding the overview of submarine canyons studies in SA. As future steps, the development of new technologies to map the seafloor appear as a link of interaction between two geological aspects to an environmental approach with the emergence of a new trend in marine science, the so-called benthic geohabitats, to promote sustainable development, knowledge, and marine environments disclosure.

As well as the three main objectives proposed by the Ocean Decade (IOC-UNESCO, 2021), the change of knowledge on submarine canyons studies in SA play an important role in: (1) Increasing the capacity of ocean science to deliver needed ocean data and information; (2) Generating comprehensive knowledge and understanding of the ocean including human interactions, and their interactions with the atmosphere and the land sea interface; and (3) Increasing the use of ocean knowledge and understanding, and developing the capacity to contribute to development human-ocean solutions. To progress in several thematic areas of ocean science, it is necessary that most societal outcomes are awarded action by society, governments, or by key stakeholders. It is essential that ambitions of the private sector, governments, and involved managers grow along with the progress in research. Also, active, intensive, and efficient communication of advances on ocean sciences should be a key enabling factor (Ryabinin et al., 2019). As a result, an overview about the spatiotemporal trends of submarine canyons studies in SA was developed to describe the timeline building and to know what its relationship is to the Ocean Decade outcomes.
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