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Preface

Plankton play an indispensable role in maintaining ocean life but are increasingly
threatened by multiple natural and human-induced changes to the environment.
This advanced textbook explores the intriguing marine plankton communities of the
Southwestern Atlantic region along the coast of southern South America. This
marine system encompasses low-to-high latitude environments framed by a com-
plex hydrographic scenery, confronting the local plankton communities with the
growing challenge of global climate change and other human-induced environmen-
tal transformations. This vast and iconic region of the southwestern Atlantic shelf
and coasts has been largely under-recognized and under-studied. However, recent
years have witnessed a strong and growing interest in the region accompanied by
acknowledgment of its high biological productivity.

Editing a contributed volume such as this is a challenging task but not without its
rewards. It is with great satisfaction that we have been able to assemble this collec-
tion of 25 chapters synthesizing a variety of issues relating to the plankton ecology
of the region, written by distinguished colleagues in the field.

Over one hundred (108) experts in plankton ecology and oceanography from
Brazil, Uruguay and Argentina have contributed to the book, actually a very high
number of authors for the region given the rather small universe of potential con-
tributors. Although the three aforementioned countries together conform most of
the Atlantic coastline of South America, there are unfortunately relatively few
researchers working on marine sciences. The affiliations of different authors repre-
sent well-known universities and scientific institutions: 1 in the USA, 4 in Uruguay,
11 in Brazil and 19 in Argentina, thus ensuring the high quality of the findings pre-
sented in all the contributions.

Our team is grateful to Springer for approving our book proposal and enabling
this endeavour to reach a successful conclusion. The main goal of the book is to
bring to light important up-to-date plankton ecology research on the Southwestern
Atlantic shelf and coastal region. The book also provides a comprehensive synthesis
of plankton research carried out in recent years in this region and opens up possible
new avenues of research for the near future. In short, Plankton Ecology of the
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Southwestern Atlantic assembles a timely synthesis of the state of the art in the field,
setting a new baseline for future research.
The topics covered in the book are organised as follows:

Part I deals with the historical background of plankton ecology and biological
oceanography research on the Atlantic shelf and coastal region of South America,
focusing on the regional development of the discipline mainly in Brazil and
Argentina and mentioning key programmes of scientific cooperation with over-
seas countries.

Part I consists of five chapters dealing primarily with the oceanographic character-
ization of the study region. Major circulation patterns over the shelf are described,
and the characteristics of several highly productive frontal areas are also por-
trayed. Inorganic nutrient content in sea water masses, its origin and fate within
the region are then addressed, and the associated patterns of chlorophyll a con-
centration are discussed. Finally, the levels and variability patterns of planktonic
primary production in different shelf and coastal systems and the responsible
phytoplankton taxonomic groups are depicted.

Part Il comprises six chapters dealing with the structure and dynamics of plankton
communities over the shelf along various latitudes within the region in relation
to water masses, frontal areas and oceanographic processes. Life histories, popu-
lation structure and trophic conditions of some key zooplankton species are con-
sidered. Their link to the distribution areas of exploited fish species over the
shelf, oceanographic features and hydroclimatic conditions are also examined.

Part IV contains six chapters dealing with the structure of plankton communities in
coastal systems and their spatio-temporal dynamics. The variability patterns of
density and biomass are also discussed in relation to natural or anthropogenic
stressors. Life histories of some key species are included. Trophic interactions
and the effects of major pollutants and eutrophication on plankton communities
and individuals are also addressed.

Part V includes two chapters on the taxonomic groups collectively known as “jel-
lyfish”, their diversity, abundance and distribution in the region. The characteris-
tics of their occasional blooms, the factors that promote their formation and the
biochemical implications for ecosystems are examined mainly from review con-
tributions. Other issues include some key shelf and estuarine species examined
from a trophic perspective, thus allowing for the assessment of “jellyfish” as prey
for several other marine consumers.

Part VI comprises three chapters dealing with the taxonomy, richness and abun-
dance of phytoplankton toxigenic species (dinoflagellates and diatoms) as well
as their genesis and distribution patterns across distinct shelf systems within the
region. The characteristics of these species’ blooms as well as the environmental
factors (natural and human-induced) that appear to trigger and maintain them in
particular areas and times are examined. The transfer and accumulation of some
toxins through pelagic food webs, either within the first trophic levels (plankton
communities) or passed up to large-sized consumers such as whales, are further
discussed.
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The three chapters of Part VII address the effects of sea water warming and other
consequences of climate change on the phytoplankton and zooplankton communi-
ties of different marine systems within the region. The effects of eutrophication,
pollution, and UV radiation on coastal plankton communities and individuals are
also considered and the results of experimental approaches presented.

We would like to highlight the invaluable contribution of the long list of authors
and reviewers who generously shared their insight and expertise for the editing of
this volume and without whose collaboration and hard work this book would not
have been possible. The enthusiastic response to our invitation from each and every
one of the authors has been truly rewarding to us as editors. Special thanks go to
Phyllis Barrantes for her help in polishing the English of some parts of this book. To
conclude, we gratefully acknowledge the support provided as in-kind contributions
(staff-time, grants and facilities) by research institutions in Brazil, Uruguay and
Argentina.

Bahia Blanca, Argentina Moénica S. Hoffmeyer
Mar del Plata, Argentina Marina E. Sabatini
Sao Paulo, Brazil Frederico P. Brandini
Montevideo, Uruguay Danilo L. Calliari

Trelew, Argentina Norma H. Santinelli
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Historical Background of Plankton
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Overview of the History of Biological
Oceanography in the Southwestern
Atlantic, with Emphasis on Plankton

Check for
updates

Demetrio Boltovskoy and Jean L. Valentin

Abstract The first data on the biological features of the Southwestern Atlantic
were the result of European expeditions of the eighteenth to nineteenth and early
twentieth centuries. Around the 1920s to 1940s, European-born specialists and their
local disciples started playing a central role, and locally produced knowledge grew
consistently. Early surveys centered on inventorial and distributional aspects of the
flora and fauna, in particular mollusks and fishes, followed by community-level
investigations including causal relationships with oceanographic settings (water
masses, temperature, salinity, nutrients), red-tide outbursts, prospection of fishing
grounds, etc. In Argentina, logistical support for the oceanographic cruises was his-
torically associated with the Naval Hydrographic Service and in Brazil with the
Brazilian Navy and the Universities of Sdo Paulo and Rio Grande do Sul. As of
2017, in both these countries, there are >30 teaching and/or research institutions
totally or partly dedicated to marine studies. Presently, knowledge of the taxonomy
and biogeography of the plankton of the Southwestern Atlantic varies greatly among
taxa, but several aspects (e.g., vertical distribution patterns, seasonal and especially
multiannual variations, life histories, and many others) have received very little
attention. Despite limited financial support and adequate floating platforms and
equipment, lack of coordinated efforts, and political turbulences, the scientific out-
put of Argentina, and especially Brazil, has grown in the last two decades, doubling
from ~1.2% of the world total in 1996 to ~2.4% in 2016.

Keywords Plankton - Knowledge history - Argentina - Brazil - Southwestern
Atlantic

D. Boltovskoy (b))

Facultad de Ciencias Exactas y Naturales, Instituto de Ecologia, Genética y Evolucion de
Buenos Aires IEGEBA), Consejo Nacional de Investigaciones Cientificas y Técnicas—
Universidad de Buenos Aires (CONICET — UBA), Buenos Aires, Argentina

J. L. Valentin
Departamento de Biologia Marinha, Instituto de Biologia, Universidade Federal do Rio de
Janeiro, Rio de Janeiro, Brazil

© Springer International Publishing AG, part of Springer Nature 2018 3
M. S. Hoffmeyer et al. (eds.), Plankton Ecology of the Southwestern Atlantic,
https://doi.org/10.1007/978-3-319-77869-3_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77869-3_1&domain=pdf

4 D. Boltovskoy and J. L. Valentin
1 Introduction

The present account is an attempt at summarizing the evolution of studies of the
plankton of the Southwestern Atlantic starting with the pioneering expeditions of
the eighteenth and nineteenth centuries. The task of compiling a fair overview on
this subject is complicated by the fact that much of the information has appeared in
the so-called gray literature, including institutional reports and journals of restricted
distribution.

As we move closer to the present, the body of literature and the number of scien-
tists involved grow substantially, and the information becomes more scattered.
Further, while earlier surveys were fairly circumscribed in scope allowing a more or
less clear identification of those that dealt specifically with plankton, more recent
results are often multidisciplinary where plankton s.s. often plays an accessory role.

Previous efforts at synthesizing this information, especially in the area of general
oceanography, ichthyology, and fisheries, have been of much help for tackling this
problem (Wiist 1964; Lopez Ambrosioni 1976; Lopez 1976; Servicio de Hidrografia
Naval 1976; Ringuelet 1984; Ehrlich and Sanchez 1990; Sanchez 1991; Angelescu
and Sanchez 1995, 1997; Brandini et al. 1997; Calliari et al. 2003; Penchaszadeh
2012).

2 The Beginnings (Eighteenth to Early Twentieth Centuries)

Several major seagoing expeditions carried out by various European countries
(Britain, France, Spain) since the fifteenth century crossed the Southwestern
Atlantic, but they chiefly aimed at expanding their empires and discovering new
seaways, lands, and sources of raw materials, rather than centering on scientific
research. Nevertheless, some of these voyages contributed descriptions of both ter-
restrial and marine (mostly fishes) South American flora and fauna. Among the most
frequently sampled locations off Argentina were southern Patagonian waters, as
well as isolated locations off the Province of Buenos Aires where the expeditions
lead by L. A. de Bougainville (1766—1769), J. Cook (1772-1775), L. 1. Duperrey
(1822-1825), P. P. King (1826-1836), R. Fitzroy (1832-1836), J. C. Ross (1839-
1843), R. R. Mayne (1866—1869), and several others collected biological materials
subsequently described by P. Commerson, J. G. Forster, J. G. Schneider. R. P.
Lesson, G. Cuvier, A. Giinther, L. Jenyns, J. Richardson, R.O. Cunningham, and A.
d’Orbigny (Ringuelet 1984; Ehrlich and Sanchez 1990). However, systematic stud-
ies on the biology of the oceans did not really start until the middle of the nineteenth
century (Lalli and Parsons 2007). The first comprehensive effort at investigating the
physical, chemical, and biological features of the World Ocean (except for the
Arctic) was that of the Challenger expedition (1873—1876), sponsored by the Royal
Society (UK). This expedition collected thousands of samples and data from all
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——— Challenger (UK, 1873-1876) —=—==— Valdivia (Germany, 1898-1899)

sernnene Gazelle (Germany, 1874-1876) British Antarctic (Terra Nova) (UK, 1910)
= == Plankton{Germany, 1889) =« =« Meteor (Germany, 1925-1927)

""" Gauss (Germany, 1901-1803) === Galathea (Denmark, 1950-1952)

Fig. 1 Major early (1870s to 1950s) oceanographic expeditions that provided the first scientific
data from the Southwestern Atlantic

depths of the sea floor and the water column, many of them from the South Atlantic
(Fig. 1).

While the results of the Challenger expedition, which continued to be published
until 1895 yielding 50 massive volumes authored by 76 scientists, are often consid-
ered to mark the birth of modern oceanography, it would be more fair to consider
them as the first comprehensive descriptive compendium of the oceans, rather than
the cornerstone of our understanding of the processes that govern their functioning.
Indeed, many of the most significant mechanisms underlying the structure and
dynamics of the physics, chemistry, and biology of the oceans were the result of
much earlier efforts (e.g., the Coriolis force in 1835, the Navier-Stokes equations in
1823-1845, the notion of photosynthesis, which started developing around 1600,
etc.), whereas others developed after the Challenger expedition, and although they
benefited from the vast body of knowledge collected by the Challenger, they were
not directly derived from it (e.g., the Ekman transport in 1902, Wegener’s plate
tectonics and continental drift, in 1912, etc.).

The Challenger inspired many subsequent worldwide voyages, some of which
covered parts of the South Atlantic. Among the most prolific in terms of biological
information for these waters were the Gazelle (Germany, 1874—1876), the Valdivia
(or Deutschen Tiefsee-Expedition; Germany, 1898—-1899), Gauss (Germany, 1901—
1903), British Antarctic Terra Nova (UK, 1910), Meteor (Germany, 1925-1927),
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and Galathea (Denmark, 1950-1952) (Fig. 1). The results of these expeditions pro-
vided a wealth of data on the taxonomy and distribution of many South Atlantic
pelagic animals, including protists (radiolarians, foraminifers), medusae, nemer-
tines, polychaetes, pteropods, crustaceans (amphipods, cumaceans, cladocerans,
copepods, mysidaceans, euphausiaceans), chaetognaths, salps, appendicularians,
and larval fishes. The German Meteor expedition (1925-1927) was of particular
importance because it traversed the Atlantic 13 times performing thousands of
soundings, as well as measurements of currents, salinity, temperature, and nutrients
and collecting numerous plankton tows (see Wiist 1964, for a comprehensive over-
view of all major expeditions from 1873 to 1960).

With the construction of the Panama Canal, which started operating in 1914,
marine traffic around Cape Horn decreased very significantly, and with it interest in
the exploration of the southern Atlantic latitudes also diminished. On the other
hand, during the same period, whaling and fishing operations based in the Malvinas
and the South Georgia Islands, and somewhat later growing international interest in
the Antarctic, increased the number of expeditions to the area, many of which made
underway observations and samplings in the Southwestern Atlantic, like the British
Scoresby (1927-1932) and Discovery (1931-1935) expeditions (Ehrlich and
Sanchez 1990).

3 Biological Oceanography in Argentina

3.1 The Early Years

Until around 1940-1950, the oceanographic activity of the countries bordering the
Southwestern Atlantic was limited, but interest in natural history in general, includ-
ing the vast oceanic realm bordering Argentina’s ca. 4000 km-long coast, started in
the middle 1800s. Most of these pioneering efforts were devoted to producing
inventories of the local flora and fauna (especially mollusks and fishes) and, some-
what later, to addressing fisheries-related issues. Among the specialists involved in
these studies were several Europeans, some of which were commissioned by the
Argentine government and often appointed to high-ranking positions at several
newly created museums and research and teaching centers, as well as Argentines,
often trained by the former (G. Burmeister, C. Berg, F. Lahille, L. H. Valette, F. P.
Moreno, C. Spegazzini, R. Dabbene, etc.). Reviews of these early contributions to
the knowledge of the fishes of Argentina and Uruguay were produced by Lopez
(1976) and Ringuelet (1984).

During the first half of the twentieth century, biological oceanography kept
expanding in scope and number of specialists, both European and Argentine, often
disciples of the former. M. Doello Jurado, the first Argentine naturalist to attempt
linking oceanographic processes with faunal traits; J. Frenguelli, a pioneer in the
study of diatoms; A. J. Pozzi and E. Mac Donagh (ichthyology); A.R. Carcelles and
J. J. Parodiz (malacology); E. L. Holmberg and C. A. Marelli were among the most
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prolific during this period (Balech 1971, 1976; Lépez 1976). Most of these special-
ists were associated with the Natural History Museum of Buenos Aires (Penchaszadeh
2012), where their collections were analyzed and stored.

3.2 Logistics and Oceanographic Expeditions: The National
Hydrographic Service

In 1879, the Central Hydrographic Office (presently the National Hydrographic
Service) was created, and in 1928 the first two oceanographic vessels, San Luis and
San Juan, were commissioned. Between 1864 and 1948, the Argentine Navy carried
out >60 cruises whose main purpose was charting the poorly known Argentine
coast, describing the bottom topography and bottom types and defining coastal tidal
regimes. Many of these expeditions had scientists onboard from the Natural History
Museums of Buenos Aires and La Plata, as well as other institutions, who per-
formed ancillary collections and observations, chiefly of fishes and mollusks (Lépez
Ambrosioni 1976; Ehrlich and Sanchez 1990; Angelescu and Sanchez 1997). By
~1950 these efforts had produced fairly detailed catalogues of marine fishes and
some invertebrates, general accounts of the surface circulation and descriptions of
some of planktonic groups associated with different water types, rough biogeo-
graphic sketches of the Argentine Sea, and general notions on the migrations of
commercially valuable fish stocks and oceanographic characterizations of the main
fishing areas (Angelescu and Sanchez 1997). Both European-born (Z. Popovici,
L. Szidat, V. Angelescu) and Argentine (F. S. Gneri, A. Nani, E. Siccardi, E. Balech)
specialists led these studies.

Between 1954 and 1975, the Argentine Navy and the Naval Hydrographic
Service conducted >120 oceanographic cruises, almost half of them on the Capitan
Cénepa, a Canadian-built ship acquired by Argentina in 1947 which was used for
oceanographic work between 1957 and 1972, when it was finally decommissioned.
Most of these cruises covered Argentine coastal waters, but several were also con-
ducted in open-ocean areas ranging from the equator to Antarctica and from the
coasts of South America to the coasts of Africa (Servicio de Hidrografia Naval
1976). Several of these expeditions were coordinated operations with US research
vessels (Vema, Theta). The primary goal of most of them was aimed at the investi-
gation of physical and chemical traits of the areas covered (bathymetry, paleomag-
netism, current fields, surface and vertical profiles of temperature, salinity, dissolved
oxygen, nutrients, light penetration, etc.), but many also collected bottom and
plankton samples and made some seasonal assessments of primary production and
recruitment of exploitable mussel, crustacean, and fish stocks, as well as observa-
tions on marine bird and mammal populations. Unfortunately, efforts at compiling
the vast body of data collected by these cruises have been marginally successful. In
1974, the Argentine Center of Oceanographic Data (CEADO) was created with the
aim of compiling, harmonizing, digitizing, storing, and facilitating the accessibility
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of the thousands of measurements and observations collected throughout many
decades in the Southwestern Atlantic and other areas where Argentine oceano-
graphic expeditions were conducted, but the initiative had limited success.

Although a consolidated account of the results of the biological studies derived
from these materials is unavailable, much of the information published by Argentine
specialists since the 1940s on various planktonic organisms from these waters was
based these samples, including diatoms (J. Frenguelli, C. Lange), dinoflagellates
and tintinnids (E. Balech), foraminifers (E. Boltovskoy), radiolarians, pteropods
and chaetognaths (D. Boltovskoy, J.R. Dadon), benthic mollusk larvae (P. E.
Penchaszadeh), pelagic crustaceans and larvae (F. Ramirez, M.D. Vifias, E. Boschi,
M. Scelzo), polychaetes (J. M. Orensanz), appendicularians and salps (G. Esnal),
fish larvae (J. Ciechomski, M. Ehrlich), etc. Until around 1970-1980, most of these
results were published in local or regional journals or institutional reports of limited
distribution, in Spanish, and their knowledge outside of the local scientific commu-
nity was limited. Since the late 1980s, however, the trend to publish in English in
international, refereed media grew exponentially, largely due to pressure from fund-
ing agencies (in particular CONICET) and major universities, thus strongly enhanc-
ing the international visibility of Argentine contributions (see below).

As summarized above, although scientific research was chiefly conducted by
personnel affiliated with nonmilitary organizations (see below), operational aspects
of oceanographic activities have traditionally been in charge of the Argentine Navy.
Presently, the oceanographic vessels Puerto Deseado and the recently acquired El
Austral (formerly Sonne), owned by the National Council of Scientific and Technical
Research (CONICET), are also operated by the Navy. The Argentine Coast Guard
operates a largely overhauled vessel built in 1930 for the Woods Hole Oceanographic
Institution and donated to Argentina in 1966 (originally Atlantis, subsequently
renamed to El Austral, and later to Dr. Bernardo Houssay), but the history of this
ship since it arrived in Argentina has been turbulent, and its contributions to oceano-
graphic studies were limited. No Argentine research center owns and operates a
seagoing oceanographic ship, with the exception of the National Institute of
Fisheries Investigations and Development (INIDEP), based in Mar del Plata, which
has four large fisheries vessels (crewed by civilian personnel): Capitdn Canepa, Oca
Balda, E. L. Holmberg, and V. Angelescu (Table 1). These ships operate regularly
along the Argentine Sea, and although their primary goal is the assessment of stocks
of exploitable living resources, they also perform ancillary observations and sam-
plings which cover a broader range of interests.

3.3 Institutions

Table 2 lists the institutions which contributed the most to research in the area of
biological oceanography and plankton of the Southwestern Atlantic. Their input,
however, has been quite uneven. Some, like the SHN (Naval Hydrographic Service),
were chiefly responsible for logistic aspects of cruise implementation and sample/
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Table 1 Argentine and Brazilian vessels involved in oceanographic surveys in the Southwestern
Atlantic. ARA Argentine Navy (Armada de la Republica Argentina), CONICET National Council
of Scientific and Technical Research (Consejo Nacional de Investigaciones Cientificas y Técnicas,
Argentina), FURG University of Rio Grande do Sul (Universidade de Rio Grande, Brazil), INIDEP
National Institute of Fisheries Investigations and Development (Instituto Nacional de Investigacién
y Desarrollo Pesquero, Argentina), IO-USP Institute of Oceanography of the Sao Paulo University
(Instituto Oceanografico, Universidade de Sdo Paulo, Brazil), LEPLAC Continental Shelf Research
Program (Brazil), PNA Argentine Coast Guard (Prefectura Naval Argentina), REVIZEE Living
Economic Resources of the Exclusive Economic Zone program (Brazil), SHN: Naval Hydrographic
Service (Servicio de Hidrograffa Naval, Argentina)

Operational (as a
research vessel)

Name from-to Operated by | Remarks
Argentina
Capitdn Canepa 1957-1972 ARA Probably the most prolific in
hydrographic and oceanographic
research: 46 oceanographic cruises
Comodoro Laserre 1963-1969 ARA Three oceanographic cruises
Bahia Blanca (ex San | 1955-1962 ARA Six oceanographic cruises
Luis)
Madryn (ex 1954-1959 ARA Six oceanographic cruises
Comodoro
Rivadavia, ex San
Juan)
Sanaviron 1947-1974 ARA
Zapiola 1962-1976 ARA Ten oceanographic cruises
Goyena 1968-1981 ARA 17 oceanographic cruises
Islas Orcadas 1974-1979 ARA Temporarily operated by ARA in the
framework of a US-Argentina
agreement (US name: Eltanin). Three
oceanographic cruises
Thompson 1975- ARA
General San Martin | 1954-1982 ARA Icebreaker, chiefly logistic support to
Argentine Antarctic stations
Almirante Irizar 1978- ARA Icebreaker, chiefly logistic support to
Argentine Antarctic stations
Capitan Céanepa 1979- INIDEP Chiefly fisheries monitoring
Oca Balda 1983— INIDEP Chiefly fisheries monitoring
E.L. Holmberg 1980— INIDEP Chiefly fisheries monitoring
Puerto Deseado 1978- CONICET-
ARA-SHN
El Austral (ex Sonne) | 2017— CONICET-
ARA-SHN
B. Houssay 1967- PNA
V. Angelescu 2017- INIDEP Chiefly fisheries monitoring
Brazil
Alte Saldanha 1964-1990 Brazilian The first and the most prolific in
Navy oceanographic research

(continued)
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Table 1 (continued)
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Operational (as a
research vessel)
Name from-to Operated by | Remarks
Prof. W. Besnard 1967-2008 10-USP 260 oceanographic cruises
Alpha-Crusis 2012- 10-USP Substitute of NOc Besnard
Atlantico Sul 1978- FURG Chiefly fisheries monitoring
Antares 1989- Brazilian Support of navy operation and policy.
Navy Chiefly for the REVIZEE and
LEPLAC programs
Ary Rongel 1994- Brazilian Logistic support to high-latitude
Navy oceanographic cruises
Cruzeiro do Sul 2008- Brazilian Oceanographic research and student
Navy formation along the Brazilian coast
Vital de Oliveira 2015- Brazilian The most modern vessel of Brazilian
Navy navy for monitoring water quality

data collections, while others are host institutions of experts that produced the
scientific reports and publications. Among these, a few are restricted to studies of
the ocean, but most are multidisciplinary research and teaching centers which host
important laboratories that contributed significantly to marine planktonic surveys.

One of the pioneering institutions dedicated specifically to marine studies, in
particular biology, was the Institute of Marine Biology (Instituto de Biologia
Marina — IBM), founded in 1960. The IBM operated as such until 1976 and in 1977
was transferred to the Federal Government and renamed as the National Institute of
Fisheries Investigations and Development (Instituto Nacional de Investigacién y
Desarrollo Pesquero — INIDEP). The IBM was the first large institution, and among
the most prolific, to focus on marine sciences, hosting up to ca. 50 resident scien-
tists, many visiting scholars, and a large technical staff (1960—1976). Unfortunately,
as many other academic centers, in particular those associated with universities,
between the 1960s and the 1970s, the IBM suffered massively from political turmoil
and military coups, as result of which many of its researchers emigrated to other
countries (Budiansky 1984; Scelzo et al. 2017). On the other hand, the creation of
the INIDEP and a significant increase in the budget of this new federal institute
whose main lines of research shifted from general marine biology and ecology to
the exploration and monitoring of living marine resources boosted its staff and
importance very significantly.

A major event for the development of science in general, including marine plank-
tonic studies, was the creation, in 1958, of the National Council of Scientific and
Technical Research (Consejo Nacional de Investigaciones Cientificas y Técnicas —
CONICET). From its beginnings, CONICET implemented the Scientific and the
Technical Careers. Basically, this consists in the possibility for researchers based in
any public or private research center to apply for a position with CONICET. This
application is reviewed by a panel of specially appointed peers, and, if approved, the
applicant is accepted as a member of CONICET (in one of presently five positions)
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Table 2 Mayor Argentine and Brazilian institutions associated with oceanographic research
(notice that most of these host specialists in a wide range of fields). FG, Federal Government.
Refer to Fig. 2 for geographic locations

Operational | Name

Acronym

Location(s)

| Affiliated with

Argentina

1812—

Argentine Museum of
Natural Sciences
Bernardino Rivadavia
(Museo Argentino de
Ciencias Naturales
Bernardino Rivadavia)

MACN

Buenos Aires

CONICET

1874—

University of Buenos
Aires, Faculty of Exact
and Natural Sciences
(Universidad de Buenos
Aires, Facultad de
Ciencias Exactas y
Naturales)

UBA-
FCEyN

Buenos Aires

FG, Ministry of
Education (Ministerio
de Educacién)

1879—

National Hydrographic
Sevice (Servicio de
Hidrografia Naval)
(formerly Central
Hydrographic Office)

SHN

Buenos Aires

FG, Argentine Navy

1884—

La Plata Museum (Museo
de La Plata)

MLP

La Plata
(Buenos Aires
Prov.)

Buenos Aires Province

1905-

La Plata National
University, Faculty of
Natural Sciencies and
Museum (Universidad
Nacional de La Plata,
Facultad de Ciencias
Naturales y Museo)

UNLP-
FCNyM

La Plata
(Buenos Aires
Prov.)

FG, Ministry of
Education (Ministerio
de Educacidn)

1928-

Quequén Port
Hidrobiological Station
(Estacion Hidrobiologica
de Puerto Quequén)

EHPQ

Quequén
(Buenos Aires
Prov.)

MACN, CONICET

1951-

Argentine Antarctic
Institute (Instituto
Antartico Argentino)

IAA

San Martin
(Buenos Aires
Prov.)

FG, Ministry of
Foreign Affairs,
International
Commerce and Cult
(Ministerio de
Relaciones Exteriores,
Comercio
Internacional y Culto)

(continued)
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Table 2 (continued)
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Operational | Name Acronym | Location(s) Affiliated with
1958- National Council of CONICET | Buenos Aires FG, Ministry of
Scientific and Technical Science, Technology
Research (Consejo and Productive
Nacional de Innovation
Investigaciones Cientificas (Ministerior de
y Técnicas) Ciencia, Tecnologia e
Innovacién
Productiva)
1960-1976 | Marine Biology Institute | IBM Mar de Plata FG, National Southern
(Istituto de Biologia (Buenos Aires | University, Univ. of
Marina) (INIDEP since Prov.) Buenos Aires and
1977) Univ. of La Plata
1961-1984 | Research Center in Marine | CIBIMA | Buenos Aires, FG, University of
Biology (Centro de Puerto Deseado | Buenos Aires,
Investigaciones de (Santa Cruz National Institute of
Biologia Marina) Prov.), Ushuaia | Technological Industry
(Tierra del (Instituto Nacional de
Fuego Prov.) Tecnologia Industrial)
1969- Argentine Institute of IADO Bahia Blanca CONICET, Argentine
Oceanography (Instituto (Buenos Aires | Navy, National
Argentino de Prov.) Southern Univerity
Oceanografia)
1970— National Patagonian CENPAT | Puerto Madryn | CONICET
Centre (Centro Nacional (Chubut Prov.)
Patagénico)
1974— Institute of Marine IBMPAS | San Antonio National University of
Biology and Fisheries Oeste (Rio Comahue (FG),
Admiral Storni (Instituto Negro Prov.) Ministry of Production
de Biologia Marina y of the Province of Rio
Pesquera Almirante Storni) Negro (Universidad
Nacional del
Comahue, Ministerio
de Produccién de la
Provincia De Rio
Negro)
1977—- National Institute of INIDEP Mar de Plata FG, Federal
Fisheries Investigations (Buenos Aires | Government, Ministry
and Development Prov.) of Agroindustry
(Instituto Nacional de (Ministerio de
Investigaciones y Agroindustria)

Desarrollo Pesquero)
(Formerly IBM)

(continued)
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Table 2 (continued)

Operational | Name Acronym | Location(s) Affiliated with
1978- National University of Mar | UNMdP- | Mar de Plata FG, Ministry of
del Plata, Faculty of Exact | FCEyN (Buenos Aires | Education (Ministerio
and Natural Sciences Prov.) de Educacion)
(Universidad Nacional de
Mar del Plata, Facultad de
Ciencias Exactas y
Naturales)
1981- Austral Center of CADIC Ushuaia (Tierra | CONICET
Scientific Research del Fuego Prov.)
(Centro Austral de
Investigaciones
Cientificas)
1996— National Agency for the ANPCyT | Buenos Aires FG, Ministry of
Promotion of Science and Science, Technology
Technology (Agencia and Productive
Nacional de Promocion Innovation (Ministerio
Cientifica y Tecnolégica) de Ciencia, Tecnologia
(administration, funding) e Innovacién
Productiva)
1997- Playa Unién EFPU Playa Unién CONICET
Photobiological Station (Chubut Prov.)
(Estacion Fotobioldgica
Playa Uni6n)
Brazil
1946 University of Sdo Paulo uSp Sao Paulo Educational Secretary
of the Sao Paulo State
(Universidade de Sao
Paulo)
1960- Federal University of UFC Fortaleza Ministry of Education
Ceard (MEC) (Universidade
Federal do Ceara)
1968— Federal University of UFBA Salvador Ministry of Education
Bahia (Universidade (MEC)
Federal da Bahia)
1968- Federal University of Rio | UFRJ Rio de Janeiro | Ministry of Education
de Janeiro (Universidade (MEC)
Federal do Rio de Janeiro)
1970- Federal University of Rio | FURG Rio Grande do | Ministry of Education
Grande do Sul (Fundagdo Sul (MEC)
Universidade Federal do
Rio Grande do Sul)
1977- University of Rio de UERJ Rio de Janeiro | Educational Secretary

Janeiro State
(Universidade do Estado
do Rio de Janeiro)

of the Rio de Janeiro
State

(continued)



14 D. Boltovskoy and J. L. Valentin

Table 2 (continued)

Operational | Name Acronym | Location(s) Affiliated with

1981- Federal University of UFPE Recife Ministry of Education
Pernambuco (Universidade (MEC)
Federal de Pernambuco)

1983— Fluminense Federal UFF Niteroi Ministry of Education
University (Universidade (MEC)
Federal Fluminense)

1987- Paulo Moreira Institute for | [EAPM Arraial do Cabo | Brazilian Navy

the Marine Research
(Instituto de Pesquisa do
Mar Almirante Paulo

Moreira)

1992— Federal University of UFPR Curitiba Ministry of Education
Parana (Universidade (MEC)
Federal do Parana)

1992— University of Vale do Itajai | UNIVALI | Itajai Private University
(Universidade do Vale do
Itajaf)

1995- Federal University of UFES Vitoria Ministry of Education
Espirito (MEC)

Santo (Universidade
Federal do Espirito Santo)
2000- Federal University of UFSC Florianopolis Ministry of Education
Santa Catarina (MEC)

(Universidade Federal de
Santa Catarina)

2001- Federal University of UFMA Sédo Luiz Ministry of Education
Maranhao (Universidade (MEC)
Federal do Maranh@o)

2009- Federal University of Rio | UNIRIO |Rio de Janeiro | Ministry of Education
de Janeiro State (MEC)

(Universidade Federal do
Estado do Rio de Janeiro)

according to his/her qualifications and age. Each category is associated with a sal-
ary, which traditionally has been reasonable for Argentine standards and is usually
higher than the one earned by the researcher previously. However, because newly
incorporated researchers kept working at their original institutions (mostly universi-
ties) and had a salary there, CONICET would usually pay only the difference
between this original salary and the one offered by CONICET for the corresponding
category. Researchers without a paid position elsewhere receive their full salary
from CONICET. In addition, CONICET implemented 3-5-year scholarship pro-
grams for recent graduates in order to complete their doctoral programs, fellowships
for foreign travel and training, research grants, hiring programs, and salaries for
technical support personnel, built and maintained many research centers throughout
the country, and established partnership programs with several universities.
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Fig. 2 Location of major Argentine and Brazilian institutions associated with biological oceanog-

raphy research (see Table 2 for acronyms and further details). All are presently operational, with
the exception of CIBIMA, which was closed down in 1984
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Although not without some ups and downs, largely associated with turbulences
in Argentine politics, during the last half century, CONICET has grown steadily,
both in prestige and influence and in the number of scientists and research centers
affiliated with it. The peer-evaluation process that CONICET-associated researchers
undergo every 2 years as well as its policy clearly oriented at making Argentine sci-
ence more visible internationally by publishing in international journals (rather than
locally) has very significantly improved both the quality and the output in all
branches of science, including biological oceanography (see below).

The National Agency for the Promotion of Science and Technology (Agencia
Nacional de Promocién Cientifica y Tecnolégica — ANPCyT), created in 1996, is
presently one of the major sources of funding for research and development projects
in all areas of science and technology, including grants, loans for startup initiatives,
fellowships, and support for joint public-private undertakings. Although more
business-oriented than CONICET, its sphere of action largely overlaps those of the
latter.

3.4 Foreign Input and International Cooperation

As seen above, the very beginnings of marine studies in Argentina were based on
international cooperation insofar as most of the early specialists were Europeans,
many of which settled in this country and trained Argentine personnel. As local
expertise developed, the direct influence of foreign experts waned, although several
of the most salient researchers in the areas of planktology and fisheries that were
active until the 1970s—1990s were born abroad (e.g., V. Angelescu, E. Boltovskoy,
L. Szidat).

Argentina took part in several large national and international programs. The
organization of the International Geophysical Year (1957-1958) marked a period of
very active and fruitful international cooperation with the participation of 67 coun-
tries (including the USA, the UK, Germany, Japan, Argentina, USSR, and many
others) and tens of expeditions in all oceans. The aim of these explorations were
chiefly physical, chemical, geological, and, to a lesser extent, biological investiga-
tions. In 1963-1964, the Equalant expeditions, in the frame of the International
Cooperative Investigation of the Tropical Atlantic (ICITA), sponsored by the
Intergovernmental Oceanographic Commission (IOC), involved over a dozen coun-
tries. Further examples are the FREPLATA I and II programs (Argentina-Uruguay)
and the project Prevention of Coastal Pollution and Management of Marine
Biological Diversity (e.g., Boltovskoy 2008), sponsored by the Global Environmental
Facility. Although their contributions to physical oceanography and general over-
views of the state of knowledge of the Southwestern Atlantic have been consider-
able, their direct influence on new information in the area of marine plankton was
limited.

However, formal participation of Argentina in large multinational projects is
obviously a highly biased indicator of the input of foreign specialists and joint
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surveys with Argentine experts to the knowledge of the Atlantic Ocean around
South America. Most international links and cooperation efforts are established on
a personal basis, rather than formally under the umbrella of major multinational
programs. For example, since around 2000, over 50% of the publications with
authors affiliated with Argentine institutions have foreign coauthors as well, chiefly
from the USA, Brazil, Spain, Germany, and Chile (Boltovskoy 2015). In 1981,
D. Boltovskoy edited a book on marine zooplankton covering methodological
aspects and the taxonomy and distribution of 16 zooplanktonic groups. Of the 22
contributing coauthors, 9 were Argentines, and the remaining 13 were from 8§
other American and European countries. A more recent edition of a similar work
(Boltovskoy 1999b) had 35 coauthors, 6 Argentines and 29 from 15 other
countries.

As expected from geographical closeness and shared areas of interest, Argentina
has traditionally maintained close ties with Uruguay, and especially with Brazil.
Between 1993 and 1999, six cruises by Brazilian vessels were conducted in the
framework of the TABIA Brazil-Argentina cooperation program (F. Brandini, PI),
collecting data on vertical properties of the water column, nutrients, POC, PON,
chlorophyll, plankton (>500 samples), etc. between 30°-60°S and ~50°-60°W. The
results of these cruises yielded several doctoral dissertations and many scientific
publications. Large programs with other countries and/or international financial
support have also been conducted in recent years, like the Argentina-France ARGAU
(2000-2005; aimed at assessing CO, air-ocean fluxes) and GEF Patagonia (2005—
2006), collecting abundant planktonic materials (e.g., Santoferrara and Alder 2009;
Carreto et al. 2016).

4 Biological Oceanography in Brazil

The hydrological features of the ~8000 km-long Brazilian coast and continental
shelf largely govern the composition and biomass of the plankton and, consequently,
biological stocks of commercial interest. According to the limits of the exclusive
economic zone (EEZ) defined by the Program REVIZEE (Ministério de Meio
Ambiente, Brazil) (2006), based on oceanographic and biological features, the
Brazilian coast and its continental shelf can be divided into four large regions:
North, Northeast, Central, and Southeast-South.

The northern region, crossed by the equator, is located between the mouths of the
Rivers Oiapoque (in the northern hemisphere) and Parnaiba. The pelagic environ-
ment is here oligotrophic, and the main source of nutrients is continental drainage
by large rivers such as the Parnaiba River and, especially, the Amazon River
(Brandini et al. 1997; Ministério de Meio Ambiente (Brazil) 2006).

The Northeast region (from the mouth of Parnaiba River to the city of Salvador)
is characterized by the presence of a coastal reef barrier and several oceanic islands
(Fernando de Noronha, Atol das Rocas, Sao Pedro and Sdo Paulo archipelago). This
region is influenced by the currents which result from the bifurcation of the South
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Equatorial Current — the North Brazil Current, flowing toward the Guianas, and the
Brazil Current, heading south. This region is also oligotrophic, with sporadic min-
eral enrichment limited to the island effect.

In the Central region (from Salvador to Rio de Janeiro), the continental shelf is
influenced by the Brazil Current, which transports oligotrophic tropical water to the
south. The oligotrophic nature of this region is altered by the effects of the coastal
upwelling of Cabo Frio (Valentin 2001) and the presence of vortices, caused by the
topographic barrier of the Abrolhos parcel and the Vitéria-Trindade seamount chain.
These physical processes make hydrography complex in the region (Castro and
Miranda 1998) and are responsible for the nutrient enrichment of the surface layers
and the concomitant increase in pelagic production, conferring this region the char-
acteristics of a zone of biogeographic transition between the tropical waters to the
north and subtropical ones to the south.

In the Southeast region (Rio de Janeiro to the Cape of Santa Marta, in the state
of Santa Catarina), oceanographic conditions imposed by the Brazil Current deter-
mine the dynamics typical of mid-latitude continental platforms. The southernmost
sector of this region, between Cabo de Santa Marta and Uruguay, differs from its
northern part due to interactions between the oligotrophic Brazil Current and the
nutrient-rich waters of the Malvinas Current and the continental discharge of the
Rio de la Plata estuary and the Patos Lagoon, which are responsible for its high
biological production (Seeliger et al. 1997).

4.1 The Evolution of Planktology in Brazil

The evolution of plankton studies in oceanic and coastal Brazilian waters from 1819
to 1997 was presented in detail by Brandini et al. (1997). The most relevant features
are summarized below, appended with more recent information from the last
20 years (1997-2017).

4.1.1 The Early Years

Plankton studies covering Brazilian waters started in the nineteenth century, when
international expeditions crossed Brazilian waters and provided taxonomic records,
albeit usually with no ecological context: the Challenger expedition (1872-1876),
which covered all oceans (except the Arctic) for 3 years; the Plankton Expedition
(1889), which collected samples off north and northeastern Brazil; the oceano-
graphic expeditions of the German ship Meteor in the South Atlantic (1925-1927),
which included several transects throughout the equatorial and South Atlantic
(Fig. 1). These expeditions yielded many publications on the plankton off Brazil
(see Brandini et al. 1997 for details).

At the beginning of the twentieth century, the first taxonomic studies on coastal
diatoms by local researchers (e.g., Zimmermann 1918, to cite only the last of eight
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papers published by this author), as well as diatoms, dinoflagellates, and tintinnids
collected off the southern coast (Cunha and Fonseca 1918), and on the first record
of a harmful algal bloom from Brazil, causing mass fish mortalities in Guanabara
Bay (Faria 1914), were published. Faria and Cunha (1917) and Faria et al. (1922)
produced the earliest coastal surveys on the microzooplankton and protozoa of the
Guanabara Bay and surrounding areas and, later, Paiva Carvalho (1945) on cope-
pods from Santos Bay (state of Sdo Paulo) and the coast of Parana.

4.1.2 Post-World War II (1945-1960)

After World War II, general interest in the oceans in general, and in the plankton in
particular, intensified. Between 1945 and 1960, several pioneering studies on the
taxonomy of planktonic organisms from several regions of the Brazilian coast were
conducted. The first publications in this period (Oliveira 1946, 1947) studied the
composition of both phyto- and zooplankton from the Bays of Sepetiba, Ilha Grande,
and Guanabara (State of Rio de Janeiro). The coastal region of the State of Sao
Paulo received the greatest attention after the creation of the Instituto Paulista de
Oceanografia. Among these pioneering investigations were those on diatoms, dino-
flagellates, and copepods from Cananeia and other coastal regions. Miiller-Melchers
(1953, 1957) studied the diatoms off the coasts of Sdo Paulo and Rio Grande do Sul,
the Sao Pedro and Sao Paulo archipelago, and even from the mouth of the Amazon
River, based on samples collected during the cruise of the ship Toko Maru. Teixeira
and Kutner (1961) contributed data on the diatoms of the Cananeia lagoon system.
Paiva Carvalho (1945, 1952) surveyed the zooplankton off the coast of Sdo Paulo,
providing the first quantitative estimates.

During this postwar period, the first Brazilian oceanographic cruises were con-
ducted by Navy ships. The first samples of zooplankton from the central region of
the Brazilian coast (near the city of Vitéria, Espirito Santo State) were collected by
the hydrographic ship Rio Branco and analyzed by Vannucci (1949). In the same
region, between Vitéria and Trindade Island, in the tropical waters of the Brazil
Current, cruises of the NOc Almirante Saldanha and the destroyer escort Baependi
and the fishing vessel Vega were carried out. The results of these expeditions were
numerous qualitative and quantitative analyses of the zooplankton, including hydro-
medusae (Vannucci 1951a), heteropod mollusks (Vannucci 1951b), tornarian larvae
(Bjornberg 1954), Chaetognatha (Vannucci and Hosoe 1952), and Appendicularia
(Bjornberg and Forneris 1955). The four oceanographic expeditions conducted by
the NOc Almirante Saldanha during this postwar period marked the start of a
remarkable growth of Brazilian oceanography in the coming decades.
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4.1.3 Years 1960-2017

The second half of the twentieth century was probably the period of greatest impe-
tus in the search for knowledge of the Brazilian sea and its biological components,
particularly of the plankton system. Several factors are responsible for this growing
trend of oceanography in Brazil and the knowledge of planktonic communities.

4.2 Floating Platforms (Table 1)

In the second half of the twentieth century, the need for large ships for the explora-
tion and exploitation of the Brazilian sea became obvious, since the available
knowledge mostly derived from occasional international campaigns, such as those
of the Calypso. For more than 20 years (1951-1973), this oceanographic ship,
owned by Jacques-Yves Cousteau, sampled the World Ocean, including the
Brazilian coast (1961-1962), where it collected numerous plankton samples (Seguin
1965). In July 1999 and June 2000, the research vessel Thalassa of the French
Institute for the Exploration of the Sea (IFREMER, France) was leased by Bahia
Pesca (Bahia Fishing Company) to survey resources off the central coast of Brazil
under the Program REVIZEE. The transformation of the Navy sailboat and school
ship Almirante Saldanha into an oceanographic ship by Admiral Paulo Moreira,
pioneer of oceanography in Brazil, became the country’s first and main floating
platform for oceanographic research, carrying out numerous research cruises
between 1964 and 1990. In the same period (1967-2008), the University of Sao
Paulo acquired the NOc Prof. W. Besnard, which also participated in many oceano-
graphic cruises, including the Antarctic. It was recently (2012) replaced by the NOc
Alpha Crucis and the smaller NOc Alpha Delphini, the first one built in Brazil. In
2008, the NOc Cruzeiro do Sul was commissioned by the Department of
Hydrography and Navigation (DHN, Brazilian Navy), carrying out the first transat-
lantic campaign Brazil-Africa (in 2009) during which phytoplankton and zooplank-
ton were collected. These ships began to fill Brazil’s great need for floating platforms
for oceanographic research and training of students from numerous undergraduate
and postgraduate courses in marine sciences (see Table 2).

4.3 Funding for Oceanographic Research

With the growing interest in the knowledge and exploration of the Brazilian sea,
governmental initiatives stimulated development agencies to finance research of the
marine environment. In addition to the contributions of the National Research
Center of the Ministry of Science and Technology (CNPq/MCTI) and the
Foundations for Research Support of the States (FAPs), a decisive step in the evolu-
tion of oceanography in Brazil was the creation, in 1974, of the Interministerial
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Commission for Sea Resources (CIRM) and its secretariat (SeCIRM), with the
objective of elaborating the PSRM (Sectorial Plans for the Resources of the Sea)
that establish, every 4 years, research goals and renewable resource forecasts. In
2012, both the VIII PSRM and the work plan for 2012-2015 were approved putting
special emphasis on the development of human resources (Krug 2012).

At present, the IX PSRM covers the aims and actions for the 20162019 period
(www.mar.mil.br/secirm/portugues/psrm.html). In addition, private or mixed econ-
omy companies, such as Petrobras, Eletrobrds, and Vale do Rio Doce, provide
resources to comply with the requirements of the Brazilian environmental control
agency (IBAMA) in terms of environmental studies, for undertaking projects in the
marine environment (oil exploration and production offshore, location and opera-
tion of nuclear power plants, production and transportation of mining products). An
environmental and oceanographic diagnosis of the southern and southeastern
regions of Brazil was carried out under the coordination and economic support of
Petrobras (Valentin et al. 1994). These initiatives allowed the development of sev-
eral large-scale research projects and programs, many of which involve the study of
plankton in Brazilian marine waters. Among the most important are:

Project Cabo Frio This project, devised and led by the Admiral Paulo Moreira Sea
Study Institute (IEAPM), in Arraial do Cabo (RJ), was conceived and carried out by
Admiral Paulo Moreira and financed by the Funding Authority for Studies and
Projects, (FINEP/MCT). Its main purpose was to study the dynamics of the Cabo
Frio upwelling and the use of South Atlantic Central Water (SACW) for aquaculture
(Moreira da Silva 1971, 1973). Several years of plankton samplings in the area of
this upwelling resulted in many publications (e.g., Valentin 1984, 2001; Valentin
et al. 1985, 1987, 1994; Valentin and Coutinho 1990).

Program REVIZEE By ratifying the United Convention on the Law of the Sea in
1988, Brazil accepted the rights and obligations related to the exploitation, use,
conservation, and management of living resources in its exclusive economic zone
(EEZ). Managed by the Ministry of Environment, the REVIZEE Program was
active between 1995 and 2015. Throughout these 10 years, over 300 researchers
from ~60 universities and research institutions participated in this program. Over
ten oceanographic and fishing vessels were used in the oceanographic campaigns.
Many papers have been and are still being published in journals, books, and theses
based on the biological materials, including plankton, collected in these campaigns,
which covered the entire Brazilian continental shelf in the N-NE regions (Hazin
2009), the central region (Bonecker 2006; Bonecker and de Castro 2006; Tenenbaum
2006; Valentin 2006), and the S-SE regions (Franco et al. 2005; Gaeta and Brandini
2006; Katsuragawa et al. 2006; Lopes et al. 2006a, b; Rossi-Wongtschowski and
Madureira 2006).

Project PROABROLHOS The project Productivity, Sustainability, and Utilization
of the Abrolhos Bank Ecosystem was financially supported by the MCT/CNPq from
2005 to 2009 and involved around 40 researchers from 14 institutions. Oceanographic
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cruises were carried out on the vessels Prof. W. Besnard and Atlantico Sul. Its results
were published in a special issue of the journal Continental Shelf Research (Lopes
and Castro 2013).

Project DEPROAS This project, funded by CNPq and FINEP, was aimed at study-
ing the dynamics of the western South Atlantic platform ecosystem, in particular,
the impact of the South Atlantic Central Water on biological processes. Its imple-
mentation was based on cruises of the NOc Prof. W. Besnard carried out between
2001 and 2003.

Program PELD The Long-Term Ecological Research Program (PELD), funded by
CNPq, was initiated in 2000, with a recent contribution from state development
agencies (FAPs) and MEC. This ongoing program is used to allocate resources for
long-term studies of both marine and coastal ecosystems in the estuary of Patos
Lagoon and its adjacent coast, Guanabara Bay, oceanic islands, in the upwelling
area of Cabo Frio, in sand dune habitats and coastal lagoons of Northern Rio de
Janeiro, and in the Abrolhos Archipelago (Tabarelli et al. 2013).

4.4 Human Resources

The growing number of students interested in the marine sciences led to the creation
of numerous courses at the undergraduate and postgraduate levels in different teach-
ing and research institutions. The creation of undergraduate courses in oceanogra-
phy was decisive for the development of the area in Brazil. Following the first
FURG initiative in 1971, nine more oceanography courses were implemented by
the following universities: UERJ (1977), UNIVALI (1992), UNIMONTE (1998),
UFES (2000), UFPA (2000), UFBA (2004), and UFPR (2004) (see Fig. 2). At the
undergraduate level, students have a wide range of marine science programs along
the coast of Brazil, including biological oceanography, marine biology, ocean engi-
neering, marine biotechnology, and the possibility of pursuing doctoral degrees in
marine plankton in postgraduate programs in zoology, botany, genetics, and ecology
at most universities (Table 2).

4.5 International Programs

The engagement of Brazil in international projects grew significantly starting
around 1985 and is currently very intense and fostered by UNESCO’s
Intergovernmental Oceanographic Commission (I0OC), whose mission is to encour-
age marine scientific research. With the decree of January 5, 1994, the MCT was
given the function of promoting and coordinating the country’s participation in IOC
activities related to ocean sciences (Fernandes and Oliveira 2012). New paradigms
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on the role of planktonic communities in marine ecosystems have emerged in the
past 20 years with the implementation of several international research programs,
such as JGOFS (Joint Global Ocean Flux Study), an international and multidisci-
plinary program aimed at understanding the role of the oceans in global carbon and
nutrient cycles, and GLOBEC, a study of Global Ocean Ecosystem Dynamics initi-
ated in 1990 by the Scientific Committee on Oceanic Research (SCOR) and
UNESCO’s I0C.

Due to these favorable factors, the development of marine sciences in Brazil and
the country’s scientific output, in particular in the area of plankton, have grown both
quantitatively and qualitatively over the last decades (Fig. 3). The improvement of
sampling methods and laboratory processing also allowed a considerable advance
in qualitative and quantitative studies of the various planktonic compartments.
Hitherto, studies on the abundance and biomass of protozooplankton and small
metazooplankton are rare or even inexistent in Brazil, depending on the region con-
sidered (Lopes 2007). Only in the last decade of the twentieth century, publications
on both pico- and nanoplankton have increased in several regions of the Brazilian
coast (Teixeira and Gaeta 1991), along the southern coast (Odebrecht and Abreu
1995), in Sao Paulo (Mesquita and Fernandes 1996), in the waters of Guanabara
Bay (Gomes et al. 2007; Santos et al. 2007), and the Abrolhos archipelago (Susini-
Ribeiro 1999).

5 Khnowledge of the Plankton of the South Atlantic

Assessing the degree of knowledge of the plankton of any given geographic area is
complicated by the fact that the notion of “knowledge” should ideally encompass
not only taxonomic and distributional traits (see reviews in Boltovskoy 1979, 1981;
Brandini et al. 1997; Boltovskoy 1999a, b; Boltovskoy et al. 2003, 2005; Miloslavich
et al. 2011) but also aspects of the physiology, seasonality, trophic interactions,
genetics, population and community dynamics, reproduction, etc. (e.g., Seeliger
et al. 1997; Seeliger and Kjerfve 2001). While estimating the sampling coverage
and numbers of publications on the taxonomy and distribution of various planktonic
groups is in principle feasible (although a major task in itself), assessing the other
abovementioned aspects is much more complicated. Indeed, a given species may
have never been studied in the South Atlantic, but it might have been the subject of
numerous detailed surveys elsewhere, and therefore it is reasonable to assume that
at least some of the traits of its South Atlantic populations are not unknown. Thus,
the following comments are chiefly centered on our perceived degree of complete-
ness of the inventories and, to a much lesser extent, the distribution patterns of the
most important planktonic groups in coastal and offshore waters of the South
Atlantic.

Table 3 and Fig. 4 show the approximate numbers of described marine plank-
tonic species and the percentages thereof that have been recorded in the South
Atlantic. It should be borne in mind that these figures are approximate, and that they
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Table 3 Approximate numbers of described marine planktonic species in the World Ocean and
those recorded in the South Atlantic (0°-60°S, from the coasts of South America to the coasts of
Africa). All data refer to morphospecies (rather than genetically distinct species). Excluded are a
few planktonic groups (most heterotrophic flagellates, Rotifera, planktonic Nudibranchia,
Cumacea), as well as the larval stages of benthic invertebrates (Porifera, Mollusca, Annelida,
Crustacea, Phoronida, Bryozoa, Echinodermata, etc.). Data for the phytoplankton are from Sournia
et al. (1991) and for zooplankton from Boltovskoy et al. (2003). ND, no data

No. of species in | No. of species recorded | Degree of knowledge in

the World Ocean | in the South Atlantic the South Atlantic
Coccolithophorida 6507 70? Poor
Bacyllariophyta 1600 ND Fair
Dinoflagellata 1600 ND Good
Foraminifera 49 39 Good
Acantharia 150 114 Very poor
Radiolaria 350 160 Poor
Polycystina
Radiolaria Phaeodaria | 350 158 Very poor
Ciliophora (naked 150 58 Very poor
ciliates)
Tintinnina 300 151 Fair
Hydromedusae 650 185 Fair
Siphonophorae 190 98 Fair
Scyphozoa 150 38 Poor
Ctenophora 90 20 Poor
Nemertina 97 11 Very poor
Polychaeta 120 61 Fair
Heteropoda 35 26 Fair
Pteropoda 160 91 Fair
Cephalopoda 370 103 Poor
Cladocera 8 8 Fair
Ostracoda 170 120 Good
Copepoda 2000 505 Poor
Mysidacea 700 96 Poor
Amphipoda 400 188 Poor
Euphausiacea 86 61 Fair
Chaetognatha 80 37 Fair
Appendicularia 64 43 Good
Pyrosomatida 8 6 Fair
Doliolida 17 11 Fair
Salpida 45 29 Good
Total 9989 2417

refer to traditionally defined and described morphospecies only, and therefore may
underestimate real values significantly (Mora et al. 2011; Appeltans et al. 2012).
Further, they do not include the cryptic species distinguishable by means of molecu-
lar tools only, which have been shown to increase the inventories of some taxa
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Fig. 4 Approximate numbers of described marine zooplanktonic species in the World Ocean and
percentages of the totals recorded in the South Atlantic (0°-60°S, from the coasts of South America
to the coasts of Africa). Each data point represents one higher-level taxon (see Table 3 for details)

several-fold (Ishitani et al. 2014; Kulagin et al. 2014; de Vargas et al. 2015;
Santoferrara et al. 2015; Morard et al. 2016).

With these limitations in mind, some general trends can be derived from these
data (Boltovskoy et al. 2003):

1. Some planktonic taxa are entirely or almost entirely unknown in this area;
for most of them there are practically no specialists in South America.
Examples are Coccolithophorida, Acantharia, Phacodarea, Pseudothecosomata,
Gymnosomata, Mysidacea, and Hyperiidea.

2. There is very limited knowledge on several groups, such as Polycystina and
Doliolida.

3. Siphonophorae, Hydromedusae, Scyphomedusae, Ctenophora, Polychaeta,
Ostracoda, Euphausiacea, Chaetognatha, Salpidae, and Appendicularia have
been somewhat better but insufficiently studied.

4. A few taxa have been moderately well investigated over the last decades, in par-
ticular the Diatomaceae, Dinoflagellata, Foraminifera, and Tintinnina. Their
general distribution patterns are fairly well known in coastal and shelf waters but
much less so in the open oceanic realm.

As noticed above, the record of a given species in the area does not imply much
more than simply the fact that it is present in the South Atlantic. It adds little to its
known worldwide distribution range and even less to its potential importance for the
dynamics of the ecosystems concerned. Nevertheless, as far as inventorial surveys
are concerned, these figures clearly show that different taxa involve different degrees
of effort for a reasonable coverage. Some groups comprise a few, easily recogniz-
able species, while others are composed of several thousand different organisms. A
few extensive investigations would suffice to provide a general knowledge on the
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distribution of the Heteropoda (about 35 species in all), while the Copepoda, with
>2000 living species, would need an effort many times greater to accomplish the
same end. This unbalance is clearly illustrated in Fig. 4, which shows that more spe-
cious groups globally (e.g., Copepoda) are underrepresented in the South Atlantic
when compared with the less diversified ones (e.g., Cladocera).

Also in geographic terms, the coverage of the Southwestern Atlantic plankton
has been extremely uneven. Southern Ocean waters have been the object of inten-
sive multinational investigations for many years. Both plant and animal plankton
have been repeatedly sampled by American, Danish, Russian, Belgian, German, and
Argentine expeditions. The limited number of species present in these waters has
also contributed to the fact that the Antarctic is by far the best known area in the
Southwestern Atlantic. The coastal and shelf waters along eastern South America
have been repeatedly sampled by Argentine and Brazilian ships and are second to
Antarctica in degree of coverage, with the exception of the equatorial and tropical
Brazilian waters, where research efforts have been comparatively scarce, which
accounts for the locally meager specific inventories for a region that most probably
hosts very high diversity values.

The Central Atlantic is an almost virgin area from the point of view of its plank-
ton. Very few large expeditions collected plankton there (an exception was the
German Meteor program, some Soviet Union expeditions from the 1960s to 1980s,
and a few US, German, and UK cruises that studied materials collected by ships on
their way to and from the Southern Ocean) (e.g., Deevey 1974; Greze 1984; Aiken
et al. 2000; Gibb et al. 2000; Wood-Walker et al. 2001). Local cruises (Argentinian,
Brazilian, and South African) hardly ever sailed so far from their coasts. Further, the
South Atlantic Central Gyre is an oligotrophic area, which therefore does not appeal
to sampling programs seeking productive, exploitable waters.

Most of the publications dealing with South Atlantic plankton covered the sys-
tematics and qualitative distribution of the organisms. Very few provided quantita-
tive data or aimed at the investigation of more complex problems than relationships
between species composition, temperature, and salinity. There is virtually no infor-
mation on the bathymetric distribution of the plankters, as most samples have been
collected from the surface layer or with vertical tows without closing devices. Long-
term, seasonal, and especially multiannual monitoring programs have hardly even
been undertaken, which very significantly curtails our understanding of seasonal
and decadal changes.

6 Trends, Contrasts, and Concluding Remarks

In the Southwestern Atlantic, biological oceanography in general and plankton
studies in particular have transited a long and bumpy road. In the two centuries
elapsed since the first modest and isolated attempts of the early 1800s at discovering
and describing the marine biota off the Atlantic coasts of this subcontinent, the
complexity of the issues tackled has grown substantially, generally following the
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international trend, but when compared with many other oceanic areas, in particular
those around Europe, Japan, and North America, the results have been relatively
meager.

Several circumstances have conspired against the advancement of scientific
knowledge, including regional political instabilities, the excess of ambitious drafts
and plans with no or little subsequent implementation due to lack of funding, fol-
low-up actions and/or expertise, inadequate assignment of resources, the scarcity of
coordinated efforts at maximizing resources, sampling platforms and expensive
equipment, and limited interaction (Ogden et al. 2004; Boltovskoy 2015; Perillo
2015). Political problems have caused major brain drains, especially in Argentina in
the 1960s and 1970s, and although a large proportion of these displaced experts
moved to other South American countries (Brazil, Venezuela), and several eventu-
ally returned to Argentina, many bright scholars ended up settling in elsewhere
(Scelzo et al. 2017). Although massive expatriations decreased after political unrest
stabilized in the 1980s, local opportunities at pursuing an academic career were and
still are marginal when compared with those offered by many of the leading coun-
tries in scientific output. Thus, a significant proportion of the brightest young spe-
cialists that undertake postdoctoral training programs in these countries end up
settling there (Ciocca and Delgado 2017). In contrast to Argentina, Brazil has been
more immune to this brain drain, and even during the harshest periods of military
dictatorships, the exodus of scientists has been low. The majority of foreign-trained
specialists did and presently do return to Brazil, and their input is largely responsi-
ble for the growth of local expertise and scientific output in the last decades (Fig. 3).

Support for science, in terms of personnel employed, salaries, and research
grants, has been uneven and generally low. With the only exception of Costa Rica,
in Latin America, Argentina, Brazil, and Uruguay (in that order) have the highest
relative numbers of researchers (as a function of their populations) yet ~4-5 times
lower than, for example, the USA and Japan (Ciocca and Delgado 2017). In
Argentina, Brazil, and Uruguay, a major hindrance are research grants, which in the
best cases are enough to support the day-to-day costs of routine lab and field work,
reagents, and some travel, but are rarely sufficient for acquiring, and often even
repairing, major scientific equipment. On average, research grants in Argentina are
~10 times lower than those in the USA (Boltovskoy 2015). This situation is aggra-
vated by the fact that most of the supplies and equipment are not produced locally,
involving complicated and slow bureaucratic procedures for their acquisition and
very substantially increased costs from taxation and the intervention of local dis-
tributors (Boltovskoy 2015; Ciocca and Delgado 2017).

The language barrier has also impacted significantly the visibility of scientific
work produced in Latin America. Few of the South American journals meet the
standards required for inclusion in recognized, international databases, and those
that do have low citation rates, especially for articles in Spanish or Portuguese. For
example, in the SCOPUS-indexed Argentine ecology journal Ecologia Austral, the
citation rate of articles in Spanish (4.3) is significantly lower than that for articles in
English (6.2) (Boltovskoy 2015).
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Figure 3 shows the scientific output of Argentina, Brazil, Uruguay, and, for com-
parative purposes, the USA (the most prolific worldwide), for the period 1996—
2015 in the area of biological aquatic sciences (including marine and freshwater).
Clearly, all three Latin American countries lag far behind the USA, which accounts
for around 24% of the overall world production in the area of aquatic sciences for
this period. However, the growth has been quite uneven. The USA, with the highest
initial (1996) values, shows the lowest increase (the mean for 2011-2015 in only
1.25 times higher than that for 1996-2000). Brazil has the highest increase (6), fol-
lowed closely by Uruguay (4.6), whereas Argentina has a comparative lower figure
(2.8). Accounting for the corresponding population growths does not change these
figures significantly. Again, the lowest figure is that of the USA (1.2, for increase in
publications between 2011 and 2015 with respect to 19962000, divided by the
increase in population growth for the same time offsets), followed by Argentina
(2.4), Brazil (4.1), and Uruguay (4.4).

These figures suggest several interesting trends: (1) In the last 20 years, the USA,
with a scientific output ~15-300 times higher than those of the South American
countries compared, has maintained its leading role, but the gaps dropped by
30-50%. (2) In Latin America, the production of Brazil has grown more vigorously
than those of Argentina and Uruguay, both in absolute terms and when compared
with the population growth of each country. (3) In all cases, scientific production
parallels closely the gross domestic product of each country (Fig. 3). Interestingly,
the strong growth of Brazilian publications, starting around 2005, is preceded by a
very noticeably economic growth. (4) For the 1996-2015 time offset, scientific pro-
duction per capita has been greatest for the USA, followed by Uruguay, Argentina,
and Brazil (in that order) (Fig. 5). (5) Between 1996 and 2015, the joint production
of Argentina, Brazil, and Uruguay grew from ~6% of that of the USA to ~24%. (6)
The international visibility of the local scientific production, as indicated by the
numbers of citations per document, remained stable and closely comparable with
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the world average. However, when compared with the USA (as well as other leading
countries), between 1996 and 2015, it increased by ~20%.

Summarizing, despite limited financial support, often low-quality installations
and deficient equipment, comparatively low salaries, and a turbulent political his-
tory usually with strong repercussions in academic media, the international standard
of the scientific production of Argentina, Brazil, and Uruguay has improved over the
last two decades. In quantitative terms, Brazil took off vigorously after around 2005,
while the growth in Argentina and Uruguay has been slower (Fig. 3). This improve-
ment has occurred roughly in parallel with overall population increase, and espe-
cially with economic growth, but the share of the articles by these three countries of
the literature produced by those that historically have accounted for >50-60% of
overall total (the USA, the UK, Japan, Canada, France, Germany, Australia, China)
grew from ~3% in 1996 to 10% in 2015.

Progress has therefore been made, but the pace has been slow. The availability of
satellite data and international databases has fostered many important local studies,
but these sources of information cannot replace in situ sampling programs, which
are scarce, poorly coordinated, and usually limited both in scope and geographi-
cally. Much of the cruise-based information collected so far has been ancillary to
other activities (in particular, support to Antarctic stations), which has seriously
compromised the scientific goals sought. With the increase in public awareness of
ecological issues closely associated with sustainable human development, including
global warming, species invasions, overexploitation of living resources, and marine
pollution, interest in biological oceanography has grown both globally and locally.
Hopefully, these threats will change our attitude toward the ocean around us and
further foster research activity in South America.

References

Aiken J, Rees N, Hooker S et al (2000) The Atlantic meridional transect: overview and synthesis
of data. Prog Oceanogr 45:257-312

Angelescu V, Sanchez RP (1995) A century of oceanographic and fisheries exploration on the
continental shelf off Argentina. Helgoldnder Meeresun 49:467—487

Angelescu V, Sanchez RP (1997) Exploraciones oceanogrificas y pesqueras en el Mar Argentino y
la regién adyacente del Atlantico Sudoccidental (afios 1874—1993). In: Boschi EE (ed) El Mar
Argentino y sus recursos pesqueros, INIDEP, Mar del Plata (Argentina), p 11-64

Appeltans W, Ahyong ST, Anderson G et al (2012) The magnitude of global marine species diver-
sity. Curr Biol 22:2189-2202

Balech E (1971) Notas historicas y criticas de la oceanografia biologica argentina. Publicacion del
Servicio de Hidrografia Naval (Argentina), H1027:1-57

Balech E (1976) Historia de la biologia marina en la Argentina. In: Alvarez JA (ed) Evolucién
de las ciencias en la Republica Argentina 1923—-1972. Sociedad Cientifica Argentina, Buenos
Aires, pp 84-94

Bjornberg TKS (1954) Nota prévia sobre a ocorréncia de tornarias na costa sul do Brasil. Arq Mus
Par 10:345-348

Bjornberg TKS, Forneris L (1955) Resultados cientificos do cruzeiro do “Baependi” e do “Vega” a
Ilha da Trindade. Copelata I. Contribui¢ao avulsa do Instituto Oceanografico 1:1-68



Overview of the History of Biological Oceanography in the Southwestern Atlantic... 31

Boltovskoy D (1979) Zooplankton of the South—Western Atlantic. S Afr J Sci 75:541-544

Boltovskoy D (ed) (1981) Atlas del zooplancton del Atlantico Sudoccidental y métodos de tra-
bajo con el zooplancton marino. Instituto Nacional de Investigacion y Desarrollo Pesquero
(INIDEP), Mar del Plata (Argentina)

Boltovskoy D (1999a) Diversidad y biogeografia del zooplancton del Atlantico Sur. Anales de la
Academia Nacional de Ciencias Exactas. Fisicas y Naturales (Argentina) 51:111-136

Boltovskoy D (ed) (1999b) South Atlantic zooplankton. Backhuys Publishers, Leiden, pp 1-1705

Boltovskoy D (ed) (2008) Atlas de sensibilidad ambiental de la costa y el Mar Argentino. Secretaria
de Ambiente y Desarrollo Sustentable, Buenos Aires

Boltovskoy D (2015) Capitulo 3. Biologia de sistemas. In: Depetris P, Rossi R, Tirao J, Charreau
E, Cignoli R, Mariscotti M, Vallés E (eds) Estado y perspectivas de las ciencias exactas, fisicas
y naturales en la Argentina. Academia Nacional de Ciencias (Cérdoba) & Academia Nacional
de Ciencias Exactas, Fisicas y Naturales, Buenos Aires

Boltovskoy D, Correa N, Boltovskoy A (2003) Marine zooplanktonic diversity: a view from the
South Atlantic. Oceanol Acta 25:271-278

Boltovskoy D, Correa N, Boltovskoy A (2005) Diversity and endemism in cold waters of the South
Atlantic: contrasting patterns in the plankton and the benthos. Sci Mar 69:17-26

Bonecker ACT (ed) (2006) Atlas de zooplancton da regiao central da Zona Econdmica Exclusiva
brasileira. Museu Nacional, Rio de Janeiro

Bonecker ACT, de Castro MS (eds) (2006) Atlas de larvas de peixes da regido central da Zona
Econ6mica Exclusiva brasileira. Museu Nacional, Rio de Janeiro

Brandini FP, Lopes RM, Gutseit KS, Spach HL, Sassi R (1997) Planctonologia na plataforma con-
tinental do Brasil: Diagnose e revisao bibliografica. MMA—-CIRM-FEMAR (Brazil)

Budiansky S (1984) Army pall over Argentine science. Nature 311:201-204

Calliari D, Defeo O, Cervetto G et al (2003) Marine life of Uruguay: critical update and priorities
for future research. Gayana 67:341-370

Carreto JI, Montoya NG, Carignan MO et al (2016) Environmental and biological factors control-
ling the spring phytoplankton bloom at the Patagonian shelf-break front — degraded fucoxan-
thin pigments and the importance of microzooplankton grazing. Prog Oceanogr 146:1-21

Castro BM, Miranda LB (1998) Physical oceanography of the western Atlantic continental shelf
located between 4°N and 34°S. In: Robinson R, Brink KH (eds) The sea. Wiley, pp 209-251

Ciocca DR, Delgado G (2017) The reality of scientific research in Latin America; an insider’s
perspective. Cell Stress Chaperones 6:1-6

Cunha AM, Fonseca O (1918) O microplancton das costas meridionais do Brasil. Mem Inst O
Cruz 10:99-103

de Vargas C, Audic S, Henry N et al (2015) Eukaryotic plankton diversity in the sunlit ocean.
Science 348:1-11

Deevey GB (1974) Pelagic ostracods collected on Hudson 70 between the equator and 55°S in the
Atlantic. Proc Biol Soc Wash 87:351-380

Ehrlich MD, Séanchez RP (1990) Lights and shadows in biological oceanography research in
Argentina. A historical review. In: Lenz W, Deacon M (eds) Ocean sciences: their history
and relation to man, Deutsche Hydrographische Zeitschrift. Bundesamt fiir Seeschiffahrt und
Hydrographie, Hamburg, pp 481498

Faria JG (1914) Um ensaio sobre o plancton, seguido de observagdes sobre a ocorréncia de planc-
ton monotono, causando mortandade entre peixes na Bafa do Rio de Janeiro. Dissertagdo de
Livre Docéncia, Universidade do Brasil

Faria JG, Cunha AM (1917) Estudos sobre o microplancton da Baia do Rio de Janeiro e suas ime-
diagdes. Mem Inst O Cruz 9:68-93

Faria JG, Cunha AM, Pinto C (1922) Estudos sobre os protozodrios do mar. Mem Inst O Cruz
15:186-200

Fernandes LPC, Oliveira LL (eds) (2012) O Brasil ¢ o mar no século XXI: Relatério aos toma-
dores de decisdao do Pais. CEMBRA (Centro de Exceléncia para o Mar Brasileiro, Base de
Hidrografia da Marinha), Niteroi



32 D. Boltovskoy and J. L. Valentin

Franco BC, Muelbert JH, Mata MM (2005) O ictioplancton da quebra de plataforma da Regido
Sudeste—Sul do Brasil e sua relacdo com as condicdes ambientais. Ministério do Meio
Ambiente (Brazil)

Gaeta SA, Brandini FP (2006) Producdo primdria e fitoplancton na regido entre o Cabo de Sdo
Tomé (RJ) e o Chui (RS). In: Rossi—Wongtschowski CLDB, Madureira LSP (eds) O ambiente
oceanografico da plataforma continental e do talude na regido sudeste—sul do Brasil. EDUSP,
Sédo Paulo, pp 219-265

Gibb SW, Barlow RG, Cummings DG et al (2000) Surface phytoplankton pigment distributions
in the Atlantic Ocean:an assessment of basin scale variability between 50° N and 50° S. Prog
Oceanogr 45:339-368

Gomes EAT, Santos VS, Tenenbaum DR, Villac MC (2007) Protozooplankton characterization of
two contrasting sites in a tropical coastal ecosystem (Guanabara Bay, RJ). Braz J Oceanogr.
https://doi.org/10.1590/S1679-87592007000100004

Greze VN (ed) (1984) Bio—produktzionnaya sistema krupnomashtabnogo okeanicheskogo kru-
govorota [Bio—productive system of a large scale oceanic gyre]. Naukova Dumka, Kiev
(USSR), pp 1-263 In Russian

Hazin FHV (2009) Biomassa fitoplantdnica, zooplanctonica, macro—zooplancton, Avaliagio espa-
cial e temporal do iclioplancton, estrutura da comunidade de larvas e de peixes e distribui¢do
e abundancia do ictioneuston. Programa Revizee — Score NE. Martins & Cordeiro, Fortaleza

Ishitani Y, Ujiié Y, Takishita K (2014) Uncovering sibling species in Radiolaria: evidence for eco-
logical partitioning in a marine planktonic protist. Mol Phylogenet Evol 78:215-222

Katsuragawa M, Muelbert JH, Dias JF (2006) O ictioplancton na Regido entre o Cabo de Sao
Tomé (RJ) e o Chui (RS). In: Rossi—-Wongtschowski CLDB, Madureira LSP (eds) O ambiente
oceanogrifico da plataforma continental e do talude na regido sudeste—sul do Brasil. EDUSP,
Sao Paulo, pp 359-446

Krug LC (ed) (2012) VIII Plano Setorial para os Recursos do Mar —-PSRM. Formacao de Recursos
Humanos em Ciéncias do Mar: Estado da arte e Plano Nacional de Trabalho 2012-2015.
Editora Textos, Pelotas

Kulagin DN, Stupnikova AN, al NTV (2014) Spatial genetic heterogeneity of the cosmopolitan
chaetognath Eukrohnia hamata (Mdbius, 1875) revealed by mitochondrial DNA. Hydrobiologia
721:197-207

Lalli CM, Parsons TR (2007) Biological oceanography: an introduction. Elsevier Butterworth—
Heinemann, Amsterdam

Lopes RM (2007) Marine zooplankton studies in Brazil — a brief evaluation and perspectives. An
Acad Bras Cienc. https://doi.org/10.1590/S0001-37652007000300002

Lopes RM, Castro BM (2013) Oceanography, ecology and management of Abrolhos Bank. Cont
Shelf Res 70:1-2

Lopes RM, Katsuragawa M, Dias JF et al (2006a) Zooplankton and ichthyoplankton distribution
on the southern Brazilian shelf: an overview. Sci Mar 70:189-202

Lopes RM, Monti MA, Gorri C et al (2006b) O zooplancton marinho entre o Cabo de Sao Tomé
(RJ) e o Chui (RS). In: Rossi—-Wongtschowski CLDB, Madureira LSP (eds) O ambiente ocean-
ogréfico da plataforma continental e do talude na regido sudeste—sul do Brasil. EDUSP, Sao
Paulo, pp 265-358

Lépez R (1976) La biologia marina. In: Alvarez JA (ed) Evolucién de las ciencias en la Reptiblica
Argentina 1923-1972. Sociedad Cientifica Argentina, Buenos Aires

Lépez Ambrosioni N (1976) La oceanografia en la Argentina. In: Alvarez JA (ed) Evolucion de las
ciencias en la Republica Argentina 1923-1972. Sociedad Cientifica Argentina, Buenos Aires

Mesquita HSL, Fernandes AJ (1996) Variagdo de curta escala temporal de bactérias, picofitoplanc-
ton e nanoheterétrofos na regido de Ubatuba —SP, Brasil. Rev Bras Oceanogr 44:47-56

Miloslavich P, Klein E, Diaz JM et al (2011) Marine biodiversity in the Atlantic and Pacific coasts
of South America: knowledge and gaps. PLoS One 6:¢14631


https://doi.org/10.1590/S1679-87592007000100004
https://doi.org/10.1590/S0001–37652007000300002

Overview of the History of Biological Oceanography in the Southwestern Atlantic... 33

Ministério de Meio Ambiente (Brazil) (2006) Programa REVIZEE: avaliagao do potencial sus-
tentdvel de recursos vivos na zona econdomica exclusiva. Relatério executivo. In: Ministério de
Meio Ambiente. Secretaria da Qualidade Ambiental, Brasilia

Mora C, Tittensor DP, Adl S (2011) How many species are there on earth and in the ocean? PLoS
Biol 9:e1001127

Morard R, Escarguel G, Weiner AKM et al (2016) Nomenclature for the nameless: a proposal for
an integrative molecular taxonomy of cryptic diversity exemplified by planktonic foraminifera.
Syst Biol 65:925-940

Moreira da Silva PC (1971) Upwelling and its biological effects in southern Brazil. In: Costlow JD
(ed) Fertility of the sea. Gordon & Breach, New York, pp 469-474

Moreira da Silva PC (1973) A ressurgencia em Cabo Frio, vol 78. Publicacao do Instituto de
Pesquisa da Marinha, Rio de Janeiro, pp 1-56

Miiller—-Melchers FC (1953) New and little known diatoms from Uruguay and the South Atlantic
coast. Comunicaciones Botanicas del Museo de Historia Natural de Montevideo, 30:1-11

Miiller—-Melchers FC (1957) Plankton diatoms of the Toko—Maru voyage (Brazil coast). Bol Inst
Oceanogr 8:111-136

Odebrecht C, Abreu PC (1995) Raphidophycean in southern Brazil. Harm Alg News 12:4

Ogden JC, Podestd G, Zingone A et al (2004) Las ciencias del mar en la Argentina. Ciencia Hoy
13:211-228

Oliveira LPH (1946) Estudos sobre o microplancton capturado durante a viagem do navio ocean-
ografico Lahmeyer nas bafas de Ilha Grande e Sepetiba. Mem Inst Oswaldo Cruz 44:441-488

Oliveira LPH (1947) Distribui¢cdo geografica da fauna e flora da Bafa de Guanabara. Mem Inst
Oswaldo Cruz 45:709-734

Paiva Carvalho J (1945) Copépodos de Caiobd e Baia de Guaratuba. Arq Mus Par 4:83-116

Paiva Carvalho J (1952) Sobre uma colecao de copepodos, ndo parasiticos, da Bafa de Santos e
suas adjacéncias. Bol Inst Ocean 8:111-136

Penchaszadeh PE (ed) (2012) El Museo Argentino de Ciencias Naturales. Doscientos aflos. Museo
Argentino de Ciencias Naturales, Buenos Aires (Argentina)

Perillo GME (2015) Capitulo 8. Oceanografia. In: Depetris P, Rossi R, Tirao J, Charreau E, Cignoli
R, Mariscotti M, Vallés E (eds) Estado y perspectivas de las ciencias exactas, fisicas y naturales
en la Argentina. Academia Nacional de Ciencias (Cérdoba) & Academia Nacional de Ciencias
Exactas, Fisicas y Naturales, Buenos Aires, pp 307-348

Ringuelet RA (1984) Breve resefia historica de la ictiologia argentina y uruguaya. In: Menni RC,
Ringuelet RA, Aramburu RH (eds) Peces marinos de la Argentina y Uruguay. Hemisferio Sur,
Buenos Aires, pp 3-8

Rossi—-Wongtschowski CLDB, Madureira LSP (eds) (2006) O ambiente oceanografico da plata-
forma continental e do talude na regido sudeste—sul do Brasil. Editora da Universidade de Sao
Paulo, Sdo Paulo

Sdnchez RP (1991) Resefia de las investigaciones sobre ictioplancton marino en Argentina y
Uruguay. Atlantica 13:215-231

Santoferrara L, Alder V (2009) Abundance trends and ecology of planktonic ciliates of the
South—Western Atlantic (35-63 S): a comparison between neritic and oceanic environments.
J Plankton Res 31:837-851

Santoferrara LF, Tian M, Alder VA et al (2015) Discrimination of closely related species in tintin-
nid ciliates: new insights on crypticity and polymorphism in the genus Helicostomella. Protist
166:78-92

Santos VS, Villac MC, Tenenbaum DR et al (2007) Auto— and heterotrophic nanoplankton and
filamentous bacteria of Guanabara Bay (RJ, Brazil): estimates of cell/filament numbers versus
carbon contents. Braz J Oceanogr 55:133-143

Scelzo MA, Penchaszadeh PE, Castello JP (2017) EI Instituto de Biologia Marina de Mar del
Plata, Argentina (1960-1977). Aportes a su historia. ProBiota (Facultad de Ciencias Naturales
y Museo, Universidad Nacional de La Plata), La Plata (Argentina):1-52

Seeliger U, Kjerfve B (eds) (2001) Coastal marine ecosystems of Latin America. Springer, Berlin



34 D. Boltovskoy and J. L. Valentin

Seeliger U, Odebrecht C, Castello JP (eds) (1997) Subtropical convergence environments. The
coast and sea in the Southwestern Atlantic. Springer, Berlin

Seguin G (1965) Contribution a la connaissance du plancton des eaux cotiéres du Brésil (copépo-
des et amphipodes exceptés) et comparaison avec celui du Sénégal (Campagne de la Calypso,
jan—fev 1961). Pelagos (Bulletin de I’Institut Océanographique, Alger) 2:5-44

Servicio de Hidrografia Naval (1976) La Oceanografia en la Republica Argentina (1952—1975).
Armada Argentina. Servicio de Hidrografia Naval, Buenos Aires, pp 5-395

Sournia A, MJ C-D, Ricard M (1991) Marine phytoplankton: how many species in the world
ocean? J Plankton Res 13:1093-1099

Susini—Ribeiro SMM (1999) Biomass distribution of pico—, nano— and microplankton on the con-
tinental shelf of Abrolhos, East Brazil. ArchFish and MarRes 47:271-284

Tabarelli M, Rocha CFD, Romanowski HP et al (eds) (2013) PELD—-CNPq, Dez anos do Programa
de pesquisas ecoldgicas de longa duragdo do Brasil: achados, licdes e perspectivas. Editora
Universitdria da Universidade Federal de Pernambuco, Recife

Teixeira C, Gaeta S (1991) Contribution of picoplankton to primary production in estuarine,
coastal and equatorial waters of Brazil. Hydrobiologia 209:117-122

Teixeira C, Kutner MB (1961) Contribuigdo para conhecimento das diatomdceas da regido de
Cananeia. Bol Inst Ocean 3:131-187

Tenenbaum DR (2006) Os Dinoflagelados e os Tintinideos da regiao central da Zona Econdmica
Exclusiva brasileira: guia de identificacdo. Museu Nacional:1-36

Valentin JL (1984) Spatial structure of the zooplankton community in the Cabo Frio region (Brazil)
influenced by coastal upwelling. Hydrobiologia 113:183-191

Valentin JL (2001) The Cabo Frio upwelling system, Brazil. In: Seeliger U, Kjerfve BJN (eds)
Ecological studies: coastal marine ecosystems of Latin America. Springer, Berlin, pp 97-105

Valentin JL (ed) (2006) Caracteristicas hidrobiolégicas da regiao central da Zona Econdmica
Exclusiva brasileira (Salvador, BA, ao Cabo Sao Tomé, RJ). IDEAL Grifica e Editora, Brasilia

Valentin JL, Coutinho R (1990) Modelling maximum chlorophyll in the Cabo Frio (Brazil) upwell-
ing: a preliminary approach. Ecol Model 52:1-11

Valentin JL, Lins DA, Silva NM et al (1985) Les diatomées dans 1'upwelling de Cabo Frio (Brésil):
liste d’especes et étude écologique. J Plankton Res 7:313-337

Valentin JL, WM M-R, Mureb MA (1987) Sur quelques zooplanctontes abondants dans 1'upwelling
de Cabo Frio (Brésil). J Plankton Res 9:1195-1216

Valentin JL, Gaeta HL, Spach MA et al (1994) Oceanografia biol6gica — Plancton. Diagnostico
ambiental ocednico e costeiro das regides sul e sudeste do Brasil., Rio de Janeiro.
PETROBRAS. Rio de Janeiro

Vannucci M (1949) Hydrozoa do Brasil. Boletim Zoologico da Universidade de Sao Paulo
99:219-265

Vannucci M (1951a) Distribui¢ao dos Hydrozoa até agora conhecidos nas costas do Brasil. Bol
Inst Paul Ocean 2:105-124

Vannucci M (1951b) Resultados cientificos do cruzeiro do “Baependi” e do “Vega” a Ilha da
Trindade. O género Firoloida, Prosobranchia Heteropoda. Bol Inst Paul Ocean 3:5-30

Vannucci M, Hosoe K (1952) Resultados cientificos do cruzeiro do “Baependi” e do “Vega” a Ilha
da Trindade. Chaetognatha Bol Inst Paul Ocean 2:73-93

Wood—Walker RS, Kingston KS, Gallienne CP (2001) Using neural networks to predict surface
zooplankton biomass along a 50° N to 50° S transect of the Atlantic. J Plankton Res 23:875-888

Wiist G (1964) The major deep—sea expeditions and research vessels 1873—-1960. Progr Oceanogr
2:1-52

Zimmermann SJC (1918) Contribuicao ao estudo das diatoméceas dos Estados Unidos do Brasil.
VIII Contribuicio Brotéria 16:113-122



Part 11
Regional Settings of Productivity and
Nutrient Cycling



Physical Oceanography of the SW Atlantic @)
Shelf: A Review e

Alberto R. Piola, Elbio D. Palma, Alejandro A. Bianchi, Belmiro M. Castro,
Marcelo Dottori, Raul A. Guerrero, Marina Marrari, Ricardo P. Matano,
Osmar O. Moller Jr, and Martin Saraceno

Abstract The continental shelf of the western South Atlantic is characterized by
three regions subject to distinct oceanographic regimes. The wide subantarctic
shelf, south of approximately 35°S, is occupied by cold, low-salinity waters derived
from the Subantarctic Zone and further diluted by the inflow of additional low-
salinity waters, primarily from the Magellan Strait. Farther north, the shelf narrows
considerably and is subject to the influence of large freshwater discharges and
warm-salty intrusions of subtropical waters from the Brazil Current. Intense frontal
transitions at various near shore locations and along the shelf break promote vertical
circulations that inject nutrients into the upper layer. This nutrient injection leads to
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enhanced growth of phytoplankton, and, in some regions, to a significant uptake of
atmospheric CO,. While the subantarctic shelf is under the influence of strong west-
erlies and high-amplitude tides, most of the subtropical shelf undergoes seasonally
reversing winds and a micro-tidal regime. The shelf characteristics are also influ-
enced by the offshore circulation, which is dominated by the equatorward flow of
cold, nutrient-rich waters of the Malvinas Current in the south and the poleward
flow of warm, salty, and oligotrophic waters of the Brazil Current in the north. There
is a convergent large-scale mean circulation toward the transition between subant-
arctic and subtropical shelf waters near 34°S, which is balanced by export of shelf
waters to the deep ocean. This article describes the contrasting water masses, frontal
features, and circulation patterns of this region.

Keywords Ocean circulation - Water masses - Ocean fronts - Western South
Atlantic shelf

1 Introduction

The portion of the continental shelf of eastern South America between Cape Frio
(23°S) and Tierra del Fuego (55°S) is characterized by distinct morphological, cli-
matic, and oceanographic features. This 4300-km-long shelf region encompasses
three distinct subregions: the Patagonia continental shelf (PS) (38°S-55°S) to the
south; the central shelf (CS), which includes portions of the southern Brazil,
Uruguay, and northern Argentina shelves and extends from Cape Santa Marta
Grande to Cape Corrientes (28°S—38°S); and the South Brazil Bight (SBB) to the
north (23°S-28°S). South of 38°S, the continental shelf is a wide plateau subject to
intense westerly winds and high tidal variability. The PS is bounded offshore by the
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cold, nutrient-rich and relatively fresh waters from the Antarctic Circumpolar
Current along the southern boundary, which are advected northward by the Malvinas
Current (MC) to about 38°S along the western boundary of the Argentine Basin.
Farther north, there is the CS, which is 1350 km long and significantly narrower
than the other two shelf regions, reaching about 80 km off Mostardas, near
31°16’S. The CS is strongly influenced by the continental discharge of the Rio de la
Plata (RP) and the Patos/Mirim Lagoon, and by its proximity to the Brazil Current
(BC) and the Brazil/Malvinas Confluence, which bound its offshore limit and pro-
mote energetic exchanges between shelf and deep ocean waters. The SBB is a
1000-km-long crescent-shaped bay approximately 200 km wide at the center and
70-80 km at its northern and southern boundaries. This region is bounded offshore
by the southward-flowing BC, the western boundary current of the Subtropical
Gyre, which exerts a significant influence on the shelf circulation, biology, and bio-
geochemistry. This chapter describes the water mass, chlorophyll a and CO, flux
distributions, and circulation over the continental shelf of these three shelf regions.

2 Data and Methods

For this review we have analyzed historical hydrographic data from holdings at
INIDEP, Argentina (http://www.inidep.edu.ar/oceanografia/PERFILES/); CEADO,
Argentina (http://www.hidro.gov.ar/ceado/ceado.asp); NOAA’s National Centers
for Environmental Prediction World Ocean Data (https://www.nodc.noaa.gov/OCS5/
WOD/pr_wod.html); and Argo profiling float data (http://www.argo.ucsd.edu/).
These data were combined to prepare the updated sea surface salinity distribution
presented in Fig. l1a. The hydrographic data are also used to prepare seasonal verti-
cal temperature differences in the upper layer. In addition, we analyzed satellite-
derived sea surface temperature (SST) and chlorophyll concentration data. We used
NOAA’s Optimum Interpolated SST version 2.0 with daily 0.25 x 0.25° resolution
(Reynolds et al. 2007, available at https://www.ncdc.noaa.gov/oisst) to estimate sea
surface temperature gradients presented in Fig. 1b. Surface chlorophyll a concentra-
tion data are derived from MODIS Aqua collected during 2002-2017. All level 2
data were processed to construct the austral summer climatology of 2 km x 2 km
resolution presented in Fig. 1c using the OC3 algorithm (O'Reilly et al. 2000). The
data were made available by NASA’s Ocean Biology Processing Group at the
Goddard Space Flight Center. Only chlorophyll a data with concentrations within
the 0.02-30 mg m~ range were used in the present analyses. For further details the
reader is referred to Marrari et al. (2017). The analysis of surface ocean partial pres-
sure is carried out based on data extracted from the Surface Ocean CO, Atlas ver-
sion 4 (SOCAT, https://www.socat.info/). These data include 130,000 observations
collected from 1991 to 2015.
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Fig. 1 Climatological sea surface salinity distribution (a). The red solid (dashed) contour indi-
cates the austral winter (summer) distribution of the 33.5 isohaline, which marks the offshore edge
of Plata Plume Water. CF Cape Frio, SBB South Brazil Bight, CSM Cape Santa Marta Grande,
LdP Lagoa dos Patos, RP Rio de la Plata, CC Cape Corrientes, ER El Rincén. SMG San Matias
Gulf, VP Valdes Peninsula, SIG San Jorge Gulf, GB Grande Bay, MS Magellan Strait, LMS Le
Maire Strait. The heavy white line indicates the 200 m isobath. (b) Mean summer (orange) and
winter (blue) distributions of high sea surface temperature gradients (> 1.5 °C/100 km). The back-
ground contours show the bottom topography based on Gebco 30-second-gridded bathymetry. The
heavy gray line indicates the 200 m isobath. The insets in a and b display schematic representations
of the cross-shelf thermohaline structure in the SBB and the PS. The insets display selected iso-
therms (light blue) and isohalines (red), surface heat (red wiggly arrow), and freshwater exchanges
(orange arrow). The green wiggly arrows indicate vertical mixing. In addition, a schematic surface
circulation is shown, adapted from Piola and Matano (2017). (¢) Mean summer (21 December—21
March) MODIS surface chlorophyll ¢ in mg m~ distribution (2002-2017). The heavy white line
indicates the 200 m isobath

3 Water Masses and Shelf Fronts
3.1 Patagonian Shelf

In what follows we will use surface salinity, which in this region is not subject to
strong seasonal fluctuations, as an identifier of water mass characteristics (e.g.,
Bianchi et al. 1982; Guerrero and Piola 1997; Piola et al. 2010). Figure 1a presents
the climatological near-surface (0—5 meter) salinity distribution based on the analy-
sis of 46,843 observations consisting of bottle, CTD and Argo profiles, hereafter
referred to as sea surface salinity (SSS).

The southern portion of the PS is occupied by a modified type of subantarctic
waters (SSS < 33.9) that enters the shelf through its southern boundary (e.g.,
Brandhorst and Castello 1971; Guerrero and Piola 1997). Since the PS is character-
ized by an excess of evaporation (~2.5 mm day~', ERA Interim, https://www.ecmwf.
int/en/research/climate-reanalysis/era-interim) and only small river runoff, these
low-salinity waters reflect the influence of the fresher waters advected from the
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coastal regions of southern Chile, which are dominated by an excess in precipitation
and continental runoff. These low-salinity waters enter the PS via the Magellan
Strait (MS, SSS < 32) and the Le Maire Strait (LMS, SSS < 33) (Fig. 1). Slightly
saltier waters (SSS < 33.9) enter the PS east of Estados Island. These waters, which
are derived from the Cape Horn Current, are diluted along the southern coast of
Chile (e.g., Ddvila et al. 2002). The low salinity that emanates from the MS and
LMS extends northeastward along the coast of Grande Bay, separates from the coast
near Cape Tres Puntas (~47°S), and extends to the mid-shelf region at 40°S. This
buoyancy plume, which Brandhorst and Castello (1971) called the Patagonian
Current, merges with the low-salinity waters derived from the RP near 39°S
(Fig. 1a). The Santa Cruz (790 m® s7!), Negro, and Colorado Rivers (1160 m? s71)
provide additional freshwater injections that form low-salinity plumes of local sig-
nificance at 50°S and 40°S (Fig. 1a). Bianchi et al. (1982) defined the coastal waters
as those with a SSS < 33.4, shelf waters as 33.4 < SSS < 33.8, and high-salinity shelf
water due to local excess evaporation and extended residence time within San
Matias Gulf, where SSS > 33.8 (Scasso and Piola 1988; Tonini et al. 2013). Although
our SSS analysis is based on a substantially larger number of observations than
previously reported (nearly 50% of the data in Fig. 1a were collected after the year
2000), the SSS distribution over the shelf is qualitatively similar to the one described
by Bianchi et al. (2005), thus suggesting that the distribution is relatively robust.
The most notable differences between our SSS distribution and earlier analyses are
subtle: a farther northward extension of the Magellan plume (SSS < 33.6), which
merges with the RP plume, and the high-salinity shelf water from San Matfas Gulf,
which occupies a wider portion of the inner shelf off El Rincén (Fig. 1a). The salty
waters derived from the San Matias Gulf extend northeastward during fall-winter
and are located east of the gulf’s mouth in spring—summer (Lucas et al. 2005). As
will be discussed later, the seasonal wind variability is a dominant forcing of the
circulation over the shelf north of about 39°S.

The PS hosts a variety of ocean fronts: upwelling, tidal, shelf break, and cold and
temperate estuarine fronts, all of which play a significant ecological role (Acha
et al. 2004; Sabatini et al. 2004). The most prominent of these fronts is the shelf
break front, which marks the limit between the relatively warm and fresh waters on
the shelf from the colder and saltier MC waters. From austral spring to autumn, the
shelf break front is readily detected by satellite infrared observations (e.g., Martos
and Piccolo 1988; Saraceno et al. 2004; Franco et al. 2008; Rivas and Pisoni 2010).
During these seasons, the thermal structure of the shelf break front reveals a transi-
tion from the stratified shelf waters to the less stratified waters farther offshore (e.g.,
Romero et al. 2006). The regional extent of the weakening thermal manifestation of
the shelf break front in winter is due to weak thermal stratification over the shelf
(<0. 5 °C) compared to the summer stratification (>6 °C, Fig. 2).

Near coastal fronts develop primarily in the summer (Rivas and Pisoni 2010,
Fig. 1b). These fronts mark the transition between well-mixed coastal waters and
stratified mid-shelf waters (Glorioso 1987, Fig. 2). Tidal-induced mixing is one of
the main mechanisms generating these fronts, which are characterized by their
sharp SST signature (Palma et al. 2004). The most notable of these fronts are located
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Fig. 2 Temperature difference (°C) between upper layer (10 m) and lower layer (65 m) from his-
torical data collected during (a) austral winter (July—September) and (b) summer (December—
March). Note that only positive temperature differences (T at 10 m > T at 65 m) larger than 4 °C
are colored.

at ~47-50°S and along the mouth of San Matias Gulf (~42°S) (Palma et al. 2008;
Moreira et al. 2011; Tonini et al. 2013). Tidal mixing is also intense along the coast
south of 51°S, but the weak thermal stratification in the mid-shelf region (Fig. 2a
and inset in Fig. 1a) leads to weaker thermal gradients. This region, which is char-
acterized by the penetration of the Magellan Strait’s buoyant plume and minor con-
tributions from small rivers, is considered a cold estuarine front (Acha et al. 2004).
The low-salinity waters, which extend approximatelylOO km offshore, are
moderately warmer/colder than the mid-shelf waters during summer/winter (Rivas
and Pisoni 2010). The location of tidal fronts is generally stable although frontal
displacements are modulated by the intensity of surface heat flux, the fortnightly
tidal cycle, and local mesoscale variability (Pisoni et al. 2015).

3.2 Central Shelf (CS)

The water mass structure of the CS is dominated by the presence of subantarctic shelf
waters (SASW) with salinities between 33.6 and 33.8 (Piola et al. 2000). This region
is narrower than the PS farther south: 180 km at 38°S, 110 km at 34.5°S, and just under
100 km at 31°S. The oceanic circulation over the CS is driven by seasonally reversing
winds (e.g., Castro and Miranda 1998; Palma et al. 2008), which have a substantial
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imprint on the local water mass distribution on account of their influence on the RP
plume (e.g., Piola et al. 2000; Simionato et al. 2001, 2010; Palma et al. 2008; Saraceno
et al. 2014; Matano et al. 2014; Strub et al. 2015). Thus, the annual mean SSS distribu-
tion in the CS should be interpreted with caution. RP, the second largest river of the
southern hemisphere, has an average volume discharge of 23,000 m?® s~ during 1931-
2016, although this value has increased to 25,000 m® s''during the past few decades
(1997-2016) (Borts et al. 2017). The seasonal variations in RP discharge are small,
but its interannual variations are significant due to the impact of El Nifio on regional
rainfall (Depetris et al. 1996; Robertson and Mechoso 1998). The strong Nifios of
1983 and 1998, for example, generated discharges larger than 70,000 m? s~!. These
discharges had a significant impact on the SSS and on the biological and biogeochemi-
cal characteristics of the continental shelves of Uruguay and southern Brazil (Ciotti
et al. 1995). During the austral fall and winter, the RP plume extends beyond the Cape
Santa Marta Grande, near 28°S. In late spring and summer, the plume retracts south-
ward, with its northern limit at approximately the mouth of the Patos Lagoon (32°S)
and its southern limit near 38°S (Piola et al. 2000, 2005, 2008b; Moller Jr et al. 2008)
(Fig. 1a). Events of strong southwesterly winds and large river outflow lead to excep-
tionally larger northeastward penetrations of the river plume (Piola et al. 2005). Such
events exert a strong biological impact in the coastal areas (Stevenson et al. 1998;
Proenca et al. 2017). Nagai et al. (2014) show that the RP is the major source of ter-
rigenous sediments for shelf areas between 38 and 27°S and only strong northeasterly
winds can reverse this northward flow (Zavialov et al. 2002). Lateral mixing between
RP waters and Tropical (TW) and South Atlantic Central waters (SACW) of the BC
forms the subtropical shelf waters (Piola et al. 2000, 2008a). During the spring and
summer seasons, northeasterly winds push the plume waters toward the south and
offshore (Moller Jr et al. 2008; Guerrero et al. 2014; Matano et al. 2014), and most of
the northern portion of the CS is occupied by subtropical shelf waters and tropical and
central waters derived from the BC (see Souza and Robinson 2004). Under these sum-
mer conditions, upwelling events are frequently observed south of Cape Santa Marta
Grande (Campos et al. 2013). Similarly, coastal bands of negative sea surface tempera-
ture anomalies observed along the southern coast of Uruguay are indicative of upwell-
ing associated with strong easterly winds (e.g., Palma et al. 2008; Pimenta et al. 2008;
Simionato et al. 2010). These events are also evident as bands of low coastal sea level
in satellite-derived sea surface height anomalies and tide gauge data (Saraceno et al.
2014).

Satellite SST data show two distinct shelf break fronts in the region between
45°S and 25°S (Fig. 1b). South of 38°S the shelf break front marks the transition
between the SASW and the cold subantarctic waters within the MC (see Sect. 3.1).
In the northern region, the shelf break front marks the transition between the warm
BC waters and the relatively colder shelf waters. The SST gradient between these
regions is most intense during the austral winter (Fig. 1b; Saraceno et al. 2004),
when there is a larger northward penetration of cold subantarctic waters flowing
from the southern portion of the CS. The opposing flows reinforce the strong ther-
mohaline gradients in the outer shelf (e.g., Moller Jr et al. 2008; Piola et al. 2008a;
Matano et al. 2014). The strong cross-shelf temperature gradients can effectively
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modulate the atmospheric boundary layer and the surface wind field (Mendonga
et al. 2017). In winter on the mid- and outer shelf, the cold subantarctic waters com-
bined with the cold Plata plume waters frequently overlie warm-salty waters influ-
enced by the Brazil Current, creating a sharp thermal inversion over the northern
portion of CS (Fig. 2a), which has been referred to as the inverted thermocline
(Castello and Moller 1977).

The second most remarkable of the shelf fronts in the southwestern Atlantic
region—after the Patagonia shelf break front—is the Subtropical Shelf Front
(STSF), which marks the subsurface limit between the SASW and the STSW (Piola
et al. 2000, 2008a). The STSF extends from the inner shelf at around 32°S nearly to
36°S at the shelf break (see Fig. 10 in Piola et al. 2008a). In winter, the density
structure is mostly controlled by the salinity distribution preventing isopycnal mix-
ing across the STSF, while in summer the strong thermocline provides common
isopycnal layers, allowing cross-front mixing (Piola et al. 2008a).

3.3 South Brazil Bight (SBB)

The southward-flowing BC sweeps the continental slope of the SBB, although only
a small fraction of it intrudes on the outer shelf region (Silveira et al. 2000). This
western boundary current transports TW (T > 20 °C; S > 36) in the mixed layer and
SACW (T <20 °C; 35 < S < 36) in the pycnocline layer (Emilsson 1961). The low-
salinity coastal water (CW; S < 35) mostly occupies the inner shelf (Castro and
Miranda 1998). Castro (2014) identified three regions with distinct thermohaline
properties in the cross-shelf direction of the SBB (see insets in Fig. 1a, b): outer
shelf (OS), mid-shelf (MS), and inner shelf (IS). The IS is located onshore of a bot-
tom temperature front, also referred to as bottom thermal boundary (BTB), which is
defined by the bottom intersection of the 18 °C isotherm. The BTB separates the
near-bottom intrusion of SACW from the inshore mixed waters. The IS width varies
seasonally between 10-30 km in summer and 40—80 km in winter. The IS waters are
usually weakly stratified compared to the MS, except near the medium estuarine
systems present in the SBB, and are dominated by relatively low-salinity CW. The
MS is located between the BTB and a sharp surface salinity front, also referred to as
surface haline boundary (SHB). The SHB is marked by the surface outcrop of the
36 isohaline which determines the transition between TW and inshore mixed waters.
Along most of the SBB, the SHB is found ~ 80 km from shore in summer and
130 km in winter.

The volume of each of the three SBB water masses changes seasonally (Cerda
and Castro 2014). During autumn, the volume of SACW in the SBB is approxi-
mately equal to the volume of TW, but progressively increases, reaching a maxi-
mum in summer, when it is almost twice that of the TW. The CW is the product of
mixing of TW with small amounts of continental discharges within the SBB. Its
volume and physical characteristics change seasonally. In summer, the volume of
CW is larger than in the other seasons, but in summer the CW is somewhat saltier
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(S > 34.5) than in winter. The main seasonal change in characteristics of the CW is
due to northward intrusions in winter of low-salinity waters originating south of the
SBB, off the RP and the Patos and Mirim Lagoons (Campos et al. 1995; Stevenson
et al. 1998; Lentini et al. 2001; Piola et al. 2000; Acha et al. 2004; Moller Jr et al.
2008; Campos et al. 2013). Interannual variability of the RP intrusions is associated
with large outflow events during El Nifio (Campos et al. 1999) and, most impor-
tantly, with anomalous southwesterlies over the continental shelf (Piola et al. 2005).

Onshore intrusions of nutrient-rich SACW play a significant role in fertilization
of the SBB (Castro et al. 2006). There are two main intrusion paths: local, when the
oceanic water reaches the MS directly from the shelf break, and remote, when
SACW intrudes on the shelf at upstream regions, usually near Cape Frio, and then
flows southward along the coast (Cerda and Castro 2014). Intermittent coastal
upwelling events of SACW have been observed around Cape Frio, especially in
spring and summer, when the region is under the influence of strong and persistent
easterly and northeasterly winds (Miranda 1985; Franchito et al. 2008).

Other processes also contribute to the development of upwelling events.
Rodrigues and Lorenzetti (2001) showed that the abrupt change in the coastline
orientation near Cape Frio favors the effect of wind-induced upwelling. Cerda and
Castro (2014) showed that the divergence of the 100 m and 150 m isobaths near
Cape Frio favors SACW intrusions toward the coast. Several studies suggested that
cyclonic meanders from the BC induce upward motions that inject SACW into the
OS (Campos et al. 1995; Cirano and Campos 1996; Campos et al. 2000; Castelao
et al. 2004). In addition, the wind stress curl contributes to force local SACW intru-
sions near Cape Frio (Amor 2004; Casteldao and Barth 2006; Casteldo 2012). Using
numerical models, Palma and Matano (2009) and Matano et al. (2010) showed that
the along-shelf pressure gradient near the shelf break, generated by interactions
between the BC and the continental slope topography, forces geostrophic currents
toward the coast in the bottom boundary layer, elevating the isopycnals toward the
sea surface and favoring the onshore penetration of SACW intrusions.

4 Circulation

4.1 Patagonian Shelf (PS)

Numerical simulations suggest that the mean circulation over the continental shelf
south of 40°S consists of a broad northeastward flow that intensifies toward the outer
shelf (Palma et al. 2008; Combes and Matano 2014). Short-term current records at
43°S indicate mean velocities of 5.9 cm s~! at 17 m and 3.1 cm s~! at 67 m (Rivas
1997) that increase toward the shelf break, reaching values of 40 cm s~! at 10 m
depth and 26 cm s~! at 160 m depth (Valla and Piola 2015). This velocity increase is
associated with the proximity of the northward-flowing MC (Palma et al. 2008). In
the inner shelf, the circulation is modulated by the coastal geometry, which is char-
acterized by the presence of several bays and gulfs. Two of the largest bays are
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Grande Bay and the San Jorge Gulf. Numerical models indicate that the circulation
in these regions is dominated by relatively weak anticyclonic gyres and poleward
coastal currents. South of 49°S, the down shelf development of the Magellan low-
salinity plume is highly influenced by tides and wind forcing (Palma and Matano
2012). The circulation features produced by models are in good agreement with
geostrophic flows derived from altimeter data at seasonal scales (Ruiz-Etcheverry
et al. 2016). The southern shelf exports water northward and eastward in the surface
layer that is largely compensated by inflow from the south at all depths and to a
lesser extent by subsurface entrainment from the MC (e.g., Combes and Matano
2014). The onshore flow of MC waters is also apparent from the frequent observa-
tion of cold-salty subsurface intrusions in the outer shelf (insets in Fig. 1a, b).

Model simulations indicate a moderate strengthening of the northeastward flow
during fall and a weakening during spring. North of 48°S, these seasonal variations
are mainly driven by the wind forcing over the inner and mid-shelf, while further
south, and offshore of the 100 m isobath, the flow is strongly modulated by MC
transport variations (Palma et al. 2008). Direct current observations are too short to
display a seasonal cycle, but the altimeter-derived currents also present a seasonal
pattern. However, in contrast with model results, the intensification and weakening
of the altimeter circulation shift to late summer and late winter, respectively (Ruiz-
Etcheverry et al. 2016).

The remarkable phytoplankton blooms of the Patagonia shelf break are symp-
tomatic of the upwelling of deep, nutrient-rich waters to the photic zone. It has been
postulated and verified using simplified models that the upwelling might be associ-
ated with frictionally driven intrusions of the MC onto the shelf (Matano and Palma
2008; Miller et al. 2011). These results have been corroborated by realistic numeri-
cal simulations (Palma et al. 2008; Combes and Matano 2014) and observational
studies (Valla and Piola 2015). It has also been proposed that the observed variabil-
ity of the blooms can be modulated by continental shelf waves at seasonal time
scales (Saraceno et al. 2005) and by wind variability at intra-seasonal periods (<
15 days, Carranza et al. 2017).

4.2 Central Shelf (CS)

The northward mean flow derived from models extends to about 38°S. This flow
strengthens during fall and weakens during spring (Palma et al. 2008; Combes and
Matano 2014). The relatively weak seasonal variations predicted by models are in
fairly good agreement with those from altimeter observations (Strub et al. 2015;
Ruiz-Etcheverry et al. 2016). In contrast, farther north, between 38°S and 28°S,
models show a general southward flow on the outer shelf, which is largely con-
trolled by the BC. The inner and mid-shelf regions exhibit significant seasonal
changes in circulation and in temperature and salinity fields (Palma et al. 2008;
Combes and Matano 2014). The circulation in this region is primarily driven by the
alongshore component of the wind stress, which generates a positive sea level
coastal anomaly; a geostrophically balanced northward-flowing coastal jet during
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fall and winter; and a depression of sea level with associated southward coastal flow
during spring and summer. These seasonal coastal sea level anomalies are also con-
firmed by satellite altimeter and tide gauge data (Saraceno et al. 2014). The remark-
able seasonal changes in surface salinity are associated with redistribution of the
large freshwater discharges from the RP derived from in situ and satellite observa-
tions (Piola et al. 2000, 2008b; Mdller Jr et al. 2008; Guerrero et al. 2014). During
the winter months, northward, downwelling favorable winds generate northward
currents and onshore Ekman transport (Meccia et al. 2013; Saraceno et al. 2014;
Strub et al. 2015) that traps the RP plume near the coast (Palma et al. 2008). Though
the northward plume penetrations in winter exhibit significant interannual varia-
tions, on average, the plume is positioned near Cape Santa Marta Grande (Fig. 1a).
Relaxation of the winter winds allows some of the freshwater to leave the shelf in
filaments that extend into the BC (Piola et al. 2008a; Matano et al. 2014), where the
low-salinity signal is rapidly diluted by mixing with the salty upper layer carried by
the BC. During summer, poleward winds create upwelling and poleward currents,
causing freshwater to move south and offshore into the Brazil/Malvinas Confluence
(Guerrero et al. 2014; Matano et al. 2014). The RP plume strengthens the inner and
mid-shelf currents during fall and early winter. In summer, models show the devel-
opment of a subsurface northward countercurrent in the mid-shelf, which flows
against the prevailing winds (Palma et al. 2008). This countercurrent is presumably
responsible for the northward extension of SASW to about 33°S in summer required
to sustain the sharp thermohaline gradients across the STSF (Piola et al. 2008a). The
summer geostrophic circulation derived from altimetry also shows a southward flow
along the inner shelf and a weak northward flow along the outer shelf extending to
about 34°S (Saraceno et al. 2014; Strub et al. 2015). Palma et al. (2008) attribute
this northward flow to cross-shelf pressure gradients established farther south by the
MC that spread northward well beyond the northernmost reach of the MC, as an
arrested topographic wave (Csanady 1978).

Off the RP estuary, the CS is characterized by a persistent off-shelf mass flux.
Model-derived volume balances of the shelf region between 34°S and 38°S show an
annual mean off-shelf transport of ~1.21 Sv (Matano et al. 2014; see also Mendonca
et al. 2017). Most of this transport is drawn from SASW from the Patagonian Shelf
(1.15 Sv), with very small contributions from the RP discharge and the northern
shelf region. The seasonal variations of the off-shelf transport are relatively small
and out of phase with the variations of the southern mass flux; it decreases during
the winter and increases during the summer (Matano et al. 2014). These results are
in agreement with flow patterns inferred using satellite salinity (Guerrero et al.
2014) and the geostrophic velocities derived from altimetry (Strub et al. 2015).

4.3 South Brazil Bight (SBB)

The mean circulation in the middle and outer shelf north of Cape Santa Marta
Grande is mostly southwestward and presents significant cross-shelf and seasonal
variations in magnitude (Castro and Miranda 1998; Palma and Matano 2009).
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Currents in the mid- and outer shelf are stronger in summer and weaker in winter
(Matano et al. 2010). These seasonal variations are particularly strong in the inner
shelf, where the circulation is driven by baroclinic effects and local winds. Numerical
models suggest that the circulation is primarily driven by the poleward flow of the
BC in the middle and outer shelf (Palma and Matano 2009), while wind forcing is
also important in the inner and middle shelf (Stech and Lorenzzetti 1992).
Observations also indicate that the wind stress is a major forcing in the middle shelf
region (Dottori and Castro 2009; Dottori and Castro 2018). The influence of remote
forcing is manifested in the SST gradients near the shelf break (Campos et al. 2000;
Casteldo et al. 2004) but is not confined to the surface or to the shelf break, as
SACW intrusions and continental shelf waves are additional sources of variability
(Castro and Lee 1995; Campos et al. 2010; Filippo et al. 2012; Dottori and Castro
2018). The strongest influence of the BC is observed at depth, where the bottom
layer of the outer and middle shelf is permeated by the inflow of SACW throughout
the year (Castro and Miranda 1998; Matano et al. 2010). In summer the SACW
intrusions extend further onshore (Castro 2014).

The characteristics of the upwelling regime in the SBB are also confirmed by the
distribution and variability of passive tracers included in model simulations (Combes
and Matano 2014). A large amount of a tracer initially located in the offshore por-
tion of the BC between 25 and 29°S stays offshore and moves south until it meets
the MC and leaks offshore in the Brazil/Malvinas Confluence. The remaining part
reappears next to the coast as far south as 32°S, transported by the combined action
of bottom-layer shelf break upwelling and northeasterly winds (Palma and Matano
2009; Campos et al. 2013). The surface concentration increases at the end of winter
when the surface wind stress shifts from downwelling to upwelling favorable and
reaches its maximum during spring and summer. A tracer released over the shelf
north of ~27°S stays over the shelf but extends just slightly past the 200 m isobath
moving south to ~32°S, where it mixes with water from the RP and moves offshore
into the Brazil/Malvinas Confluence (Combes and Matano 2014).

5 Surface Chlorophyll a Distribution

Satellite observations of chlorophyll a distributions reveal the high primary produc-
tivity levels of the southwestern South Atlantic shelf (Fig. 1c, see Longhurst 1998;
Saraceno et al. 2005; Rivas et al. 2006; Romero et al. 2006; Signorini et al. 2006;
Marrari et al. 2013). The largest concentrations are observed close to sediment
laden continental discharges such as the RP and along the PS shelf break. Though
the RP is a source of nutrients, which may lead to significant blooms in the outer
estuary (Calliari et al. 2005; Carreto et al. 2008), global chlorophyll a algorithms,
such as the one used in this study, frequently overestimate the chlorophyll a concen-
tration in these optically complex waters (e.g., Garcia et al. 2005). Thus, the
satellite-derived chlorophyll a distribution in these regions should be interpreted
with caution. South of 38°S, the austral summer chlorophyll a distribution suggests
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a close association between productive regions and semipermanent frontal systems.
In austral summer, the shelf break front emerges as an extended band of high con-
centrations (generally higher than 3 mg m=3, Fig. 1¢). In situ chlorophyll a estimates
in the shelf break front indicate concentrations exceeding 15 mg m™ and are in
overall agreement with the high concentrations indicated by satellite observations
(e.g., Garcia et al. 2008; Lutz et al. 2010; Carreto et al. 2016). On average, the shelf
break bloom initiates in September and remains high (~ 3.5 mg m™) until March,
though there is substantial interannual variability (Saraceno et al. 2005; Romero
et al. 2006; Signorini et al. 2006; Piola et al. 2010). In contrast, the spring bloom in
mid-shelf regions decays monotonically after it peaks in October—November (e.g.,
Carreto et al. 1995; Romero et al. 2006). Enhanced vertical circulation and mix-
ing intense enough to overcome the strong summer stratification, such as might be
expected close to ocean fronts, appear to be essential to maintain productivity after
the spring bloom. Consequently, in summer regions of enhanced surface chloro-
phyll concentration (Fig. 1c) are closely associated with weakened vertical stratifi-
cation (Fig. 2b).

The high chlorophyll a concentrations associated with the Valdes tidal front
reach a spring-summer maximum of ~3.4 mg m™. This frontal bloom peaks in
January and decays monotonically until May (Romero et al. 2006). Chlorophyll
blooms are also observed along an extensive band offshore from the 100 m isobath
at 85-150 km from shore between 46 and 52°S. This high chlorophyll a band is
closely associated with the cold estuarine front (see Fig. 1b, ¢). The highest satellite
chlorophyll a concentrations in the latter region can exceed 30 mg m~3, and simi-
larly high in situ estimates have been reported off Grande Bay near 51°S (Lutz et al.
2010; Gémez et al. 2011). This extensive mid-shelf region in southern Patagonia
blooms in January, and the chlorophyll a concentration decays at about the same
rate as the Valdes and shelf break fronts (Romero et al. 2006).

In the SBB, onshore intrusions of SACW combined with wind- and BC eddy-
induced upwelling are the primary sources of nutrients leading to nearshore blooms
(see Sect. 1.3). In addition to wind-induced upwelling (e.g., Campos et al. 2013),
the northward intrusions of RP waters in winter appear to play a significant role in
fertilizing the CS (e.g., Ciotti et al. 1995). In contrast to the PS, where shelf break
upwelling and tidal and wind mixing are permanent sources of nutrients to the upper
layer at specific locations, the nutrient sources in the CS and the SBB are modulated
by synoptic atmospheric and oceanic processes. The impact of these episodic
upwelling events is not readily apparent in long-term surface chlorophyll a clima-
tologies, such as the one presented in Fig. 1c. Consequently, in the two northern
regions, the satellite-derived chlorophyll a concentration is significantly lower than
in the PS. Given the seasonality of alongshore component of wind stress in the CS,
the wind-induced upwelling is more frequent in austral summer, when the region is
under the influence of upwelling-favorable northeasterly winds (see Campos et al.
2013; Ito et al. 2016). The contrasting chlorophyll a distributions between the dif-
ferent shelf regions are displayed by the long-term annual mean concentrations in
the SBB, CS, and PS, 1.37 + 0.48, 3.58 + 0.81, and 2.15 + 0.39 mg m™, respec-
tively. The high areal mean chlorophyll a estimated over the CS reflects the influ-
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ence of high concentration associated with the RP plume, even after limiting the
calculation to concentrations lower than 5 mg m=3. Though in situ data support a
high chlorophyll a associated with the RP plume (Garcia et al. 2006; Martinez et al.
2005), the mean value in the CS should be interpreted with caution.

6 Surface Ocean CO, Fluxes

Analysis of historical partial pressure of CO, (pCO,) is based on data extracted from
the SOCAT.v4 data set. Based on the partial pressure and wind data, and using the
Wanninkhof (2014) flux parameterization, the sea-air CO, fluxes were estimated in
the PS (see Kahl et al. 2017). Preliminary estimates in the PS and the MC regions
indicate an oceanic annual averaged CO, uptake of —8.1 x 107> mol m=2 d! (the
minus sign indicates flux from the atmosphere to the ocean). The flux is maximum
during the austral spring, with an average of —18.6 x 10~ mol m~* d~". These fluxes
are among the highest CO, uptake per unit area in the world ocean, for instance,
doubling the CO, sink in the North Sea (Thomas et al. 2004). In particular, the PS
shelf break front presents intense CO, fluxes into the ocean, with an annual mean of
—15 % 107 mol m™ d~'. The PS shelf break also presents a large seasonal flux vari-
ability, reaching —22.3 x 10~ mol m~* d~' during spring and — 4.8 x 10~ mol m™>
d~" in winter. These new estimates of surface CO, fluxes in the PS are higher than
previously reported (e.g., Bianchi et al. 2009; Padin et al. 2010; Kahl et al. 2017)
due to the substantial increase in observations collected during the past decade.
Kahl et al. (2017) suggest that biological processes dominate the CO, variability in
the shelf break region and that the decreased CO, sink during winter is mainly due
to the decline in biological activity combined with winter convection. The studies in
the PS therefore concluded that vertical stratification plays a key role in CO,
dynamics.

In contrast with the PS, the subtropical shelf off the Brazilian coast acts as a
source of CO, to the atmosphere (Ito et al. 2005; Padin et al. 2010). Observations
conducted in the SBB in November 1997 and January/February and June 1998 indi-
cate net sea-air CO, fluxes between 0.3 and 9.8 x 10~* mol m~2 day~' which decrease
to ~0.4 and 3.7 x 10~ mol m~* day™" over the slope and neighboring deep ocean (Ito
et al. 2005). Upwelling events observed primarily in summer and biological regen-
erative processes are thought to play a key role in the CO, dynamics in this region
(Ito et al. 2005). Observations in the mid- and outer CS collected during 2000-2008
suggest that in austral spring, most of the region acts as a CO, sink, while during the
fall, the region is characterized by the sharp transition from atmospheric CO, source
along the coast of southern Brazil to CO, sink off the RP mouth (Padin et al. 2010).
More recent observations collected in austral spring 2010 and early summer 2011 in
the southern SBB and northern CS indicate that shelf waters are a source of CO, to
the atmosphere (Ito et al. 2016). In late spring the surface CO, fluxes in the northern
CS vary between 0.5 and 1 x 107 mol CO, m~? day~! and decrease offshore. The
highest fluxes in this region exceed 3 x 10~ mol CO, m~? day~! in the upwelling
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region off Cape Santa Marta Grande (Ito et al. 2016). The late summer observations
in the northern SBB present much higher CO, flux estimates, exceeding 15 x 1072 mol
CO, m~2 day~! (Ito et al. 2016).

Results from an eddy-resolving, regional ocean biogeochemical model are in
good overall agreement with observations, confirming that south of 30° S the west-
ern South Atlantic shelf acts as a sink of atmospheric CO, (Arruda et al. 2015). The
model indicates a weak source of CO, to the atmosphere in the SBB. Observed near
shore to offshore and meridional pCO, gradients are well represented in the simula-
tion. A sensitivity analysis shows that the biological production and solubility are
the main processes regulating the model pCO,, with biological production being
particularly important over the continental shelves.
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Abstract The southwestern Atlantic Ocean margin along the coasts of southern
Brazil, Uruguay, and Argentina includes a wide continental shelf which varies in
width from about 150 km off southern Brazil to over 500 km along the Patagonian
coast of Argentina. The region between 28° and 40° is one of the most biologi-
cally productive areas of the World Ocean, and this productivity, perhaps driven
mostly by ocean margin processes, extends out across the South Atlantic. Because
of this high production, this ocean margin is the largest CO, sink in the South
Atlantic and is significant on a global scale. Complex interactions of physical,
chemical, and biological processes active in this ocean margin control the trans-
port pathways and production in time and space. An appropriate understanding of
this system obviously requires interdisciplinary study and information synthesis.
This chapter assesses the state of knowledge on ocean margin processes of the
southwestern Atlantic Ocean, presents a summary of the present understanding of
physical and biogeochemical processes operating in this region and how they are
linked, and identifies major areas of uncertainty. This paper provides background
information about nutrients in the southwestern Atlantic Ocean margin. Initially
we focus on a synthesis of past work and then consider more recent research on
nutrients. The chapter emphasizes recent research which considers new nutrient
sources to the ocean margin. At the end, the major scientific uncertainties are
pointed out to provide a framework for discussion regarding future international,
interdisciplinary research in the region.
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1 Introduction

The southwestern Atlantic Ocean region between 28° and 40° is an important part
of the global ocean system in terms of ocean circulation and production, but it is of
greatest significance to the adjacent South American countries of Brazil, Uruguay,
and Argentina. A considerable amount of research has been conducted in this region
by South American scientists and by collaborations of foreign scientists with local
researchers. Much of this work has been part of local national programs, related to
fisheries and other coastal environmental issues, as well as regional programs such
as PROSUL (Program to Enhance Cooperation in Science and Technology in South
America). International cooperative programs include the World Ocean Circulation
Experiment (WOCE), other programs sponsored by the Inter-American Institute
for Global Change Research, and a number of North American-South American
cooperative programs such as the EcoPlata collaboration between Uruguay,
Argentina, and Canada; the NICOP-PLATA collaboration between the US Office
of Naval Research, Brazil, Uruguay, and Argentina; and the PATEX (PATagonia
Experiment) collaboration between GSFC/NASA, Brazil, and Argentina.
Additionally, specific investigator-driven research efforts have brought South
American researchers from this area together with North American colleagues to
address a number of topics which have both regional and global significance.

Continental shelf processes in this region are influenced by the complex interac-
tion of two major current systems, the Brazil and Malvinas currents, which con-
verge in this region and provide a dynamic environment for cross margin transport
and coastal circulation. Material transport to the system from the continent is dom-
inated by a major river system and additional surface runoff sources, but atmo-
spheric transport, groundwater inputs, and coastal water advection through
permeable sediments may provide additional important inputs. And, of course,
upwelling and intrusions of deep water and offshore transport at the continental
shelf edge are important additional processes occurring in this region. The south-
western Atlantic Ocean margin (SWAOM) therefore provides an opportunity to
study/understand complex biogeochemical processes which are of interest to a
wide range of ocean science disciplines.

2 Shelf Waters

Shelf waters in southern Brazil have been broadly characterized in terms of oce-
anic water masses and surface inputs from land, and despite the considerable
number of nutrient measurements performed in the past four decades in this
region (Fillmann 1990; Sales Dias 1994; Niencheski and Fillmann 1997; Del
Rosso 2000), the chemical processes and the sources of nutrients in SWAOM are
still poorly understood. And part of this is because, with few exceptions, only



Nutrient Transport, Cycles, and Fate in Southern Brazil (Southwestern Atlantic Ocean... 59

Rio de Janeiro

Southeast-South Brazil
Rio de Janeiro to Rio Grande

SGD

Upwelling

ﬁ Continental transport

T T T T T T T
-54 -52 -50 -48 -46 -44 -42 -40 -38 -36

Fig. 1 Terrestrial influences (=) submarine groundwater discharge (') and upwelling
along southern Brazil. (Adapted from Braga and Niencheski 2006)

surface shelf waters concentrations have been the focus of studies. This has
limited interpretations of the nutrient association with bottom water masses, mix-
ing, and sources of nutrients in a region where the water chemistry is mainly
governed by the mixing of waters of the Brazil and Malvinas currents as they
collide (the Brazil-Malvinas Confluence Zone).

A review by Niencheski et al. (1999) indicated that the nutrient characteristics of
seawater are well known in regions near Rio de Janeiro, Sao Paulo, and Rio Grande
do Sul states. But they point out that coastal studies predominate over those further
out on the shelf and slope. More recently studies such as ECOPEL, COROAS,
CABO FRIO, PRONEX, and SACC GROUP programs have become more interdis-
ciplinary and systematic and temporally sequenced.

Braga and Niencheski (2006) summarized the existing information for the south-
ern Brazilian continental margin. This included the terrestrial influence from rivers
and lagoon inputs and oceanic influences as observed by the presence of upwelled
South Atlantic central water and subantarctic shelf water (Fig. 1).
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Lopes (2004) suggested that the chemical features of the coastal and shelf
waters of southernmost Brazil are mainly influenced by the Brazil current (tropical
water, TW), the Malvinas current (subantarctic water, SAW), and subtropical water
(STW). In addition to these, the outflow of the Rio de la Plata and Patos Lagoon
contributes jointly to a coastal water (CW) mass. This study was based on four
oceanographic cruises as part of the ECOPEL program (from 1987 to 1991) and a
cruise associated with the COROAS program (ocean circulation of the west region
of the South Atlantic), carried out in April 1993. Lopes observed higher nitrate
concentrations on the continental shelf in the autumn. During the spring increased
levels of silicate were observed, while during winter, higher concentrations of
nitrate and phosphate were observed on the shelf as a result of the intrusion of
SAW. During the summer when lowest nutrient levels occur, the influence of TW
on continental shelf is evident.

3 Shelf Break Waters

At the shelf break, upwelling of STW occurs during the spring. This water mass
contains high nutrient concentrations and supports new production which is mani-
fested in high fish stocks in the region. Observed heterotrophic conditions during
this period result in increased consumption of dissolved oxygen.

Most recent nutrient surveys in SWAOM have focused on the continental shelf
(i.e., <200 m), and many of these have included near bottom samples. But most
attention has been focused on surficial water and their relation to primary produc-
tion. Less attention has been given to sources on the shelf or at the shelf break. And
even when surveys have extended across the slope, little attention has been paid to
bottom waters (i.e., likely nutrient sources). Results from older nutrient surveys
(Fig. 2) show considerable silicate enrichment along the shelf break. Clearly the
slope water is a likely important source of nutrient supply to the shelf and needs
further investigation. This is because very little attention has been paid to bottom
water nutrient data in the past.
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Fig. 2 Silicate concentrations in bottom waters (uM). Data from CONVERSUT program by
Brazilian Navy — 1977; 1978 & 1981
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4 Coastal Waters

A clear dependence of chemical conditions on oceanographic processes, which
create fronts and shelf break upwelling, is evident in the distribution of nutrients on
the shelf. Nutrient levels in coastal water (CW), however, are driven by freshwater
discharge — from Rio de la Plata and Patos Lagoon and the coastal wind stress, all
of which depend on weather condition. Because of this, the CW nutrient level also
responds to “El Nifio” events. But generally, surface inputs such as that of Patos
Lagoon outflow have seasonal influences over the local continental shelf. The
Patos Lagoon exports dissolved inorganic nitrogen during autumn/winter periods,
induced by NE winds.

Braga et al. (2008) (South Atlantic Climate Change Consortium — SACC) pre-
sented nutrient distributions over a larger area at continental shelf from 27° 05° S
(Brazil) to 39° 31” S (Argentina) during winter 2003 and summer 2004. The relation
between nutrient levels and salinity indicates the influences of freshwater discharge
over the coastal region and in the front of the Rio de la Plata estuary. The low values
of salinity associated with high nutrient concentrations clearly suggests the influ-
ence of terrestrial inputs, both in summer and in winter, with a larger northward
penetration in winter.

Although considerable information exists on nutrient dynamics for the SWAOM,
summarized above, scientists in the region view the high-productivity periods in the
coastal and shelf waters, as dominantly controlled by river outflow as the major
source. Instead, atmospheric transport and submarine groundwater discharge (SGD)
of nutrients have only been considered recently.

5 Influence of SGD on Nutrients

During the 1990s research on the variations and interrelation of nutrients in the
estuarine region of Patos Lagoon was initiated. The initial aim was to assess the
processes occurring within the lagoon (0-30 salinity region) and the role of biologi-
cal processes (i.e., uptake and remineralization) in the transport and fate of nutri-
ents. In situ benthic flux chamber experiments indicated that remineralization within
the sediments dominates the recycling of organic matter and nutrients within the
lagoon (Niencheski and Jahnke 2002). But overall, nutrient budgets suggested that
the lagoon was a net nutrient trap. From studies of trace metals (Windom et al.
2006), however, it was clear that other processes, specifically surface water-
groundwater exchange, may be important to nutrient cycling and transport.

The southern portion of the Brazilian coast is dominated by coastal lagoons
formed by sandy barrier spits with small inlets. This coastal configuration is a bar-
rier to the surface flow of freshwater to the sea and accounts for the long water resi-
dence time which enhances the lagoon nutrient trapping ability. Significant amount
of freshwater from the lagoon has been demonstrated to flow through the permeable



62 L. F. Niencheski

Fig. 3 Schematic
representation of SGD on
southern Brazil

sands, beneath the barrier spits, where it mixes with seawater (see Figs. 3 and 4;
Moore 2008 ; Niencheski et al. 2007, 2010; Niencheski and Windom 2014;
Niencheski et al. 2014).

Studies based on nutrient levels in wells from the barrier spit which separates
Patos Lagoon from the South Atlantic shelf, along with estimates of SGD, suggest
that the following processes are active: products of remineralization of organic
detritus accumulated in lagoon sediments are advected through permeable sedi-
ments to the oceans, dissolution of biogenic solids and/or solid silicates mobilizes
silicate, and phosphate is mobilized from phosphate-rich sediment layers. The
resulting SGD has a significantly different composition than that of typical surface
water sources. It was pointed out that these processes are not only important to the
transport, cycling, and fate of nutrients within the coastal region of southern Brazil
but perhaps to coastal areas in general. Niencheski et al. (2007) show that SGD may
provide an important flux of nutrients to coastal ocean regions characterized by
permeable sediments such as barriers of coastal lagoons. They also suggest that the
subterranean transport pathway may be important in explaining the nutrient budgets
of coastal lagoons. The authors present a conceptual model of nutrient fluxes in the
coastal surface water-groundwater system (Fig. 5). They calculated the nutrient
fluxes in the fresh groundwater (the freshwater moving toward the ocean), and these
fluxes were compared to those associated with surface freshwater inputs to Patos
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Estricto

Patos Lagoon
Runoff and wind

Fig. 4 Schematic representation of groundwater flux in a cross section of Patos Lagoon barrier

Fig. 5 Conceptual model of nutrient flux in coastal surface water — groundwater systems F1 flux
in fresh groundwater, F2 flux associated with SGD, F3 recirculated seawater, F4 transport to the
inner shelf, F5 transport offshore

Lagoon. Nitrate is the only nutrient species for which the groundwater flux is con-
siderably less than the surface freshwater flux to Patos Lagoon, but this appears to
be compensated by the ammonium flux so that the total nitrogen fluxes are similar
(Table 1). Under the assumption that nitrogen limits production in the nearshore or
surf zone region, the production supported by the SGD can be calculated. Using this
data, the authors estimated that the N flux can support a production rate of about 8 g
C m?day~!' or ca. 3000 g C m? year~".
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Table 1 Estimated nutrient fluxes to the coast, Fj, in fresh groundwater compared to surface
freshwater nutrient inputs to Patos Lagoon (10° mol day~")

Freshwater nutrient flux to Patos Lagoon
F, (Niencheski and Windom 1994)
Silicate 232 13.1
Phosphate 0.25 0.05
Ammonium 1.15 0.25
Nitrite 0.002 0.01
Nitrate 0.086 0.98
Total nitrogen 1.25 1.24

The Southern Brazil and Uruguayan coast is dominated by several coastal
lagoons. Of these the Patos and Mirim/Mangueira lagoons are the most well known.
This coastal system certainly provides local hydraulic gradients resulting in ground-
water flow toward the South Atlantic along ca. 1500 km length of their coastline, as
exhibited by water levels in wells placed in the sandy barrier that respond to chang-
ing water level in the lagoons. Niencheski et al. (2007), however, show that ground-
water transport and seawater cycling through permeable coastal/shelf sediments and
SGD along the coast of southern Brazil are more complex than was originally
hypothesized (Figs. 3 and 4). Instead of SGD being driven simply by a surficial
aquifer which links the lagoon to the ocean, an additional aquifer system(s) under-
lies this region and may support SGD over a wider region of the shelf. We can
speculate that Guarani aquifer or another important regional aquifer may have an
even greater geographic influence and may, in fact, provide for nutrient input in
SGD on the shelf.

The isotopic composition (d180, d2H) of groundwater, lagoon water, and seawa-
ter collected in a coastal lagoon system in southern Brazil as a tool to define ground-
water sources within a permeable barrier that separates the Mirim/Mangueira
lagoons from the ocean was described by Schmidt et al. (2011). The isotopic signa-
ture of the barrier groundwater differs both from the isotopic composition of lagoon
water and seawater. The groundwater is significantly lighter, indicating that the
major recharge source to the barrier is precipitation, rather than lagoon water. In the
southern and central part of the barrier, no interaction of groundwater with lagoon
water was observed. In the northern part, however, lagoon water intrusion into the
barrier was identified. This effect is apparently caused by different vegetation types
on the barrier influencing subsurface hydrological processes. The central and the
southern areas are characterized by natural dune vegetation (high infiltration, low
evapotranspiration rates) whereas the northern part is covered by extensive pine tree
plantations (low infiltration, high evapotranspiration rates). The presence of pine
trees may enhance lagoon and seawater intrusion into the shallow aquifer and
decrease fresh submarine groundwater discharge.

Chemistry of southern Brazilian continental shelf (SBCS) waters, between
28.5°S and 34°S, was evaluated in relation to the mixing of thermohaline-defined
water masses and concomitant water column processes by Niencheski and Windom.
(2014). Data on inorganic nutrient and trace metal (Ba, Cd, Co, Cu, Fe, Mn, U, V,
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and Zn) concentrations and radium isotopic activities from previous reports and
recent analyses were presented and discussed by Niencheski et al. (2014) with the
aim of providing a state of knowledge on processes governing their sources, distri-
bution, transport, and fate on the SBS. Nutrient concentrations/distributions on the
shelf are controlled mainly by tropical water/subtropical shelf water, seasonally
modified as a result of summer upwelling in the northern shelf region, and by Rio
de la Plata plume water, which is seasonally modified by discharges of submarine
groundwater (SGD) and the Patos Lagoon and by the greater northern penetration
of the Rio de la Plata plume during winter.”>°Ra activity varies little across the
shelf.??®Radium, associated dominantly with SGD, decreases conservatively, with
respect to salinity, across shelf transects, converging on a typical ocean end-member
activity. The low salinity end-member activity, however, depends on the location of
the shelf transect controlled by the variability of coastal SGD. Because SGD is so
important to the coastal shelf region, Ra activity appears to provide a better tracer
of water mass interactions than thermohaline characteristics. Using metal->**Ra
relationships, sources, transport, and fate of trace metals are better constrained
enabling the following conclusion: the major source of dissolved Co, Mn, and Fe to
the shelf is SGD, along the coastal Holocene barrier system, followed by removal as
coastal water mixes across the shelf. Cu and Si concentrations are explained as con-
servative mixtures of three end-members: SGD, surface freshwater discharge, and
oceanic. Cd and Zn are largely explained similarly. Vanadium is enriched in coastal
waters during the summer presumably due to seasonal remobilization from sedi-
ments but exhibits conservative mixing behavior across the shelf. Barium behavior
is the most unexpected and is speculated to be the result of biochemical removal in
highly productive coastal waters followed by release from decaying phytoplankton
detritus as it is advected across the shelf.

6 Potential Nutrient Sources on the Shelf

Silicate is relatively enriched in terrestrial runoff and typically shows a conservative
mixing behavior when freshwater mixes with seawater. To determine the sources of
nutrient inputs along the coast during different seasons, silicate variations along
S-N transect from Chui (zero km) to Conceicao (270 km) (Fig. 6) provide insights.

Data collected along this transect for silicate (Fig. 7) shows that for any time of
the year, concentrations near the Albardao region are always high; in some instances,
such as spring, they are even higher than the concentrations observed at stations
located near the mouth of Patos Lagoon and Chui (where the input of the Plata
should have greatest influence). These results suggest that silicate sources other
than the traditional ones (La Plata River and Patos Lagoon) may be responsible for
the high silicate concentration which occurs near Albardao.

The map of silicate contours shown in Fig. 8 suggests two areas of high concen-
trations. But gradients associated with them show no obvious link to the Plata River
or Patos Lagoon outlet. Campos et al. (2009) recently reported on the discovery of
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Fig. 7 Distribution of silicate concentrations as pM (down to a 10-m depth) along the coast, from
Chui to Conceicao. Adaptado de Attisano et al. (2013)

the Albardao paleochannel which occurs about 35 kms offshore of southern Brazil
and Uruguay. It begins near Punta del Este and extends, to approximately 50 km
northeast along the coast. This feature reprints an ancient Plata River drainage
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channel. SGD controlled by this feature may explain the southernmost area of sili-
cate enrichment.

Although considerable research has been carried out on the southwestern Atlantic
Ocean margin, there has been little integration of results across disciplines, and the
few recent summaries of research that have been published do not take into account
more recent scientific findings in the region. An exception to this was a special issue
of Continental Shelf Research which was prepared in 2008, to focus on the results
of the NICOP-PLATA research on continental shelf oceanography in the region of
the Rio de la Plata and Patos Lagoon outflows (Campos et al. 2008).

In 2010, Federal University of Rio Grande (FURG) started the National
Institutes of Science and Technology-Integrated Oceanography and Multiple
Uses of the Continental Shelf and the Adjacent Ocean (Integrated Center of
Oceanography — ICO). The main goal of this institute is to understand, quantify,
and monitor the changes in the South Atlantic circulation due to changes in the
atmospheric circulation and the consequent impacts on coastal processes and on
the regional climate. The observational part of this project is conducted in four
interlinked components:
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(A) Large-scale sub-project, intended to investigate possible changes in the basin-
scale South Atlantic circulation due to global climate change and their conse-
quences to the Brazilian continental shelf

(B) A continental edge observational experiment, intended to identify and monitor
changes in ocean-atmosphere variables in the Southwest Atlantic and its conse-
quences to the biological pump

(C) A regional-scale component, focused on impacts of the large scale on the shelf
and shelf break

(D) A multidisciplinary study intended to investigate the relationships of marine
microorganisms and climate changes along the Brazilian coastal waters

7 Major Scientific Uncertainties

The multidisciplinary studies in this region will not only benefit regional research-
ers in planning future efforts but will also serve the wider marine research commu-
nity by providing a better overview of the state of knowledge of this important
ocean region. But more needs to be done across a wider scope of processes and
disciplines. Based on our knowledge, the major uncertainties/issues are pointed out
to provide a framework for discussion regarding future international, interdisciplin-
ary research in the region:

* The relative importance of the contributors of surface sources (Rio de la Plata
and Patos Lagoon) and groundwater sources of nutrients, in time and space,
needs to be understood better.

— A more detailed geographic distribution of SGD is needed to assess
heterogeneity.

e Are there additional SGD nutrient sources on shelf due to larger groundwater
systems?

* Understanding the role of slope waters and nutrient sources

* Processes at shelf break on nutrient input to the shelf.

Finally, this paper has a key role to initiate the pursuit of cooperative research
projects/programs in the region that articulate with more global research agendas
and regional-national collaborations.

References

Attisano KK, Santos IR, Andrade et al. (2013) Submarine groundwater discharge revealed by
radium isotopes (Ra—223 and Ra—224) near a paleochannel on the southern Brazilian continen-
tal shelf. Braz J Oceanogr 61(3):195-200

Braga ES and Niencheski LFH (2006) Composi¢ao das massas de dgua e seus potenciais produ-
tivos na drea entre o Cabo de Sao Tomé (RJ) e o Chui (RS). In: O ambiente oceanografico



Nutrient Transport, Cycles, and Fate in Southern Brazil (Southwestern Atlantic Ocean... 69

da plataforma continental e do talude na regido sudeste—sul do Brasil. Organizadores Rossi—
Wongtschowski, Carmen Licia Del Bianco & Madureira Lauro Saint-Pastour, EDUSP,
p 161-218

Braga ES, Chiozzini VC, Berbel GBB et al. (2008) Nutrient distributions over the Southwestern
South Atlantic continental shelf from Mar del Plata (Argentina) to Itajai (Brazil): Winter—
summer aspects. In: Campos, E.J.D., Piola, AR and RP Matano (Eds.) Synoptic characteriza-
tion of the Southeastern South American Continental shelf: The NICOP/Plata Experiment.
Cont Shelf Res 28(13): 1649-1661

Campos EJD, PiolaAR, Matano RP (eds) (2008) Synoptic characterization of the Southeastern South
American continental shelf: the NICOP/Plata experiment. Cont Shelf Res 28(13):1551-1692

Campos P, Weigert SC, Madureira LSP (2009) Prospecg¢do hidroacustica do fundo na regido
do Paleocanal do Albardao — RS — Brasil. Atlantica, Rio Grande. https://doi.org/10.5088/
atl.2009.31.1.5

Del Rosso C (2000) Contribuicdo aos estudos hidroquimicos da plataforma continental
sul-sudeste do Brasil. Undergraduate thesis. Oceanologia, FURG. Brazil

Fillmann G (1990) Caracteriza¢do quimica das massas de dgua da plataforma continental do sul do
Brasil. M.Sc. thesis, FURG. 134 p (Brazil)

Lopes MF (2004) Hidroquimica da plataforma sul do Brasil: caracterizacdo e variabilidade
sazonal. M.Sc. thesis, FURG (Brazil)

Moore WS (2008) Submarine groundwater discharge. state of knowledge on Southwestern
Atlantic ocean margin processes — workshop (SWAOM). Montevideo, November 16-22, 2008.
(http://www.skio.usg.edu/meetings/uruguay2008.html)

Niencheski LF and Fillmann G (1997) Chemical characteristics. In: Seeliger U, Odebrecht C,
Castello, J.P. (eds.) Ecology of subtropical convergence regions — The coast and sea in the
warm—temperate southwestern Atlantic. Chapter: Coastal and marine environments and their
biota. Springer, New York, p 96-98

Niencheski LF, Jahnke RA (2002) Benthic respiration and inorganic nutrient release across the
sediment water Interface in the estuarine region of Patos Lagoon (Brazil). Aquat Geochem
8:135-152

Niencheski LF, Windom HL (1994) Nutrient flux and budget in Patos Lagoon Estuary. The Science
of the Total Environment. 149 (1-2): 53-60

Niencheski LF, Windom HL, Moore WS Brandes J (2010) Nutrient subterranean fluxes to coastal
zone of Southern Brazil. American Geophysical Union (AGU). The Meeting of the Americas.
Foz do Iguagu. August 8-12, 2010. Oral presentation at Session H34A

Niencheski LF, Windom H (2014) Chemistry of a surficial aquifer of a large coastal lagoon
barrier and its relation to adjacent surface waters of Brazil. J Coast Res. https://doi.org/10.2112/
jeoastres—d—13-00175.1

Niencheski LF, Baumgarten MG, Roso et al. (1999) Oceanografia Quimica — Levantamento
Bibliografico e Identificagdo do Estado Atual do Conhecimento. Avaliagdo do Potencial
Sustentdvel de Recursos Vivos na Zona Econdmica Exclusiva — REVIZEE. Patrocinio do
Ministério do Meio Ambiente, dos Recursos Hidricos e da Amazoénia Legal (MMA), Comissao
Interministerial para os Recursos do Mar (CIRM), Fundagio de Estudos do Mar (FEMAR),
p 171 ISBN 85-85966—12-2

Niencheski LF, Windom HL, Moore W et al (2007) Submarine groundwater discharge of nutrients
to the ocean along a coastal lagoon barrier, southern Brazil. Mar Chem 106(3—4):546-561

Niencheski LF, Windom HL, Moore WS (2014) Controls on water column chemistry of the
southern Brazilian continental shelf. Cont Shelf Res 88:126—-139

Sales Dias LM (1994) Caracterizacdo quimica das dguas da plataforma continental sul do
Brasil — Verdo de 1990 e Outono de 1991. Undergraduate thesis. Oceanologia, FURG, p 55

Schmidt A, Santos IR, Burnett WC et al (2011) Groundwater sources in a permeable coastal
barrier: evidence from stable isotopes. J Hydrol 406:66-72

Windom HL, Moore W, Niencheski LF et al (2006) Submarine groundwater discharge: a large,
previously unrecognized source of dissolved iron to the South Atlantic Ocean. Mar Chem
102(3-4):252-266


https://doi.org/10.5088/atl.2009.31.1.5
https://doi.org/10.5088/atl.2009.31.1.5
http://www.skio.usg.edu/meetings/uruguay2008.html
https://doi.org/10.2112/jcoastres–d–13–00175.1
https://doi.org/10.2112/jcoastres–d–13–00175.1

Surface Macronutrient Dynamics )
of the Drake Passage and the ke
Argentine Sea

Flavio E. Paparazzo and José L. Esteves

Abstract The dynamics of macronutrients on the surface is key for marine life. In
this work, we focus on the nitrate, phosphate, and silicate distribution along the
Drake Passage and the Argentine Sea. These nutrients have the highest concentra-
tion in the south of the Drake Passage because of upwelling of deep waters and
inlets of coastal currents. The Antarctic Convergence forms a kind of barrier between
water masses, greatly limiting the surface exchange of chemical species to the north.
Pacific Ocean waters mixed with surface waters located north of the Polar Front
enter the Argentine Sea giving rise to the Patagonian and Malvinas Currents. On
their way, primary producers deplete nutrients, and, at a given moment, nitrate
reaches limiting concentrations. Two processes locally modify the resulting N-S
nutrient gradient: (1) the shelf offshore component receives the contribution of the
nutrient-rich Antarctic waters, which move northward along the continental slope
through the Malvinas Current; (2) large tidal waves and their interaction with the
seabed create seasonal frontal systems that increase the chemical species concentra-
tion near the coast. The discharge of the less saline waters of the Magallanes Strait
can be observed up to 43°S, but its effect on macronutrients is low. Patagonian rivers
present a low flow and seem to make only local contributions. Until now, the fertil-
ization effect of submarine groundwater discharge is unknown and the aeolian dust
input is under study. The ice pack coverage in the Drake Passage and the water
column stratification in the Argentine Sea govern the seasonal variation. Interannual
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differences have been associated with ENSO-like events, but information is not
enough to draw conclusions. Due to the importance of knowing the nutrient
dynamics to understand the biological processes of the region, multidisciplinary
studies focusing on this topic should be promoted.

Keywords Macronutrients - Currents - Fronts - Drake Passage - Argentine Sea

1 Introduction

The study of macronutrient dynamics on the surface is key to understand the
relationship between marine chemistry and primary production. The products of
rock weathering, decay of organic material, glacial action, and volcanic activity are
the major sources of nutrients to the sea. Instead, biogeochemical processes, such as
incorporation by living organisms and sedimentation, control the removal. To deter-
mine the particular patterns of distribution, mixing and advective processes coupled
to transport by currents and frontal gradients must be considered.

In this work, we focus on nitrate, phosphate, and silicate seeking to understand
their surface dynamics along the Drake Passage (DP) and the Argentine Sea (AS)
(Fig. 1a). First, an analysis of the permanent dynamics is developed followed by the
main seasonal and interannual variations. Next, we show an estimate of nutrient
concentration (based on literature). Finally, the general conclusion is presented.

2 Permanent Surface Nutrient Dynamics

In deep Antarctic waters, the nutrient concentration is high (Levitus et al. 1993).
The Antarctic shelf break front (ASBF — Fig. 1¢) is the primary site for the renewal
of Antarctic surface waters and the deepest layers of the world ocean (Jacobs 1991).
There, upwelling, advection, and convection processes transport the deep nutrient-
rich water mass to the surface. Once emerged, surface and intermediate currents
distribute the nutrients through the Antarctic Circumpolar Current (ACC — Fig. 1b)
and its derivations (Barker et al. 2007).

Near the Antarctic Peninsula, the ACC interacts with shelf waters facilitating the
lateral transport of shelf-derived components such as iron into high-macronutrient
offshore regions. Lateral fluxes overwhelm vertical inputs and exports from the
water column (Dulaiova et al. 2009). The elevated trace metal concentrations near
the 25 de Mayo Island (Shetland del Sur) correspond to the flow path of the Mar de
la Flota Current (MFC — Fig. 1b). This enriched plume can also be seen exiting the
Mar de la Flota Sea, between the Clarence and Elefante Islands into the Ona Basin,
where it mixes with high macronutrient-low trace metal concentration waters from
the ACC (Hatta et al. 2013). Nutrients enter the Ona Basin from the continental
shelf through advection along an isopycnic, resulting in an iron concentration peak
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Fig. 1 Main environmental factors regulating surface nutrient distribution (a) Topography. AS
Argentine Sea, DP Drake Passage. (b) Currents (Modified after Palma et al. 2008). RP Rio de la
Plata, BzC Brazil Current, MC Malvinas Current, PC Patagonian Current, CHC Cape Horn
Current, ACC Antarctic Circumpolar Current, MFC Mar de la Flota Current. (¢) Fronts (Modified
after Acha et al. 2004; Sprintall 2003). EF estuarine front, BMC Brazil-Malvinas Confluence, TF
tidal fronts, SBF shelf break front, SASB South American shelf break, SAF Subantarctic Front,
PF Polar Front, SACCF Southern Antarctic Circumpolar Current Front, ASBF Antarctic shelf
break front, ASB Antarctic shelf break. The Ocean Data View software (Schlitzer 2017) was used
for mapping
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(Frants et al. 2013). The mixing between the iron-poor waters of the ACC and
iron-rich waters on the shelf through horizontal transport and vertical upwelling
processes could be responsible for the enhanced primary productivity in this sector
(Zhou et al. 2010). This process increases the variability of macronutrients along the
SE sector of the DP.

Entering the DP to the north, macronutrients continue to have high concentra-
tions (Brandini et al. 2000; Kim et al. 2004), although micronutrients become limit-
ing of the primary production (e.g., Smith et al. 2008). The DP exhibits exceptionally
high concentrations of silicate, which might be due to the inflow of North Atlantic
deep water in the Atlantic sector (Berger 2007). This is particularly significant in the
southern half of the DP, where a large gradient in the silicate concentration can be
seen (Tréguer and Jacques 1992; Paparazzo et al. 2016).

The Polar Front (PF — Fig. 1c), also known as Antarctic Convergence, acts as a
surface barrier that divides the water mass properties of both the northern and south-
ern DP (Paparazzo et al. 2016). The front intensity significantly correlates with the
bottom topography, suggesting that the front intensifies over shallow bathymetry
(Freeman and Lovenduski 2016).

Nitrate, phosphate, and silicate present a decreasing trend from south to north with
a significant lower concentration than south of the PF (Paparazzo et al. 2016).
However, all the macronutrients meet the phytoplankton needs, and the silicate of this
zone is particularly higher in the DP than in other longitudes (e.g., Brzezinski et al.
2005), never limiting the primary production (Brandini et al. 2000; Kim et al. 2004).

In the southern tip of the South American coast, nutrient concentrations decrease
even more although it is not possible to speak of low concentration because it con-
tinues being abundant for the requirement of the primary producers. Simultaneously,
primary production increases. This explains a higher consumption of nutrients by
phytoplankton due to better conditions for its growth within the continental shelf
north of the Subantarctic Front (SAF — Fig. Ic), where there is a decrease in the
mixing layer depth and an increase in temperature and micronutrients such as iron
(Klunder et al. 2014).

Toward the south of the Tierra del Fuego province, three masses of water con-
verge (Garzén et al. 2016): (1) high macronutrient oceanic water derived from the
northern DP, (2) intermediate macronutrient water from the Southeast Pacific trans-
ported by the Cape Horn Current (CHC — Fig. 1b), and (3) low macronutrient water
from the mouth of the Beagle Channel. The mixture of these three bodies of water
enters to the AS through the Le Maire Strait and joins the Magallanes Strait dis-
charge, originating the Patagonian Current (PC — Fig. 1b).

In the AS, primary producers consume macronutrients while the PC moves
toward the north, generating a marked superficial gradient. In the case of nitrate, it
reaches limiting concentrations for primary production during the stratification sea-
son (Paparazzo et al. 2010; Song et al. 2016). However, frontal contributions with
different characteristics generate a significant increase of macronutrients from both
the west and east sides of the AS, breaking the continuity along the gradient.

In the western AS, the effect of tidal currents generates the formation of tidal
fronts (TF — Fig. 1c) (e.g., Glorioso 2000) whose consequences have been studied
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by several authors (e.g., Acha et al. 2004; Romero et al. 2006; Rivas et al. 2006).
During thermal stratification periods, tidal fronts are an important source of nutrients
for the AS surface waters (Acha et al. 2004; Romero et al. 2006; Paparazzo et al.
2010). The main tidal front zones were located off the Valdés Peninsula, near Cape
Blanco, and in a region stretching south of 50 °S.

In the external sector of the AS, subantarctic waters coming from the Malvinas
Current (MC; Fig. 1b) enter from the eastern margin, along the shelf break front
(SBF; Fig. 1c) (Matano and Palma 2008). It is a key source of nutrient-rich waters to
the AS. The subantarctic cold waters of this stream not only flow through the slope
but also through the bottom of the continental shelf fertilizing beyond the frontal
sector (Anderson and Kaltin 2001). In the interaction zone between the shelf and
the slope, gradients of high salinity (Feddlov et al. 1990), temperature (Piola and
Falabella 2009) and biological activity were observed (Acha et al. 2004). Many stud-
ies have discussed the fertilization generated by the MC toward the AS (Brandhorst
and Castello 1971; Carreto et al. 1995; Brandini et al. 2000; Romero et al. 2006).

To the north of the AS, the combined effects of the freshwater discharge from the
Rio de la Plata river (RP —1b) (Depetris and Paolini 1991) and winds (Piola et al.
2005) contributed to the modification of nutrient distributions over the continental
shelf. The nitrate concentration increased near the continental shelf break (Carreto
et al. 2007), while silicate and phosphate established an anticorrelation with salinity,
showing to be associated with the freshwater of the RP (Braga et al. 2008). Provost
etal. (1996) identified four types of fronts in the upper layer over the Brazil-Malvinas
Confluence region (BMC; Fig. 1c), highlighting the great dynamics of this sector.

Little is currently known about other local sources that contribute to the fertiliza-
tion of the AS. The lower salt waters of the Magallanes Strait (MS) cover a large
surface area, reaching 43 °S (Palma and Matano 2012; Strub et al. 2015). In this
way, its influence on numerous processes in the AS is evident. However, although
the macronutrient records at the MS nearest sector of the AS show non-limiting
concentrations (e.g., Decembrini et al. 2014), it is not proved that the nutrient intake
of the MS extends beyond its mouth. In addition, surface and submarine groundwa-
ter flows from Patagonian rivers (Colorado, Negro and Santa Cruz) could contribute
significant amounts of nutrients to the coast and probably play a significant role in
maintaining the rich Patagonian productivity (Depetris et al. 2005).

Fertilization could also occur throughout the contribution of sediments trans-
ported by the intense winds coming from the west sector of the Patagonian region.
If these sediments were rich in nutrients, they would constitute an additional contri-
bution to primary producers. Iron fertilization through the wind transport of volca-
nic ash from an eruption event reaches the Southern Ocean at the south of Africa
(Simonella et al. 2015). Simultaneously with the present work, a series of experi-
ments and field measurements indicate a possible supply of nitrate and silicate
through aeolian dust transport (Paparazzo et al. unpublished data). Such a source of
nutrients could be of great relevance, especially when the local chemical conditions
limit primary production (Crespi Abril et al. chapter “Perspective: Continental
Inputs of Matter into Planktonic Ecosystems of the Argentinean Continental Shelf,
the Case of Atmospheric Dust”).
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3 Seasonal Surface Nutrient Dynamics

The variations in the sea ice distribution and the freshwater inputs from glacial and
melting sea ice are the dominant influences on the biogeochemical processes in the
Antarctic coastal systems (Ducklow et al. 2013). The extent of the ice field sur-
rounding Antarctica in winter reduces to a fifth in summer (Arrigo et al. 1997); this
exposes a large extension of sea surface to the interaction with strong winds. In
comparison with the whole continent, there are no large expanses of ice in the north
of the Antarctic Peninsula (Fig. 2). In consequence, the seasonal pack ice of the DP
is limited to a narrow sector surrounding the Shetland del Sur Islands, leaving ice-
free surface in the area of greater upwelling (Martinson et al. 2008). This leads to
delaying the drop in the surface concentration of macronutrients during summer
(Smith et al. 2008). The DP shows a higher concentration of macronutrients in win-
ter as compared to summer (e.g., Munro et al. 2015). However, detailed studies
showed nitrate and phosphate concentrations somewhat lower in fall than in sum-
mer (Paparazzo et al. 2016). In early fall, the ice cover begins to grow and macro-
nutrients decrease. However, along the Antarctic coast, this process occurs
simultaneously with the drop in temperature and the increase of macronutrients by
overall mixing of the water column. Consequently, the minimum of macronutrients
in the southern half of the DP would take place in early fall. Although it is an area
with a relative low fluctuation of the ice cover, the DP is definitely an ecosystem that
strongly depends on it.

The seasonal variability in the location of the PF reaches more than 100 km
southward in March with respect to February (Paparazzo et al. 2016). There is a
slight trend for the PF to being farthest south in austral summer and farthest north in
austral spring, and the spatial changes among years would be strongly correlated to
both zonal wind stress and wind stress curl in the southeast Pacific Ocean (Sprintall
2003). Because of the PF migration, sectors of different nutrient concentrations
extend or reduce (Fig. 2).

The stability of the water column is the key process to understand the seasonality
on the surface macronutrients concentration in the AS (Fig. 2). In winter, strong
vertical mixing leads to relatively high nutrient concentrations throughout the water
column (Brandhorst and Castello 1971; Carreto et al. 1995). However, as of mid-
August, the water column begins to stratify north of 40°S, beginning a process
toward the south that ends up generating the complete surface stratification of the
AS at the end of September (Rivas et al. 2006). The stability in the photic layer leads
to a great phytoplankton bloom during the beginning of spring (Romero et al. 2006).
As the summer progresses and the stratification strengthens, plankton consumes the
surface nutrients until it reaches limiting concentrations, especially nitrate
(Paparazzo et al. 2010). Here, the tidal fronts play a very important role allowing the
recirculation of bottom water to the surface. From the other side, in the eastern sec-
tor of the platform, the shelf break front takes a preponderant role (Acha et al. 2004).
This front provides nutrients to sustain high phytoplankton biomass levels during
the warm season (Garcia et al. 2008). In the north of the AS, the front moves
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Fig. 2 Seasonal factors regulating surface nutrient distribution. (a) Higher summer effect of the
Rio de la Plata estuary over the shelf, progressive dates of the start of stratification along the
Argentine Sea from late winter to early spring, the southern location of the Polar Front in summer,
and the minimum Antarctic ice cover in February. (b) Lower winter effect of the Rio de la Plata
estuary over the shelf, progressive dates of the rupture of stratification along the Argentine Sea
from late summer to early fall, the northern location of the Polar Front in spring, and the maximum
Antarctic ice cover in October (Modified after Piola et al. 2008; Sprintall 2003, NASA Earth obser-
vatory https://earthobservatory.nasa.gov). The Ocean Data View software (Schlitzer 2017) was
used for mapping

offshore during summer and onshore during spring and autumn (Carreto et al.
1995). As of March, the rupture of the stratification in the AS occurs (Rivas et al.
2006), and the deepwater nutrients recirculate on the surface (Paparazzo et al. 2010),
reestablishing the concentration observed during the winter. At the same time, there
is no stability of the water column for plankton, and primary production decreases
(Romero et al. 2006).

To the north of 40°S, there is a high seasonal variability due to estuary cov-
erage (Fig. 2). Intrusions of cold subantarctic waters are consequences of a
northward expansion of mixtures of the Rio de la Plata waters in late fall and
a slower retraction of the plume during spring—summer (Palma et al. 2008).


https://earthobservatory.nasa.gov
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Primarily in response to variations in the along-shore wind stress, the Rio de
la Plata plume presents large northeastward penetrations in late fall-winter and
southeastward retractions along the continental shelf in late spring—summer
(Piola et al. 2005, 2008). Such combined effects of freshwater discharge and
winds contribute to the modification of nutrient distributions over the continen-
tal shelf (Braga et al. 2008). Dissolved silicate and phosphate show a negative
correlation with salinity and remarkable features of the terrestrial inputs in the
winter period associated with low-salinity waters from the Rio de la Plata out-
flow that contribute to local fertilization. On the other hand, dissolved nitrate
shows the key presence of upwelling and regeneration processes at some points
near the continental shelf break.

Offshore, near the continental slope during the winter, the Malvinas Current
grows stronger while the Brazil Current transport decreases and the latitude of the
BMC moves northward. During the austral summer, a southward displacement of
the latitude of the BMC occurs (Matano et al. 1993).

4 Interannual Surface Nutrient Dynamics

Unlike seasonality, processes that affect the macronutrient concentration along the
years did not follow predictable patterns.

In the DP, the Southern Annular Mode (SAM) and El Nifio Southern Oscillation
(ENSO) and its counterpart (La Nifia) take a lead role in the variation between years
(Ducklow 2008; Stammerjohn et al. 2008, Martinson et al. 2008; Smith et al. 2008).
The greater influx of warmer Upper Circumpolar Deep Water (UCDW) from the
ACC is a possible consequence of the strengthening of southward winds over the
Southern Ocean, often quantified by the movement of the SAM to a more positive
state. These atmospheric changes could induce stronger upwelling (Waugh et al.
2013). In the north of the Antarctic Peninsula, intense winds drive an Ekman north-
ward transport and a consequent Ekman pumping, increasing the nutrient concentra-
tion. The SAM is strongly involved in the direct atmospheric changes affecting the
area, along with the El Nifio and La Nifia via teleconnections with the tropical Pacific.

Weak southerly winds are the atmospheric response to “El Nifio” in the DP, fact
that generates the delay of ice pack recoil during spring, particularly offshore.
Consequently, it also decreases the surface friction and reduces the upwelling of nutri-
ent-rich waters. On the other hand, during La Nifia strong northwesterly winds are the
response from spring to fall. This leads to a quick retreat of the offshore ice and a
pileup of onshore ice. In addition, a strong flow of warm moist air occurs over the
Antarctic Peninsula (Massom et al. 2006). The sum of these conditions leads to a quick
and extensive retreat of the ice field (Turner et al. 2002). In consequence, the water
column mixing is intensified and the upwelling of deep water strengthened (Martinson
et al. 2008), leading to an increase in macronutrient concentration in surface waters.

Somewhat north, during EI Nifio the ACC fronts displace northward, resulting in
the reduced mixing of coastal and oceanic waters. During La Nifia, the ACC fronts
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displace southward increasing the mixing between coastal and oceanic waters
(Ducklow et al. 2013). Besides, a weakening of the surface ACC flow in the Drake
Passage associated with ENSO events was suggested (Lenn et al. 2007).

In the southern AS, all major Patagonian rivers show a similar pattern at ENSO-
like frequency range; however, other factors exert a greater effect on their flows.
During the last years, probably due to anthropic causes, the Negro River has
decreased its annual discharge significantly. In the same way, due to global warm-
ing, by the influence of glacier melt water, the Santa Cruz River shows an increasing
discharge trend (Pasquini and Depetris 2007). These changes can have major conse-
quences in the coming years.

Some authors have suggested that the MC intensity is related to the ACC inten-
sity in the DP (e.g., Vivier and Provost 1999). As mentioned above, this would mean
a weakening in intensity associated with ENSO events and a decrease in the injec-
tion of nutrients into the AS.

In the northern AS, the hydrological variability of the Rio de la Plata tributaries
seems to be linked simultaneously to long-term tendencies and interannual telecon-
nections of ENSO (Boulanger et al. 2005). ENSO usually triggers anomalously
high precipitation in most areas of the Rio de la Plata drainage basin (e.g., Boulanger
et al. 2005). Nevertheless, in relation to the concentration of surface nutrients, the
distribution of the plume plays a preponderant role. At interannual time scales, the
northernmost Rio de la Plata plume penetrations in winter are associated with more
intense and persistent northeastward wind stress. In contrast, in years characterized
by weaker northeastward wind stress, the winter plume only reaches half of that
distance (Piola et al. 2008). In other words, increases on discharge led to a greater
influence of the Rio de la Plata plume over the continental shelf although during
ENSO events it did not penetrate farther north because of the unfavorable northerly
wind pattern (Gonzalez-Silvera et al. 2006).

With respect to the confluence, if during the ENSO events the flow of the MC is
weakened, the consequence should be a southward movement of the BMC.

5 Estimated Surface Nutrient Concentration

The sum of the abovementioned processes generates a localized distribution of mac-
ronutrients. Thirteen zones can be chemically characterized based on existing infor-
mation (Fig. 3):

1. The seasonal ice zone (SIZ) localized between the Antarctic shelf break and the
northern limit of the ice pack

2. The Permanently Open Ocean Zone (POOZ) localized between the northern
limit of the ice pack and the Polar Front

3. The Polar Front zone (PFZ) localized between the Polar Front and the
Subantarctic Front

4. The transitional subantarctic zone (TSAZ) localized between the Subantarctic
Front and the South American shelf break
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Fig. 3 Zones determined
from considering the main
processes that govern
surface nutrient
concentration in the
Southwestern Atlantic. SIZ
seasonal ice zone, POOZ
Permanently Open Ocean
Zone, PFZ Polar Front
zone, TSAZ transitional
subantarctic zone, SACZ
South American coastal
zone, NBZ Namuncurd
bank zone, CASZ central
Argentine Sea zone, MCZ
Malvinas Current zone,
S50Z south of 50°S zone,
BCZ Blanco Cape zone,
VPZ Valdés Peninsula
zone, RPZ Rio de la Plata
zone, BzCZ Brazil Current
zone. The Ocean Data
View software (Schlitzer
2017) was used for

mapping

" Ocean Data View

5. The South American coastal zone (SACZ) localized between the South

American shelf break and the southern continental tip
6. The Namuncura bank zone (NBZ)

7. The central Argentine Sea zone (CASZ) covering the shelf from the Estados

Island to the Rio de la Plata estuary

*®

9. The south of 50°S zone (S50Z), a combined estuarial and tidal frontal zone
10. The Cape Blanco zone (BCZ)
11. The Valdés Peninsula zone (VPZ), BCZ and VPZ both tidal frontal areas
12. The Rio de la Plata zone (RPZ), the northern estuarial limit of the AS

The Malvinas Current zone (MCZ) covering the influence area of this current

13. The Brazil Current Zone (BzCZ), out of our study area but important in the

overall context

For these zones, ranges of surface macronutrient concentration were summarized
from data obtained during field surveys (Table 1). These databases with historical
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information have contributed to depict global pictures (e.g., WOA13 — Garcia et al.
2014), and some works have covered almost the entire study area (e.g., Lara et al.
2010; Paparazzo 2011). In addition, some publications added precision in the spa-
tial and temporal interpretation of the DP (e.g., Tréguer and Jacques 1992; Paparazzo
et al. 2016) and the AS (e.g., Brandhorst and Castello 1971; Braga et al. 2008;
Garcfia et al. 2008; Piola and Falabella 2009; Paparazzo et al. 2010).

6 Conclusions

In this work, some of the numerous processes that affect the macronutrient concen-
tration in the complex environment under study were evidenced. Currents modu-
lated by topography, tides, and winds, play a relevant role for transporting nutrients
while fronts generate abrupt changes in the surface conditions. In addition, the ice
pack coverage in the DP and the water column stratification in the AS govern the
seasonal oscillation. Interannual events like ENSO produce variations in currents
and rivers. Moreover, wind conditions have effects over the stacking of ice packs,
the intensity and direction of currents, and the extension of low-salinity plumes.
However, despite the great advances that have taken place in recent years, there is
still much to know. Available information in macronutrients is not sufficient for a
detailed analysis in the water column, neither for interpreting long-term temporal
changes nor for explaining localized fertilization events, among others.

What is clear in terms of what is known is that ocean life (and earth life) depends
on the surface dynamics of nutrients, and this can only be understood by intensify-
ing a multidisciplinary scientific approach.
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Abstract Land-derived dissolved and particulate matter (allochthonous matter)
affect pelagic ecosystems by changing factors which include light penetration,
nutrient availability, substrate concentration, and in general, biogeochemical cycles
in the ocean. In a context of growing anthropogenic impact, this material may not
only increase its load but also carry toxic substances. Riverine runoff is the most
studied mechanism of particulate matter input from the continent to the sea in the
southern region of South America where the continental shelf is widest (e.g.,
Atlantic Patagonia). However, there are other sources of particulate matter which
are not affected by rivers in this semiarid region: aeolian material. Winds in this
region (notably the Southern Hemisphere westerlies) are the only way continental
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aeolian material (atmospheric aerosols or “dust”) can reach not only the shelf but
even further onto oceanic HNLC (high nutrient-low chlorophyll) regions of the
Atlantic Southern Ocean. This potential impact of Patagonian dust beyond the con-
tinental shelf attracts the attention of the global climate community, and at the same
time, it opens questions about the potential effects of dust in coastal waters.
According to previous work and ongoing studies, deposited particles can have sig-
nificant impacts in the chemical and biological components in the euphotic zone.
However the effects of this airborne material in plankton communities of South
America are largely unknown, mostly due to the lack of in situ studies and observa-
tions. Since the events of dust mobilization, transport, and deposition are expected
to increase (due to climate change) and interact with other global change factors
such as warming and more intensive land use, the influence of dust input may
become more prominent for coastal and oceanic regions of southern South America
in the next decades.

Keywords Aeolian dust - Atmospheric deposition - Particulate matter - Southwest
Atlantic

1 Introduction

The continental shelf of Argentina is one of the largest in the world and sustains
fisheries of high economic value. Factors which support coastal productivity include
frontal regions (e.g., tidal, shelf-break, upwelling, and estuarine fronts) and input of
nutrients and particles from continental sources into the adjacent seawater (e.g.,
riverine and underwater discharge, coastal runoff, atmospheric deposition) (Acha
et al. 2004, 2008; Gasso et al. 2010a). This input results in a continuous supply of
material into coastal and oceanic areas, thus affecting the pelagic realm, planktonic
(and ultimately benthic) organisms. In general, dissolved and particulate matter
affect pelagic ecosystems by changing factors which include light penetration,
nutrient and detritus availability, substrate concentration, and in general, biogeo-
chemical cycles in coastal and oceanic areas. In addition, nutrients and particles
may also carry pollution from human activities or make the aquatic environment
more prone to the occurrence of harmful algal blooms.

The most conspicuous source of land-derived material into the coast of Argentina
is the Rio de la Plata, the most important river in terms of discharge and area of
influence. Due to its large size and location, the Rio de la Plata has traditionally
been the focus of extensive studies. We focus here on a second, less studied source:
atmospheric transport. Dominant winds in Patagonia transport material eastward,
adding particles into the Patagonian Atlantic continental shelf (PACS), one of the
broadest in Earth, and into the oceanic HNLC (high nutrient—low chlorophyll) areas
of the Southern Ocean. We present here a brief discussion of the current knowledge,
compare with study cases in other regions of the world, and offer some thoughts on
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how this could affect pelagic ecosystems within PACS and beyond. When reading
the text, at times one can ask: is this relevant for Patagonia? For many cases, the
answer is “unknown, but likely.” Simply, there is a lack of basic data, thus our poor
understanding of even basic questions about sources of emission, let alone the over-
all effects on planktonic communities. However, these phenomena have been stud-
ied in different regions of the world where the same components are present (i.e.,
wind and mobilizable soil). Therefore the point of this perspective is to call into
attention the importance of continental dust deposition on planktonic organisms
and, by using analogies with other regions, try to infer possible scenarios likely to
be important in Patagonia as well. The quantification of its effects will probably
remain unknown until more studies are completed and integrated with different
fields like marine biology, remote sensing, geology, and urbanization/land
management.

2 Particle Flux from Land to Oceans

It is estimated that the South Atlantic Ocean receives a total sediment load of
400 x 10° t yr=! and 240 x 10° t yr~! of dissolved load from rivers (Milliman 2001).
In terms of sediment volume, the Rio de la Plata is the second largest river in South
America. Its drainage area covers about 20% of the South American continental
area (Acha et al. 2008). The turbidity front in the innermost part of the estuary is
partially formed by transported riverine suspended material, with contributions
from resuspended material by tidal stirring. This turbidity restricts photosynthesis
(by blocking sunlight penetration) even in presence of high nutrients (Nagy et al.
2002), which makes this environment suitable for detritus-based food webs (Acha
et al. 2008; Derisio et al. 2014).

Concentrations of suspended matter range from 100 to 300 mg L' (Framifian
and Brown 1996). Due to its large size and location, the Rio de la Plata has been
extensively studied, and the reader may refer to reviews elsewhere (e.g., Acha et al.
2008). South of the Rio de la Plata, several rivers discharge along the Argentine
coastline, but their contribution is smaller. Each year all the main rivers in Patagonia
combined export an estimated average of 2 x 10° t of suspended particulate matter
into the South Atlantic Ocean, which represents only ~2% of the total annual export
by the Rio de la Plata (Gaiero et al. 2003).

3 Dust

Another mechanism by which land-derived material can reach coastal and oceanic
regions is aeolian “dust”, or more precisely atmospheric transport of mineral aero-
sols. We will use a broad definition of “dust” as terrestrial sediment, sized < 100 pm,
which is transported in an aeolian suspension. We focus here on more steady dust
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sources and do not consider cases of deposition from volcanic eruptions (due to ash
ejection into the atmosphere or remobilization from the soil immediately after erup-
tions). In spite of being more transient, these can contribute mineral dust signifi-
cantly larger than other continental sources (Gaiero et al. 2003; Duggen et al. 2010).
We use the terms “dust” and “mineral aerosols” and “atmospheric inputs” inter-
changeably, although more rigorous definitions are used in specific studies
(McTainsh and Strong 2007; Després et al. 2012). The composition and size distri-
bution of aerosol particles depend on the type of source and emission (see below).
Atmospheric dust includes mixtures of various mineral species with different
shapes, coatings, and mixing states (Gassé et al. 2010a) and may include also bio-
genic aerosols (Jaenicke 2005; Burrows et al. 2009; Després et al. 2012). These
particles can be transported very long distances (Gillette 1981) and can impact areas
hundreds (if not thousands) of kilometers downwind from the source (Gassé et al.
2010a). It is estimated that, globally, 2000 t of dust are emitted yearly into the atmo-
sphere, 25% of which is deposited to the ocean (Shao et al. 2011).

4 Sources

Several regions have been studied as dominant sources of mineral aerosols, such as
the arid regions of North Africa and the Arabian Peninsula (dust belt) among others
(Washington et al. 2003; Mahowald et al. 2005). As an example, 240 + 80 t of dust
are transported annually from Africa to the Atlantic Ocean, 140 = 40 t are deposited
in the Atlantic Ocean (Yu et al. 2015). Dust sources in the Southern Hemisphere are
considerably less active than those in the Northern Hemisphere, and the most active
regions are located in Argentina, southern Africa, and Australia (Maher et al. 2010).
Total atmospheric dust inputs to the oceans is ~450 t yr~!, among which about 4%
settles into the South Atlantic Ocean (Jickells et al. 2005). Source areas are usually
soils with erodible material, dry climate, and strong winds. In present-day southern
South America, the major dust source areas are located in a continuous N—S band of
arid and semiarid terrains (“Diagonal arida,” arid diagonal) extending from the
coastal regions of Perti to Patagonia. Three main persistent source areas stand out:
Patagonia, central-western Argentina, and the Puna/Altiplano plateau. These areas
were continuously active over the last several glacial cycles (Gili and Gaiero 2014).
Not only it has extensive dry areas prone to wind erosion, Patagonia is located in the
zonal latitudes of the strongest (in yearly average) oceanic winds in the world, the
Southern Hemisphere westerlies (also known as “Roaring Forties”). The impor-
tance of present-day Patagonian sources has been acknowledged in global remote
sensing studies (Prospero et al. 2002; Shao et al. 2011). Patagonia emission sources
are linked to thousands of small enclosed basins, and the area is strongly influenced
by the mentioned westerlies (Maher et al. 2010). Dust deposition rates at the
Patagonian coasts are estimated to be in average about ~5 g m= yr~! (Gaiero et al.
2003, 2007; Mabher et al. 2010). It has been estimated that Patagonian sediments are
supplied to the South Atlantic shelf in approximately equivalent amounts from the
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atmosphere (~30 x 10° t yr~') and coastal erosion (~40 x 10° t yr~!) with much less
coming from the rivers (~2 x 10° t yr™!) (Gaiero et al. 2003). Yet, the contribution
from the atmosphere has been suggested to be even larger (Simonella et al. 2015).
These particles can travel ~1800 km eastward from Patagonia (Gass6 and Stein
2007; Gasso et al. 2010b). In many cases, dust events in Patagonia yield lower sig-
nals in global studies due in part to the scarcity (Bullard et al. 2016) and intermit-
tency (Gasso6 et al. 2010b) of observations and also to cloud cover (Johnson et al.
2011). However, northern Patagonia has been identified as an important area of dust
source for the Atlantic Ocean (Johnson et al. 2010) that is continuously emitting
dust (Crespi-Abril et al. 2018).

5 Effects on Primary Production

Airborne particles impact surface of the sea without the typical salinity-driven strat-
ification found in rivers; thus particles deposited on the sea surface immediately
start undergoing concomitant marine processes, including iron solubilization (Duce
and Tindale 1991; Bonnet et al. 2005; Knippertz and Stuut 2014). Major oceans are
exposed to the transport and deposition of mineral dust, which alters the biogeo-
chemical cycles of a number of nutrients, especially nitrogen (Baker et al. 2017) and
iron (Mahowald et al. 2005, 2009). In some cases, the atmospheric input of nutrients
is even of the same magnitude as riverine inputs (Guieu et al. 1991; Gallisai et al.
2014) or even higher (Ridgwell 2002). In global terms dust provides a rather small
fraction of the total iron input to the oceans (river discharge is still the major coastal
source); however it is disproportionately important in some areas of the ocean, espe-
cially where availability of the micronutrient iron might limit productivity (Jickells
et al. 2005). This happens usually in oligotrophic regions (Bonnet et al. 2005) (or
high nutrient—low chlorophyll) areas but may be more important than previously
thought due to the input of phosphorus and nitrogen (Herut et al. 1999; Pulido-
Villena et al. 2010). In addition, a lower concentration of particles from the atmo-
sphere (as compared to riverine input) may have an unexpected effect, as it has been
observed that solubility of iron decreases with the increasing amount of particles
introduced following a power law (Bonnet and Guieu 2004). Similarly, lower den-
sity of air versus water may contribute to this nonlinear effect as iron solubility also
changes with particle size (Baker and Jickells 2006). Thus, dust effect might be
important in some regions of the PACS which may be nitrogen-limited (Paparazzo
etal. 2017). This means in turn that, via input of micro- and macronutrients, mineral
dust can potentially affect biological activity in the upper mixed layer of the sea.
This has been studied in other regions where it was found that dust can influence
positively or negatively phytoplankton population (Paytan et al. 2009; Gasso et al.
2010a; Mabher et al. 2010) and change food web structure (Bonnet et al. 2005;
Lekunberri et al. 2010). Regarding iron interactions with dust, the most affected
plankton species will be those with specific nutrient requirements (Boyd and Doney
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2003; Jickells et al. 2005). Just to mention one of the examples, Gallisai et al. (2014)
argue that aeolian material from Sahara desert can have ecologically relevant effects
on plankton growth in the Mediterranean Sea. The situation may be different in
coastal waters off Patagonia, as the influence of particulate material may not be as
strong as in the oligotrophic Mediterranean. However, the conditions would be very
different beyond the continental shelf, where dust deposition may enhance plankton
growth in HCLN waters of the Southern Atlantic Ocean. Thus, what is known in
other regions is still unknown here, but hundreds of studies allow us to speculate
and foresee that similar scenarios may be happening with Patagonian dust. The
magnitude however remains uncertain and leaves many open questions which would
need local-regional studies to address them.

In South America, when studying atmospheric deposition of nutrients to the
Atlantic Ocean, Patagonia was detected as one of the main sources (Baker et al.
2003). Large areas in Patagonia have dust sources, as it has a dry steppe that covers
~40% of the surface area (Gaiero et al. 2003), is going through a process of deserti-
fication (Del Valle et al. 1998; Mazzonia and Vazquez 2009), and exhibit dust-
related events in different areas along the year (Fig. 1). In this sense, in several
places of the world, it has been demonstrated that heavy human activities on the
land surface have led to severe dust episodes in the last century (Gill 1996; Mahowald
et al. 2009). The lack of studies relating land management and desertification in
Patagonia prevents us to draw solid conclusions. There are simply no data; thus even
basic knowledge of this relationship is still poor. However on the basis of several
other cases, we speculate that it could very well be the case in Patagonia, where the
main factors are present and acting year-round: strong, persistent winds, dry soil,
and poor land management (due to urbanization and sheep grazing). Thus using
analogies with other regions, we argue that desertification can gradually increase
the surface area which can act as source of aeolian material in Patagonia. The extent
and effects of these particles can be expected not only in the PCAS region but also
far away from the sources. For example, dust from north Patagonia may reach
HNLC waters of the Southern Ocean and Antarctica in ~30-96 h (Gassé and Stein
2007; Johnson et al. 2011). Using remote sensing (MODIS) data of dust events, it
has been shown that satellite-detectable dust plumes can cover significant areas (an
area larger than 400,000 km? was covered through a total of six events) over the
PACS, even beyond the limits of the continental shelf (Fig. 1, Crespi-Abril et al.
2016). Much of dust particles reach altitudes higher than 5000 m above sea
level while being transported (Gassé and Stein 2006; Johnson et al. 2011).

6 Effects of Global Change

Global changes are affecting natural process and biogeochemical cycles worldwide,
and Patagonia is not an exception. However, the lack of historical records of dust
emissions in Patagonia does not allow determining potential long-term changes in
dust fluxes due to global changes or to address which are the process and factors that
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Fig.1 The map on the left (modified from Crespi-Abril et al. 2016) shows the area of influence of
selected dust events over the continental shelf of Argentina. The shaded areas represent the exten-
sion of dust plumes into the adjacent ocean. The dust events were obtained from MODIS satellite
images of three events of aeolian dust: 23 Jan 2009 (top-right panel), 28 Mar 2009 (middle-right
panel) and 24 Jan 2010 (bottom-right panel). Images from NASA/GSFC, Rapid Response website
(https://earthdata.nasa.gov)

modulate dust emissions into the PCAS and most importantly how changes on those
factors will affect dust emission. However, some possible scenarios can be inferred
to occur in Patagonia by considering similarities with other well-studied cases
elsewhere.

As anthropogenic impacts grow steadily world-wide, events of atmospheric
aerosols may not only increase its load and frequency, but aeolian particles may also
carry toxic substances. As a source of dust material, Patagonia is under the influence
of several regional (e.g., human population growth, land use, desertification, field
fires) and global changes (warming, changes in atmospheric circulation and winds,
changes in precipitation regimes) which may enhance atmospheric dust depositions.
First, human activities and poor land management may result in more areas becom-
ing exposed to erosion and thus mobilization of particles to be carried away by
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dominant winds. For example, it has been reported in 2011 that a region located in
coastal Atlantic Patagonia (Viedma, 41°S—-63°W) became active as dust source
“possibly due to a combination of poor livestock management and drought condi-
tions” (Johnson et al. 2011). Actually, in some environments with heavy human
intervention, atmospheric aerosol may be regarded as an anthropogenic product
(Prospero 1996). Urbanization and use of rivers are also a potential source of more
suspended particles in the atmosphere. It would probably also mean more sediment
going into river flow. Interestingly, it has been observed elsewhere that while sedi-
ment loads of rivers may be increasing, actual sediment flux to the ocean may be
decreasing because of another human impact: increased river diversion (e.g., irriga-
tion and flood protection through levees) (Milliman 2001). The balance between
these two inputs (i.e., aeolian vs riverine origin) will most likely depend on several
factors including economic growth and industrialization of the region. It is unknown
how this will develop in the Patagonian region, although it has been hypothesized
that in developed nations rivers will carry less sediment due to dams’ construction.
Using the “Three Gorges Dam” in China as an extreme example, the sediment flux
into the estuary decreased by 85 x 10°t yr~' (31%) in comparison to a non-dam case
over the period 2003-2005 (Yang et al. 2007). It is likely that, due to dams, rivers
will also carry less amounts of dissolved nutrients and at different ratios (e.g., in
cases where dams and coastal lagoons act as silica sinks; Humborg et al. 2000;
Turner et al. 1998). In developing countries, poor land management (e.g., related to
livestock, water management, extractive activities, etc.) will increase dissolved and
particulate loads, while wind-borne dust is probably increasing everywhere
(Milliman 2001). As mentioned above, these are phenomena already occurring
somewhere else, and we argue that may be happening in Patagonia at ecologically
relevant scales. Secondly, global warming may have two effects. On the one hand,
atmospheric circulation is changing, and dominant winds in Patagonia have overall
intensified over the past decades (Thompson and Solomon 2002; Thompson et al.
2011). It is unclear whether and how this would affect dust transport and deposition
in coastal and oceanic regions off South America and even Antarctic waters, but an
increased frequency of dust events is certainly a possibility to consider, since
extreme weather events (droughts, rainfalls, storms, heat waves, field fires) are
expected to increase (Easterling 2000; Coumou and Rahmstorf 2012). The effects
of these potentially more frequent dust events on aquatic environments may be
modulated by interactions with other global change factors. In continental waters,
for example, it has been found that recurring nutrient inputs, which would mimic
the effects of dust events, in combination with high solar ultraviolet radiation (UVR)
may affect cell size and composition of the microbial aquatic community (Cabrerizo
etal. 2017). In the same line, the joint impact of solar UVR and Saharan dust inputs
resulted in a strong change toward autotrophic metabolism in oligotrophic areas
(Cabrerizo et al. 2016). On the other hand, the effects of mineral dust on primary
production can be more pronounced in conditions of stratification and nutrient limi-
tation. In this sense, global warming is expected to strengthen ocean stratification
(Manabe and Stouffer 1993; Sarmiento et al. 1998; Le Quéré et al. 2003 but see also
Russell et al. 2006) thus resulting in a longer exposure of plankton communities to
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atmospheric influence. Unlike in the northern Argentina marine area, which is
largely influenced by the Rio de la Plata, seasonal stratification in waters of PACS
is controlled by temperature (Lucas et al. 2005), and thus changes in thermal strati-
fication may also have important consequences for these coastal and shelf pelagic
regions.

Finally, one further element of dust research should be taken into account as
human impacts spread on global land and ocean, and that is the biogenic component
of atmospheric aerosols. This includes bacteria (Burrows et al. 2009), virus, fungi,
and many other materials of biological origin (Després et al. 2012). Biogenic aero-
sols have traditionally been underestimated or ignored; however in some marine
areas, cellular material and proteins compose up to 25% of the atmospheric aerosol
(Jaenicke 2005; Jaenicke et al. 2007). Negative impacts on marine life can be
expected in some cases from these biogenic aerosols, as well as from other mineral
components such as toxic copper particles (Shinn et al. 2000; Paytan et al. 2009).

7 Conclusions

Studies of atmospheric transport of nutrients, inorganic particles, and biogenic aero-
sols are fields with some history in world research. Nevertheless, when looking for
dedicated studies in Patagonia, the lack of relevant observations and data is striking.
The area is “a vast and remote region holding a rich variety of past environmental
records but a small number of meteorological stations” (Garreaud et al. 2012), and
so most studies rely on remote sensing information and numerical simulations.
Rather recently, dust research is regaining interest in the region with focus on
present-day dust events, and there is a need for more in situ studies and different
approaches aiming to understand how marine organisms are adapted to current
emission levels and to predict how marine plankton will respond to future changes.
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Abstract Photosynthesis is the fundamental process by which autotrophs produce
organic matter to sustain the biosphere using basic elements (i.e., CO, and H,0)
and solar irradiance as energy source. Marine phytoplankton provides near half of
the global primary production (PP), being at the base of most marine trophic webs
and playing an important role in the cycling of atmospheric CO,. Therefore, it is
crucial to estimate and understand the relationships between environmental condi-
tions and PP rates in the global ocean. There are scarce field estimations of PP in
the southern hemisphere and in the Southwestern Atlantic in particular. Hence,
global estimates are generally made using indirect methods, such as satellite or
biogeochemical models, which should be validated and adjusted with field data to
produce reliable results.

In this section we synthesize the available information, assembling recent field
PP estimations obtained by research groups from Argentina, Brazil, and Uruguay.
We evaluate the insights derived from this integrated dataset on the spatial and
temporal dynamics of the phytoplankton production in the Southwestern Atlantic.
In addition, a general view of the spatial-temporal variation in PP at a regional
scale using a simple satellite PP model is presented. Finally, we offer perspectives
and recommendations for future studies.
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1 Introduction

Phytoplankton photosynthesis was the fundamental process that allowed the
evolution of oxygenic life on the planet around 3500 million years ago and still
now contributes about half of the organic production on Earth (Sarmiento and
Bender 1994; Longhurst et al. 1995). At present we are facing pronounced changes
in CO, concentration in the atmosphere, in great part due to anthropogenic causes,
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which are promoting changes in the world climate. In order to understand how the
carbon cycle is being affected by these changes, we need to produce a better
accounting of the rates of photosynthesis both on land and in the ocean.

Marine photosynthesis, which is responsible for an important fraction of CO,
absorption (Takahashi 2004; Sabine et al. 2004), has been estimated in the field
using a variety of methods since the beginning of the twentieth century (e.g.,
Gaarder and Gran 1927; Steeman Nielsen 1952). Most measurements have been
performed in the waters of the northern hemisphere during cruises carried out by
laboratories mainly from the United States (USA), Canada, Europe, and Japan, with
much less estimations in those of the southern hemisphere, especially in the
Southwestern Atlantic. One of the few pioneer studies on PP in this region (covering
the Argentine shelf and shelf-break, Drake Passage, and Antarctica) was the col-
laborative program Productivity between “Texas A&M University” (USA) and the
“Servicio de Hidrografia Naval” (Argentina) carried out during the 1960s (EI-Sayed
1967), which showed a large spatial and seasonal variability in production.

The scarcity of data and the increasing need to evaluate changes in the carbon
cycle at a global scale have led to the use of satellite (Platt and Sathyendranath
1988; Behrenfeld and Falkowski 1997; Behrenfeld et al. 2005) and biogeochemical
(Buitenhuis et al. 2013) models to estimate PP in a more synoptic way. Nevertheless,
these models have varying degrees of reliability and should be validated and read-
justed using actual field estimations in order to provide a more robust representation
of PP in different regions of the ocean (Carr et al. 2006; Buitenhuis et al. 2013;
Bouman et al. 2018).

Here a series of field estimations of PP carried out by research groups from
Brazil, Uruguay, and Argentina from 1982 to 2009 on the Southwestern Atlantic
Ocean are reviewed. This information is spread throughout time and space; hence,
to have a synoptic view of the PP in the whole area, we also run a simple satellite
model for the year 2004.

1.1 Brief Background on Techniques to Estimate Field
Primary Production

Due to the complexity involved in the PP estimations, several revisions have been
made about the different analytic techniques (e.g., Vernet and Smith 2007;
Regaudie-de-Gioux et al. 2014), as well as on the different mathematical models
used to arrive at the final production rate estimates (Behrenfeld and Falkowski
1997; Platt and Sathyendranath 2009). In order to introduce the biological pro-
cesses involved in the different methods for measuring PP, and since the scarcity of
data demands more field measurements, we offer below a brief description of the
main approaches available.

There are three main types of field estimations of PP based in the following: (1)
oxygen evolution, (2) carbon assimilation, and (3) variable fluorescence. All of
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them involve exposing seawater samples to natural or artificial light for a period of
time and measuring some aspect of the photosynthetic process; the first two mea-
sure the amount of product (oxygen release) and reactive (carbon assimilation)
involved in the photosynthesis chemical reaction, while the last involves estimating
the quantic performance of the “photosynthetic machinery.”

There is a range of particular methods within each of these techniques, each one
susceptible to different bias. Techniques 1 and 2 require incubating seawater sam-
ples for time periods ranging from 2 to 24 h, which convey associated artifacts
generically known as “bottle effects” that include grazing, possible nutrient deple-
tion, bacterial growth, and changes in mixing conditions, among others (Vernet and
Smith 2007). Another issue to consider is that, according to the incubation time, the
estimated rates can represent different production stages: for short periods (about
<4 h) the values represent all production without losses, which is known as ‘gross
primary production (GPP)’; for long incubations (up to 24 h) only the amount of
products remaining after consumption (mainly by phytoplankton due to their own
metabolic processes), known as net primary production (NPP). There are also
uncertainties regarding whether in some cases measurements could represent inter-
mediate levels between GPP and NPP (Vernet and Smith 2007).

1. Oxygen evolution. The first estimations of photosynthetic rates were conducted
following changes in the oxygen concentration (Gaarder and Gran 1927) in sam-
ples of seawater enclosed in transparent bottles exposed to natural light or an
artificial light source simulating the radiation prevailing at the site and depth of
sample collection, with a dark bottle for evaluation of respiration rate (through
oxygen consumption). This technique is still in use, with improvements in the
method of oxygen detection (e.g., micro-Winkler, optodes). There is also a vari-
ant of the oxygen technique using isotopic %O (e.g., Bender et al. 1987).

2. Carbon assimilation. This technique developed in the 1950s is based on measur-
ing the assimilation of carbon (C), after a period of incubation, by a sample that
was previously inoculated with sodium bicarbonate marked either with the
radioactive C (Steeman Nielsen 1952; Platt and Jassby 1976) or with the stable
mass isotope '*C (Hama et al. 1983). This is up to the present the most popular
technique to estimate field PP. Therefore, a great variety of methods of differing
complexity have been developed from this technique. These vary in the source of
light used for the incubation: (a) actual in situ incubations (where samples from
different depths are inoculated with C isotopes and deployed back to be incu-
bated at their original depth), (b) on deck or “simulated in situ incubations”
(where samples are wrapped with neutral light-attenuating meshes and incubated
in a container, with circulating water, under sunlight), and (c) use of what is
known as production (P) versus irradiance (E) or “P&E incubation box™ (with
circulating water, providing artificial light of different intensities). Further com-
plexity is introduced by accounting or not for variations in the spectral composi-
tion of light, including in some cases the effect of ultraviolet radiation (UV).

3. Variable fluorescence (Fv). This is to date the only technique that does not
require sample incubation; and some instruments allow recording of water
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column in situ profiles of Fv. This technique is based on measuring the fluores-
cence emitted by phytoplankton in a sample when exposed to short flashes of
light of different intensities; hence, it is called “variable fluorescence.” Some of
the instruments developed are the “pump and probe,” the “pulse amplitude mod-
ulated (PAM),” and the “fast repetition rate fluorometer (FRRF).” Nevertheless,
the estimation of actual PP from this technique is not trivial, and important con-
siderations have to be taken into account: (a) variable fluorescence only mea-
sures the activity of photosystem II (PSII), which is not always proportional to
the functioning of the whole photosynthetic apparatus due to uneven distribution
of chlorophyll-a between PSI and PSII and to mechanisms of non-photochemical
quenching (Geider and Osborne 1992; Lutz et al. 1998; Johnsen and Sakshaug
2007), and (b) to transform this fluorescence signal into the actual amount of
photosynthetic products (usually carbon incorporation) requires the use of physi-
ological factors (e.g., the amount of chlorophyll-a molecules per reaction center
in PSII) that are kept fixed for all calculations. Currently, these are based on few
laboratory determinations, while it is known that they can have a wide variation
according to phytoplankton type and physiological state (Kolber and Falkowski
1993; Sugget et al. 2004).

Another important distinction in the way the mentioned techniques are applied is
whether a natural seawater sample is incubated at a single light intensity (similar to
that at which it was exposed at sea) or if the sample is incubated at a gradient of light
intensities. In the first case, the information retrieved is the rate of production per
unit volume at a given site and time, i.e., the instantaneous production (p) (mg C
m~ h'). In the second case, one can reconstruct the response of P at different irradi-
ances E, what is known as a “P&E curve” from where a set of photosynthetic
parameters can be derived: o, the slope of the curve at low irradiances, and P,,, the
maximum production at saturating irradiance. In this case, the parameters can be
used to calculate p for that place and time, but also under the assumption that these
parameters would be representative of the physiological responses of phytoplankton
in the area and season, they can be used in satellite or biogeochemical models to
extrapolate production information at larger spatial and temporal scales. All
approaches imply, however, that reliable measurements of irradiance at the visible
range (photosynthetic available radiation — PAR), both incident and in the water
column, are performed, except in the case of remote sensing or model approaches.

It is also relevant to mention that phytoplankton growth mediates the link
between the carbon and nitrogen cycling in the oceans because nitrogen must be
assimilated concomitantly with carbon in the approximate average molar propor-
tion of 106 moles of carbon to 16 moles of nitrogen, known as the Redfield ratio
(Redfield 1934) in order to build up organic matter. Nitrogen is available in the
euphotic zone in the form of oxidized nitrogen compounds such as nitrate (usually)
and nitrite or as reduced forms such as ammonium and urea. Dugdale and Goering
(1967) defined the primary production supported by physical injection of nitrate
into the euphotic zone (e.g., upwelling) as “new production” in contrast to the
“regenerated production” based on ammonium and urea derived from community
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excretion or microbial regeneration of organic matter in the euphotic zone. A pro-
duction system dominated by new production tends to export the excess of particu-
late carbon to deeper waters, feeding the long-term carbon reservoir through the
oceanic biological pump, whereas regenerated production mediates the short-term
carbon cycling in surface layers. Hence, it is important to know the relative contri-
bution of new to total production (f-ratio; Eppley and Peterson 1979) at the regional
scale such as the Southwestern Atlantic in order to better access its role in the global
carbon cycle. The usual approach to do so is to measure the incorporation of tracer
amounts of a 99% enriched "N solutions of nitrate (as Na?’NO; or KNO;) and
ammonium (as "NH,Cl or ['*NH,], SO,), simultaneously spiked into water samples
to be incubated, for which the natural concentration of both nitrate and ammonia are
known (Dugdale and Wilkerson 1986). Unfortunately, estimates of f-ratio have been
rarely applied in the Southwestern Atlantic.

1.2 Brief Description of the PP Satellite Model

Remote sensing of ocean color is an ideal tool to assess PP on regional and global
scales, since it offers good spatial and temporal coverage providing daily estimations
of the phytoplankton biomass (as indexed by Chl a concentration), attenuation coef-
ficient, and photosynthetically available radiation (PAR). Algorithms in use today
range from very simple and purely empirical, such as a simple relationship between
Chl a and PP, to highly complex models based on plant physiology, in which many
variables are resolved with depth and with the spectral irradiances (some are listed
in Behrenfeld and Falkowski 1997; Carr et al. 2006). The main limitation of this
technique is that satellites only “see” the upper layer (first optical depth) of the ocean
and that other accessory information, like the photosynthetic parameters and bio-
mass profile parameters, cannot be directly derived from remote sensors.

In this study, a relatively simple model (Platt and Sathyendranath 1988) was used
to estimate daily water-column-integrated PP (PP,;) in the whole area using satellite
and in situ information. This spectrally integrated model assumes uniform biomass
vertical profiles and a sinusoidal irradiance distribution during the day. The PP at
depth z and time ¢ is calculated using.

PP,, = Chlax Pthﬁl —exp| —(a” xE(2.)/ B," ) | dudz

1H0

where af and P,P are the Chl a-normalized P&E curve photosynthetic parameters
and E(z,7) is PAR irradiance vertical profile given by E(Z,T) = E(0,1) x exp (=K
z) where E(0) is PAR incident on the surface and K, is the diffuse attenuation
coefficient for PAR.
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In order to estimate seasonal PP maps for the study area (between 57°-23°S
and 70°-43° W), level 3 (SMI) monthly composites of MODIS-Aqua sensor for
2004 were downloaded from the NASA Ocean Color website (http://oceancolor.
gsfc.nasa.gov). The following Ocean Biology Processing Group (OBPG) stan-
dard data products at 4 km resolution were obtained: Chl a (OCI algorithm; Hu
et al. 2012), PAR (http://oceancolor.gsfc.nasa.gov/DOCS/seawifs_par_wfigs.
pdf), and K, (490) (P.J. Werdell, June 2009) from which K, (PAR) was obtained
using Morel et al. (2007).

In order to assign the photosynthetic parameters in a per pixel basis, the approach
of dividing the area into static biogeochemical provinces proposed by Longhurst
et al. (1995) was used. The study area encompasses three biomes defined by
Longhurst, i.e., the Trade and Westerly Winds and the Coastal biomes. For pixels
located in the first two biomes, parameters were taken from the literature since no
in situ data were available (Table 3). However, the in situ data gathered in this
study and knowledge of the area allowed us to divide the coastal domain into three
zones, namely, the North, Central, and South Shelf. These zones were divided lati-
tudinally at 30°S and 37.5°S and delimited to the west by the 1000 m isobath. All
the available parameters averaged within each zone and season (Table 3) were used
to estimate monthly mean PP maps for 2004 and then averaging the corresponding
months to derive the seasonal maps for summer (January—February—March), fall
(April-May—June), winter (July—August—September), and spring (October—
November—December).

2 Results and Discussion

2.1 Field Primary Production

We assembled a database of recent field PP estimations obtained by research groups
in the region. The types of techniques used, as well as references of publications
with details on the procedures and particular descriptions for each dataset, are pro-
vided in Table 1. The common variable most easily retrievable from the different
studies was the instantaneous production, p, at the surface according to the available
solar irradiance. In cases where production was estimated by measuring changes in
oxygen concentration in samples incubated in light/dark bottles, the values were
converted into carbon using the corresponding factors (Schloss et al. 2007).
Incubations were made during a given time period (3 to 24 h) and recalculated on a
per hour basis. We plotted the positions of the sites where field estimations were
made (Fig. 1). In some of these studies, P&E curves have been carried out; thus
photosynthetic parameters are available for those sites (identified in Fig. 1). In this
figure we have included also positions of data not fully available yet (samples chem-
ically analyzed but not mathematically processed), in order to have a first glance of
the geographic distribution of all potential information for the region.
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Fig. 1 Locations where field primary production estimations have been performed. The positions
are identified with different colors according to the different research groups (identified by name
of PI). Filled symbols mark sites for where photosynthetic parameters are available. Crosses are
used for sites where production samples have been chemically analyzed, but final data is not yet
available

A total of 211 values of PP were gathered and separated by seasons (summer, 70;
fall, 32; winter, 42; spring, 67) regardless of the year of collection (1982-2009).
Figure 2 shows the distribution of p (mg C m~ h~!) at the surface for each season.

A first glance at these maps (Fig. 2) evidences the scarcity of field data in the
region; higher sampling frequencies took place in both summer and spring and
lower ones in fall and winter. It becomes also apparent that the higher production
values occurred in spring and summer, normally the growing phytoplankton seasons,
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Fig. 2 Distribution of instantaneous production rates at the surface, p (mg C m= h™'), during the
different seasons in the Southwestern Atlantic. Size-coded circles show the range of values at the

sites where field estimations were performed

with the exception of a few coastal sites in Patagonia (close to Valdés Peninsula,
subjected to high input of nutrients mostly of anthropogenic/eolic origin), which
showed very high values also in fall/winter. Within the richer seasons, it is possible
to recognize some areas of higher PP, associated to the shelf-break (>55 mg C
m~ h™! spring) and Grande Bay (>30 mg C m~ h~! spring) in the Argentine shelf
and the southeast of the Brazilian shelf (>19 mg C m~ h~! spring).
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Table 2 Distribution of mean instantaneous production values, p (mg C m~3 h™'), by zone and
season; number of data and standard deviations are also shown. Values on shadowed cells were the
ones used for the statistical description

South Central North
All Without All Without All Without
extremes extremes extremes
Summer
n 53 27 12 5
mean 7.08 2.80 1.69 4.30
SD| 12.52 3.69 1.64 1.09
n 21 10 9 2
Fall mean | 20.87 1.81 1.71 1.60
SD| 31.78 2.79 1.76 1.48
n 26 23 3 2 13
Winter mean | 11.64 1.39 15.04 2.95 2.94
SD | 36.36 1.48 21.93 2.93 4.46
n 48 17 2
Spring mean | 9.41 7.02 1.54
SD | 12.77 6.39 0.25

We analyzed the variations in the field PP data within three shelf zones (Table 2):
South (>37.5°S), Central (<37.5°S and > 30°S), and North (<30°S). The limits
among these shelf zones were established based on dominating oceanographic fea-
tures: (South) the Patagonian shelf and shelf-break, mainly dominated by tidal forc-
ing and upwelling along the Malvinas Current; (Central) the Uruguayan and South
Brazilian shelves, the first under strong influence of the Brazil-Malvinas confluence
and both dominated by continental discharge of the Rio de la Plata, particularly in
fall-winter; and (North) the eastern Brazilian coast, mainly dominated by the South
Brazilian Bay system (Garcia et al. 2008; Calliari et al. 2009; Brandini 1988).

By excluding a few extreme values, corresponding to very coastal sites (probably
due to high input of nutrients mostly of anthropogenic/eolic origin), it is possible to
observe that the highest average PP occurs in the South in spring (p =9.41 £12.77 mg
C m~ h7!; range, 0.215-55.400 mg C m~* h~!), while the lowest occurs in the same
area in winter (average without extremes p = 1.39 + 1.48 mg C m~* h~!; range with
extremes, 0.374-175.044 mg C m= h7!). Although interannual variability is
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expected, and this dataset is limited and uneven, a preliminary analysis indicates
that seasonal PP does not follow the same temporal pattern in the three zones.
Average seasonal PP values decreased in the following order, for each zone: in the
South from spring, summer, fall to winter; in the Central from spring, winter, fall to
summer; and in the North from summer, winter, fall to spring.

For the analysis of the variability of the normalized photosynthetic parameters
(af and P, ), 102 pairs were available within the region. They were divided by zone
and season following the biogeochemical zones proposed and used in the satellite
model here implemented; since for some cases there was no field data available, a
pair of more generic parameters was taken from Longhurst et al. (1995) (indicated
in red in Table 3).

Regarding field data alone, the two parameters showed a high variability among
zones and seasons. However, it is noticeable that P,? reaches higher values in both
the Central and North zones than in the South, although the result for the latter is
more robust, due to a much higher number of data points (n = 86) as compared to
the first two zones (n = 8). This integrated field dataset, the largest gathered for the
region so far, provides a general view of the heterogeneous distribution, including
specific hot spots, of PP in the Southwestern Atlantic. On the other hand, it should
be kept in mind that each dataset was obtained through specific projects having dif-
ferent aims. While the goal of some studies was to follow the production dynamics
in a local area or a time series at a given site, others aimed to investigate particular
physiological aspects of production by different types of phytoplankton under spe-
cific light regimes. A brief review of the main conclusions from these individual
studies is provided below.

2.2 Brazil

SUESTE (Primary Production in the Southeast Brazilian Shelf — SBS) The shelf
ecosystem off southeastern and southern Brazil, between Cabo de Sao Tomé and
Chui, are dominated by oligotrophic conditions driven by the Tropical Water (TW)
brought from the northeast by the Brazil Current, on top of colder and nutrient-rich
South Atlantic Central Water (SACW). Overall, the regenerative production domi-
nates over new production, even nearshore and out of the influence of local upwell-
ing or continental runoff where the pool of ammonia tends to be higher than nitrate
due to excretion of coastal and estuarine biota. Incubations with "N uptake experi-
ments (Metzler et al. 1997) reported higher phytoplankton uptakes of reduced forms
of nitrogen (ammonia, urea) throughout the shelf and in the offshore oligotrophic
waters, with f-ratios (i.e., the contribution of nitrate-based production relative to
total production, sensu Eppley and Peterson 1979) ranging from 0.16 to 0.3.
Nevertheless, the geographic extension of the main water masses and boundar-
ies between them varies remarkably among seasons due to changes in the wind
pattern, and the f-ratio tends to increase episodically during upwelling of the
nutrient-rich SACW reaching f-ratios values up to 0.86 in offshore regions and
0.26 in the coastal zone (Metzler et al. 1997).
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Table 3 Values of the normalized photosynthetic parameters [a® mg C (mg Cl @)~! h™! (Wm=2)"!
and P,.” mg C (mg Chl a)~' h™'] for each of the different shelf zones considered in this work (North,
Central, and South) identified within the Coastal biome and the main offshore biomes according to
Longhurst (Trade and Westerly Wind Biomes). Values in red were taken from Longhurst et al.
(1995). NA: Not available

o P,f
Biome Province Season N
Mean SD | Mean SD
Total 8 0.199 | 0.170 | 4.463 | 2.581
Summer | NA | 0.140 NA | 3.600 | NA
North-shelf Fall 2 0.143 | 0.093 | 4.055 | 1.26
Winter 6 0.224 | 0.186 | 4.582 | 2.996
Spring NA | 0.110 NA | 2.800 | NA
Total 8 0.050 | 0.042 | 6.310 | 4.726
Summer | NA | 0.140 NA | 3.600 | NA
Coastal | Central-shelf Fall 3 | 0.0763 | 0.051 | 3.925 | 2.480
Winter NA | 0.120 NA | 3.000 | NA
Spring 5 0.034 | 0.032 | 7.742 | 5.402
Total 86 | 0.105 | 0.130 | 2.708 | 2.412
Summer | 30 | 0.065 | 0.030 | 2.169 | 1.797
South-shelf Fall NA | 0.240 NA | 5.000 | NA
Winter 23 | 0.053 | 0.012 | 1.004 | 0.288
Spring 33 | 0.177 | 0.188 | 4.394 | 2.679

(continued)
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Table 3 (continued)

Total 102 | 0.108 | 0.131 | 3.128 | 2.829

Summer | 30 | 0.066 | 0.030 | 2.160 | 1.798

Shelf total Fall 5 0.096 | 0.074 | 3.997 | 1.855

Winter 29 | 0.089 | 0.105 | 1.740 | 1.960

Spring 38 0.158 | 0.182 | 4.835 | 3.267

Summer | NA | 0.058 NA | 2930 | NA

Trade | South atlantic gyral | P! NA | 0.058 | NA | 2.930 | NA

winds (SATL)

Winter NA | 0.058 NA | 2930 | NA

Spring NA | 0.058 NA | 2930 | NA

Summer | NA | 0.065 NA | 2290 | NA

South subtropical
Fall NA | 0.056 NA | 2420 | NA
Westerly convergence (SSTC)
winds subantarctic water
ring (SANT) Winter NA | 0.092 NA | 3980 | NA

Spring NA | 0.103 NA | 4880 | NA

Intrusions of SACW may be enhanced by cyclonic meanders and eddies
originated in the western wall of the Brazil Current (Campos et al. 1995; Castro
and Miranda 1998; Castro et al. 2006; Calado et al. 2010) increasing new pro-
duction in the outer shelf (Gaeta et al. 1999). A diatom-dominated deep chloro-
phyll maximum layer develops regularly from October to March usually between
1 and 10% of surface irradiance as a consequence of these intrusions (Brandini
etal. 2014). Metzler et al. (1997) estimated f-ratios >0.8 at the base of the eupho-
tic zone in the mid- and outer-shelf sections, which confirms the importance of
eukaryotic autotrophs as dominant primary producers under the fertilization of
the intrusion. While the deep intrusions of SACW enhance PP in summer, mass
fertilization at the Subtropical Shelf Front (sensu Piola et al. 2000) as a
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consequence of the large freshwater outflow from the Rio de la Plata and, to a
lesser extent, the Patos Lagoon keeps high productivity and phytoplankton bio-
mass in terms of Chl a, even in winter time. Internal waves may also fertilize the
base of the euphotic zone. The contribution of internal waves to the annual PP of
the SBS is a gap to be solved if modeling and prediction of PP estimations and
prediction are to be applied. The integrated PP over the euphotic zone in the SBS
out of the influence of coastal upwelling ranges from <0.01 to 2.67 g C m=>d~".
It is hard to define a clear seasonal or geographic pattern other than remarkable
differences between the more productive inner-shelf regions and the mid- and
outer-shelf areas, even during intrusions or shelf-break upwelling.

Especially during summer periods, upwelling may occur in specific coastal
areas of the SBS such as in Cabo de Sdo Tomé and Cabo Frio, both on the northern
coast of the state of Rio de Janeiro off Sdo Sebastido Island (Sao Paulo state) and
in Cabo de Santa Marta Grande, off Santa Catarina state. Systematic investiga-
tions on the biological response to upwelling in the plankton system off Cabo Frio
(23°S, 42°W) began in the 1950s (Emilsson 1961). Gonzalez-Rodrigues et al.
(1992) measured photosynthetic rates ranging from 2 to 14 mg C m™ h™' during
upwelling. Seasonal studies (Gonzalez-Rodrigues 1994) on the photosynthetic
characteristics of phytoplankton reported values of P,? ranging from 0.5 to
15.3 mg C (mg Chl @)~! h~!. Satellite maps of surface temperature distribution in
the SBS during the summer (see Part 2.5, this volume) reveal the geographical
extension of the upwelling in Cabo Frio, affecting the fertility of the mid-shelf and
hundreds of kilometers southward (Lorenzetti and Gaeta 1996).

OPISS (Oceanografia da Plataforma Interna de Sdo Sebastido) Samplings
were conducted at a fixed station in the southern portion of Sdo Sebastido
Island (Lat. 23°58” S — Long. 45°29.09° W) over the 46 m isobath, in summer
of 1994 and spring 1997, respectively, for 72 and 78 h. During summer the
higher p rates were detected at surface (2.54 to 5.06 mg C m~* h~!), under high-
light condition. Secondary maxima were detected between 10 and 25 m depth,
associated to the deep Chl a maximum. Picoplankton contributed on average
with 64% of the total PP, being more important in deeper layers. In spring time,
the euphotic zone was twice shallower than in summer. Maximum p value was
9.02 mg C m~* h~!. Integrated PP ranged from 12.13 to 50.79 mg C m=2 h7!,
being picoplankton responsible for 40 to 58% of the total (Saldanha-Corréa and
Gianesella 2008).

ECOPEL (Estudo do Ecossistema Peldgico do Extremo sul do Brasil) These
cruises were performed over the shelf between Chui and Cabo de Santa Marta
Grande. During the spring (ECOPEL 2), the mid-continental shelf showed the
highest hourly depth-integrated PP, varying from 44.1 to 76.7 mg C m=2 h~!, which
was positively related to Chl a values. Maximum surface values were observed
adjacent to Patos Lagoon, of 19.66 mg C m~ h~'. During the summer (ECOPEL
3), consistent with low nutrients and Chl a values, integrated PP was lower, with
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an average of 29.1 mg C m™ h~!. During the winter (ECOPEL 4) integrated
production rates were relatively high, mostly between 8.5 and 17.2 mg C m~2 h~!.

However, at one particular site, the integrated production reached a much higher
value, 247 mg C m~2 h~". This inner shelf coastal site was associated with very low
salinity (28.7) and high concentrations of surface nutrients, indicating a strong
influence of continental water discharge. This corroborates the strong effects
of mainly the Rio de La Plata plume, but also locally of the Patos Lagoon, on the
South Brazilian coast, particularly in winter.

COROAS-1 (Circulacdo Ocednica na Regido Oeste do Atlantico Sul) During the
COROAS-1 cruise (fall), P&E curves were performed, and results indicated that
phytoplankton populations were mainly acclimated to high light levels, since there
was no photo-inhibition even at irradiances up to 500 W m~2. The highest value of
PP was associated with the lowest temperature.

2.3 Uruguay

FEMCIDI-OAS (Organization of American States grant) Some PP estimations
were performed during spring (November) on the continental shelf off Uruguay as
part of a research project aimed at tuning remote-sensing estimations for the area
(Martinez et al. 2005; Calliari et al. 2009). This is a hydrographically complex
area under the influence of four distinct water masses: Subtropical Water (STW),
Subantarctic Water (SAW) carried by the northward flowing Malvinas Current,
Tropical Water (TW) advected from the north by the Brazil Current, and Rio de la
Plata Waters (RPW), which spread over large areas of the shelf off Uruguay and
southern Brazil as a thin surface lens (Piola et al. 2000). Primary production at the
surface was low-moderate over most of the area. Maximum PP was measured at
(a) mid-shelf stations, where SAW reached the euphotic depth, and (b) a station
associated with an oceanographic front between STW and TW. No clear coupling
was observed between surface Chl a concentration and PP. Different phytoplank-
ton assemblages were found at different sites. Small phytoplankton prevailed at
low biomass in mid-shelf and other shelf-break stations, while large diatoms and
dinoflagellates were representative at other mid-shelf stations. Loss process (i.e.,
grazing) may explain in part the uncoupling between the observed production and
biomass levels: assemblages of small phytoplankton are tightly controlled by
micro-sized protozoan predators which prevent biomass buildup; in turn, assem-
blages dominated by larger cells are more able to escape of grazing control by
metazoan herbivores (Kigrboe 1993; Calbet and Landry 2004) allowing for bio-
mass accumulation. Thus, while oceanographic conditions appear as important
drivers of PP rates, community structure may play a key role for determining
biomass levels attained.
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2.4 Argentina

ARGAU (Programme de coopération avec la ARGentine pour [’étude del’océan
Atlantique AUstral) In this study PP data collected during 2002-2004 was ana-
lyzed in relationship to the type of phytoplankton present and the levels of CO,
uptake. Average production for these years, when including an important phyto-
plankton bloom in the Grande Bay area in 2003, was 45.4 +9.6 mg C m~* d~!. In the
coastal-most stations, although high PP was measured, the area behaved as a CO,
source to the atmosphere, indicating that other processes leading to CO, production
were more important than PP. In addition, significant differences in net community
production and CO, sink were observed when phytoplankton assemblages were
dominated by diatoms or by flagellates. In the first case, GPP was significantly
higher (p < 0.05) and twice the value of the latter. Moreover, a significant correla-
tion was evident between Chl a, a proxy for phytoplankton biomass, and the differ-
ence in partial pressure of CO, between the ocean and the atmosphere in the
diatom-dominated stations, while this relationship was not evident when the assem-
blages were dominated by phytoflagellates, which was the case in 64% of the stud-
ied stations (Schloss et al. 2007).

EFPU (Estacion de Fotobiologia de Playa Union) A series of field studies of PP
were performed at inner coastal sites from 1999 to 2002 by the group of the EFPU. In
this case the main aim was to look at the effect of solar ultraviolet radiation (UVR,
280-400 nm) on phytoplankton production. UVR is a well-known stressor of differ-
ent physiological processes in phytoplankton, particularly inhibiting PP (Villafaiie
et al. 2003; Héder et al. 2014). To evaluate the extent of this inhibition, studies were
performed at several bays south from Valdés Peninsula in Patagonia, Bahia Engafio,
Bahia Nueva, and Bahia Camarones (Helbling et al. 2001, 2005; Villafafie et al.
2004a, b). These sites have high PP favored by the high concentrations of nutrients
(either from anthropogenic or eolic origin). In addition, during some calm periods
(promoting higher stratification), phytoplankton growth is highly favored and
blooms can develop (mainly during winter time) as it occurs in the Bahia Engafio
area. A time series of 26 estimations carried out at this site throughout an annual
cycle showed variations in p from 2.11 to 175.04 mg C m~3 h~!. Surface UVR-
induced inhibition of PP was as high as 60% during spring (Villafafie et al. 2004a,
b). On the other hand, under low-light conditions, mainly during winter, UVR could
be used for photosynthesis (Barbieri et al. 2002). Overall, a high variability was
determined in the responses that were mainly dependent on the taxonomic
composition, the previous light history of the organisms, their acclimation capacity,
and the depth of the mixed layer as well as the intensity of mixing (Barbieri et al.
2002; Helbling et al. 2005). The inhibitory effects of UVR in these Patagonian
coastal sites may have important consequences for the productivity in higher trophic
levels; hence, more experimental studies should consider this effect to better vali-
date remote sensing algorithms.
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PATEX (PATagonian EXperiment) During the first project cruise (PATEX-1), the
study was conducted along a visible (from remote sensing) Chl a patch on the shelf-
break front in the Patagonian region during spring 2004. High PP rates were associ-
ated with phytoplankton communities mainly dominated by relatively large centric
diatoms, reaching a maximum of 7800 mg C m~= d-!. Phytoplankton biomass was
closely and positively related with O, saturation, implying that PP was actively driv-
ing O, variations. Phytoplankton growth in the region was presumably fueled by
upwelling along the front, causing high biomass accumulation, a consistent feature
observed by ocean color remote sensing, particularly in spring (Garcia et al. 2008).
These blooms certainly cause a significant drawdown of CO,, as has been demon-
strated for the Patagonian shelf and shelf-break (Bianchi et al. 2005, 2009).

GEF (Global Environment Facility Grant) PP was estimated, by P&E experiments,
during three extensive cruises covering the Argentine shelf and shelf-break area in
2005-2006. The highest production values were found in spring (GEF-1) associated
with frontal areas (Lutz et al. 2010). Along the shelf-break, where phytoplankton
was dominated by the diatom Thalassiosira cf oceanica (Sabatini et al. 2012), inte-
grated production reached up to 5470 mg C m=2 d~!, while at the Grande Bay front,
where a bloom of the dinoflagellate Prorocentrum minimum occurred (Gémez et al.
2011; Sabatini et al. 2012), integrated production showed values of 1272 mg C m™>
d=!. During the late summer (GEF-2), production was considerably lower, mean
298.2 mg C m~2d~!, than in spring; the lowest rates were recorded during the winter
cruise (GEF-3), with a mean value of 183.4 mg C m~2 d~!. Although there was a
positive correlation between surface Chl a concentration and p for all stations in the
three cruises (r, = 0.61, p < 0.05), there was a high data dispersion, indicating that
other factors, such as the phytoplankton composition and their physiological state,
played an important role in regulating the production rates. An analysis was per-
formed to discriminate photosynthetic and bio-optical phytoplankton types (PBPT)
using field measurements from these three cruises (Segura et al. 2013). A combina-
tion of the diverse taxa and their physiological flexibility, according to a cluster
analysis, revealed the presence of 11 PBPT. Variations in both the photosynthetic
and bio-optical properties did not always follow the expected trend according to cell
size; e.g., a PBPT composed of a mixture of taxonomic groups with prevalence of
micro-phytoplankton was characterized by high o values. Therefore, the assump-
tion of representative photosynthetic parameters for different phytoplankton types
to model primary production in this region would be quite challenging. This fact
was further investigated in a study comparing different satellite models to estimate
primary production in the area, adjusted by using the estimated field photosynthetic
parameters (Dogliotti et al. 2014). Although different approaches were tried to
assign these parameters according to expected oceanographic features, variability
was too high. Finally, the selected model (Platt and Sathyendranath 1988) was run
using average seasonal parameters for the whole area.

COCOAS VI (Corrientes de Contorno del Atldntico Sudoccidental) P&E experi-
ments were carried out at a few sites around the Argentine shelf-break front at the
end of summer. Notoriously, data from the site closest to the front showed parameter
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values one order of magnitude higher than the remaining sites (P,,f = 8.66 mg C (mg
Chl @)' h7"; @ = 0.16 mg C (mg Cl a)~! h™! (Wm=)~"). This discrepancy may be
due to a change in phytoplankton composition and/or their physiological state, since
Chl a concentrations were within the same range of those found at the other sites.

DiPlaMCC (Dindmica del Plancton Marino y Cambio Climdtico) As part of this
INIDEP project dedicated to the time series study of environmental variables and
plankton components, a series of P&E experiments were carried out at the coastal
station EPEA (Estacion Permanente de Estudios Ambientales) located off Miramar.
A subset of available data corresponding to spring-summer 2008—-2009 (November,
December, and January) showed that a special high PP event occurred in December
2008, with p values of 214.61 mg C m~ h™!, three times larger than the values in
November. This event has been associated to the upwelling of subantarctic waters
from the mid-shelf (Negri et al. 2010).

Crustacean Fisheries This INIDEP project is dedicated to the survey of Patagonian
red shrimp stock in San Jorge Gulf and adjacent area, and during some of the cruises
P&E experiments were performed. Preliminary results from 11 estimations taken
during spring 2008 showed variations in p from 0.21 to 12.03 mg C m—~ h™".

Although an effort has been made to synthesize most of the field estimations of
primary production in the region, we are aware that there are some datasets from
other projects that for different reasons (e.g., difficulty in retrieving old data) could
not be included in this compilation. There are also some recent studies, whose data
are not included here (due to difficulties to compare their variable fluorescence val-
ues with the other data), aimed to look at some specific photo-physiological aspects
of phytoplankton. One of them was carried out at Araca Bay and focused on the
following variations in primary production in a shallow bay and at the adjacent
deeper channel on scales of days to months and their relationship to phytoplankton
size classes. High values of Chl a-normalized primary production, up to 2.59 mg C
(mg Chl)~! h~!, were found during pulses of nutrient input into the bay, when the
community was co-dominated by the ultraplankton and microplankton fractions
(Giannini and Ciotti 2016).

3 Satellite Estimation of Primary Production

In order to have a larger-scale view and the spatial-temporal variability of the daily
water-column-integrated PP [PP ,; (mg C m~2 d™!)] in the whole region, seasonal
composites for the year 2004 were generated using a simple model (Platt and
Sathyendranath 1988) applied to satellite-derived monthly composites of standard
products (like Chl a, K4(490), and PAR) from the MODIS-Aqua sensor and using
mean field photosynthetic parameters for each province (Table 3, Fig. 3).

These satellite estimations of PP confirm the general description attained from
the scattered field values: PP seems higher in summer/spring and lower in fall/
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Fig.3 Seasonal primary production composites for 2004 obtained using a simple model (Platt and
Sathyendranath 1988), MODIS-Aqua data, and averaged field photosynthetic parameters (when
available) for the Biomes and zones defined in the text and indicated in Table 3. Note that the scale
for summer has a higher range than for the rest of the seasons

winter; the areas with higher values during the rich seasons are located along the
shelf-break, in the Patagonian gulfs, and the southeast coast of Brazil. Furthermore,
these maps allow following with more detail the effect of well-known oceano-
graphic features, such as the front on the shelf-break. During spring and mainly
summer at this area, nutrient inputs from the Malvinas current favor a phytoplank-
ton bloom on the outer Argentinean shelf (where stratification maintains the cells in
the upper illuminated layer), while the core of the current remains with relatively
low values (possibly due to turbulence and the lack of chelating metals compounds),
and some spillover of nutrients carried by the retroflection and eddies from the cur-
rent allows a moderate production to spread through the Westerly Wind Biome
(South Subtropical Convergence Province — SSTC).

Conspicuous abrupt “artificial” changes in PP are observed between the static
biogeochemical zone boundaries. These can be caused by several factors, such as
the high variability in the photosynthetic parameters among provinces evidenced
by the field data collected in this study and the use of PP parameters from the litera-
ture, some of which are assumed to be the same for all seasons (see Table 3). In
turn, the Central Shelf Province is heavily influenced by the discharge of the Rio de
la Plata, carrying huge loads of sediments and dissolved organic matter (Dogliotti
et al. 2016; Negri et al. 2016), which interfere with the Chl a detection by remote
sensing, causing anomalous PP estimates. Questionably high PP values were esti-
mated in this region, which is most likely an artifact due to the failure of standard
Chl g algorithms in these optically complex waters which has already been shown
in previous works (Armstrong et al. 2004; Martinez et al. 2005; Garcia et al. 2005,
2006; Col6-Gianini et al. 2013). Different approaches can be used to overcome the
unrealistic straight boundaries resulting from the applied method, such as using
environmental proxies that can be retrieved from remote sensors (e.g., Bouman
et al. 2005), and the use of archived datasets, either by dynamically partitioning the
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study area into biogeochemical regions (Devred et al. 2007) or rearranging them
according to Chl a, SST, and day of the year, referred to as the nearest-neighbor
method (Platt et al. 2008). However, they require a larger database of field mea-
surements to characterize their variability and to improve the assignment of repre-
sentative parameters on a per pixel basis. Another way to reduce the unrealistic
boundaries between provinces is to average all the available parameters within the
whole coastal domain, i.e. the North, Central, and South Shelf data together. In
doing so during a trial exercise, a smoother map was produced. However, an over-
estimation of the PP in the South was evident; possibly due to the effect of includ-
ing parameters from the Central/North zones in the average (corresponding
probably to smaller cells acclimated to low nutrients and high solar irradiance).
Therefore, these maps with “artificial” abrupt changes highlight the importance of,
on the one hand, counting with more field data on photosynthetic parameters and
on the other hand the need to improve atmospheric correction and Chl a algorithms
in these nearshore sites (extreme case 2 waters) to be able to produce more realistic
satellite-based production maps.

4 Final Remarks

In the present context of climate change, there is a growing interest in following the
dynamics of marine PP and its influence on the carbon cycle. The Southwestern
Atlantic appears as one of the most productive areas of the world ocean according
to satellite estimations. Nevertheless, available information about PP in this region
is scarce, in comparison with information available for other areas of the world
ocean, e.g., Northwestern Atlantic (Devred et al. 2007), the Southern Ocean, such
as the Weddell Sea, and the West Antarctic Peninsula (Moreau et al. 2015).

The spatial distribution of the available data is mostly close to the coast. There is
a fair amount of specialized production studies being performed close to the coast
or in mesocosms, which highlight the capacity of research groups to carry out these
analyses. This reflects on one hand the limitation to have access to ship time to
develop this type of production experiments and probably also the complex logistic
and costs of performing these estimations in extensive cruises. In addition, most of
the studies here presented were carried out during the spring and summer (and less
in fall), but winter studies are rare (El-Sayed 1967; Segura et al. 2013). A first rec-
ommendation is to increase the efforts to make PP estimations covering the shelf
and shelf-break, especially during fall and winter.

Here an effort was made to retrieve the variable most readily comparable among
the individual sets, which was the production at the surface per unit volume. As
explained in the background section, differences in the values of production may
arise due to the methods used in the estimations. Nevertheless, considering the
larger errors that have been detected in the validation of some PP satellite models
(Dogliotti et al. 2014) and the uncertainty in the results from biogeochemical mod-
els, the utility of a set of field data like the one here gathered resides in providing a
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first-order comparison to results obtained from modeling exercises. On the other
hand, it is unfortunate that at the time of applying a satellite model of PP for the
whole shelf, there are very few sets of photosynthetic parameters for this region,
which hinders the use of more adequate approaches. A second recommendation is to
perform more P&E curves to retrieve sets of field photosynthetic parameters, in
order to be able to improve satellite and biogeochemical models used to estimate
carbon budgets at regional and global scale.

The high variability observed in the values of production and photosynthetic
parameters from the individual sets points to the well-known fact that coastal and
shelf zones are more active and heterogeneous than the open ocean. A high spatial
and seasonal variability in the phytoplankton composition, and their physiological
condition, is driven by pronounced changes in the light and nutrient environment, as
well as in the grazing pressure. Since a high biological production occurs in these
coastal shelf zones, which provide important ecosystem services (e.g., food provi-
sion, regulation), more attention needs to be paid to the variability of PP and factors
driving it in specific areas of interest. It seems alright to pool values from very dif-
ferent sets to retrieve bulk information, e.g., an average value of total carbon uptake
for the whole region, but these average values will be far from reality when applied
to answer a specific question at a local area (e.g., regarding fisheries, effect of eutro-
phication). The value of time series of observations at local sites becomes then
clear; local effects of upwelling (in the Brazilian coast), the influence of high input
of nutrients and UVR (in the Patagonian coast), or extreme events (in the north
Argentinean coast) could only be detected by periodic sampling. Events at such
high frequency are at the scale that biological activity occurs at those places. A third
recommendation is to enhance the existing, and start new, time series of biogeo-
chemical observations, which include primary production estimations.

A crucial factor regulating the rate of PP is the types of phytoplankton present in
a place. There has been throughout the decades a shift from detailed taxonomic
studies on phytoplankton species composition toward the estimations of what are
known as “bulk properties” of phytoplankton (e.g., Chl a, pigments, PP).
Nevertheless, there is nowadays a renewed appreciation that not all phytoplankton
are the same and that the health of an ecosystem depends on the different functions
that the different groups play in it (e.g., Le Quéré et al. 2005). One of the functions,
of current global importance, is the role of phytoplankton removing atmospheric
CO, and “sequestering” it in the deep ocean; as it is expected, large cells of the
micro-phytoplankton (e.g., large diatoms) contribute more to the export of carbon.
A recent review by Tilstone et al. (2017) highlights the importance of the South
Atlantic, especially the South Subtropical Convergence Province, in exporting car-
bon, thanks to the higher proportion of PP contributed by the micro-phytoplankton.
Schloss et al. (2007) reported the importance of large phytoplankton cells in the
CO, uptake for the Argentine shelf. Several other studies mentioned in this review
showed also that the rate of PP varied with the type of phytoplankton present and
that Chl a alone is not a good indicator of PP in this region. A fourth recommenda-
tion that follows is the importance of associating information on phytoplankton
composition to the estimations of primary production.
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Phytoplankton Assemblages

of the Subtropical South West Atlantic:
Composition and Dynamics in Relation
to Physical and Chemical Processes
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Abstract Marine ecosystems respond first to physical-chemical changes in the
upper euphotic layers through its phytoplankton community, an assemblage of
unicellular eukaryotic and prokaryotic photoautotrophs growing at the same time
and spatial scales of hydrodynamic processes. Temporal and spatial environmental
changes are followed by physiological adaptations of opportunistic species that
dominate the phytoplankton assemblage at a certain time and location. This chap-
ter aims to describe the composition and distribution of the phytoplankton in shelf
waters of the subtropical Southwestern Atlantic Ocean, one of the poorly studied
areas of the global ocean. It includes regional scale frontal systems caused by
thermal upwelling and estuarine plumes together with a variety of meso- and
submesoscale hydrodynamic processes that potentially fertilize the euphotic zone
and phytoplankton dynamics in shelf systems. Cause-effect relationships of phy-
toplankton composition and distributional patterns in relation to environmental
properties rely on published information which are geographically limited and
seasonally fragmented. Nevertheless, the chapter gives a general overview of par-
ticular ecological features of the subtropical Brazilian province and its environ-
mental drivers. Despite the recent progress of biomolecular techniques in
facilitating taxonomic identification in order to expand the knowledge of phyto-
plankton dynamics and composition in the South West Atlantic, a joint regional
effort is necessary to better understand the baselines of the ecosystem functioning
provided by phytoplankton organisms. This will be necessary for modeling future
scenarios of regional marine ecosystem services facing the global climatic changes
expected in the next decades.
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1 Introduction

Phytoplankton is an assemblage of photoautotrophic cells suspended in the water
column, found in all aquatic ecosystems. They are composed of prokaryotic and
unicellular microalgae belonging to various taxonomic groups. This community
forms a 3D “planetary lawn” growing in the upper euphotic layers of the global
ocean, subjected to all scales of turbulence and currents. Phytoplankton cells are
the main primary producers of the ocean, contributing approximately half of the
annual net photosynthetic carbon uptake in the biosphere (Field et al. 1998) and,
ultimately, the chemical energy that fuels the vast majority of marine ecosystems.
Phytoplankton is also responsible for the vertical flux of particulate organic matter
that sequesters enormous carbon reservoirs in deeper layers, an important step in
the global carbon cycle. Its abundance and diversity drive marine biogeochemical
processes and provide important oceanic ecosystem services, such as renewal of at
least half the atmospheric oxygen and the maintenance of global temperature by
absorbing atmospheric CO,.

Light is the most limiting factor for growth of phytoplankton because it is avail-
able in less than 2% of the ocean by volume. The thickness of the euphotic zone,
where net accumulation of phytoplankton biomass takes place, varies according to
the concentration of suspended particles. Phytoplankton dynamics changes within
specific space and time scales, being less abundant in light-limited turbid estuarine
waters. Phytoplankton cells need more than light to grow and accumulate.
Macronutrients and trace elements (e.g., nitrogen, phosphorus, silicon, and iron) are
also essential for the buildup of net organic matter accumulated in phytoplankton
cells. The abundance and/or relative concentration of specific nutrients per unit area
of the euphotic zone determines the taxonomic composition of phytoplankton
assemblages. The seasonal light regime and nutrient dynamics in the euphotic layer
are dependent on latitude, ocean topography, and wind-driven turbulence. Hence,
phytoplankton composition and distributional patterns co-vary with these environ-
mental properties along cross-shelf gradients and oceanic fronts.

Phytoplankton size and diversity shape the structure of the marine ecosystem
(Kigrboe 1993; Marafién 2009). Understanding the organization and dynamics of
phytoplankton communities is the stepping stone to better assess the energy flux in
pelagic food webs. Micro-sized (>20 pm) diatoms with a low surface to volume
ratio are well-adapted to nutrient-rich upwelling systems where they provide energy
for a short copepod and/or euphausiid food chain (Cushing 1989). The ballast of
their siliceous exoskeleton (frustule) makes them sink rapidly during physiological
stress, transferring organic matter to the benthic shelf ecosystem. In contrast, small
pico-and nano-sized cells have a much higher surface to volume ratio and are more
adapted to low-nutrient conditions. Most of the organic matter produced in the
euphotic zone by cyanobacteria and pico-sized eukaryotes, the main primary pro-
ducers in tropical oligotrophic oceans (Partensky et al. 1999; Flombaum et al. 2013),
is recycled primarily within the microbial food web (sensu Azam et al. 1983). Pico-
and nano-plankton thus contribute less to the vertical transport of organic matter and
oceanic biological pump yet keep a steady-state balance between atmospheric
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carbon uptake and microbial respiration in the upper ocean layers at tropical and
subtropical latitudes, covering approximately 70% of the oceanic area. They also
play an important role in the global biogeochemical cycles of atmospheric gases.

2  Community Composition and Dynamics

Three hydrographically different latitudinal bands occupy the SWA: (i) the subtropi-
cal province off the Brazilian margin, (ii) the temperate shelf subjected to the La
Plata river plume, and (iii) the subantarctic Patagonian shelf. Shelf morphology, sea-
sonal changes in continental runoff, and tidal and estuarine fronts affect distribu-
tional patterns of phytoplankton across the southeastern shelf (Fig. 1). The background
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Fig. 1 Map of the South Atlantic Ocean showing hydrographic provinces and frontal systems of
the western oceanic and continental South American continent, illustrating main hydrodynamic
processes in shelf areas. The dot-delimited area encompasses the subantarctic-temperate province
(SATP) and the subtropical province (STP). Al1-Cape Frio upwelling, A2-wide shelf off the South
Brazil Bight, A3-southernmost shelf affected by the La Plata plume, Bl-temperate province
affected by the Rio de la Plata estuary, B2-Subantarctic Patagonian Shelf, ED-Equatorial
Divergence, AP-Amazon Plume, SAG-Subtropical Atlantic Gyre, MC-Malvinas (=Falkland)
Current, STC-Subtropical Convergence, PF-Polar Front
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oligotrophic scenario prevails along the whole Brazilian continental margin due to
the accumulation of equatorial waters driven by westerly winds. West boundary cur-
rents (the North Brazil and Brazil currents) spread over the north and south continen-
tal shelves in this system, with the plankton adapted to nutrient-poor conditions,
dominated by the cyanobacteria of the genus Synechococcus and Prochlorococcus,
and classes of smaller eukaryotes, except in inshore and inner-shelf areas where the
development of micro-phytoplankton, mostly diatoms, is stimulated by nutrient-rich
estuarine plumes and coastal upwelling. Hereafter, phytoplankton characteristics
will be described taking into account differences in hydrodynamics and geomorpho-
logic features of a selected cross-shelf transect representative of these contrasting
subtropical plankton systems.

2.1 The Subtropical Province

The STP extends from 23 to 34°S; it includes the South Brazil Bight (SBB) between
Cape Frio and Cape of Santa Marta Grande and the southernmost section of the
Brazilian continental margin directly affected by the La Plata river plume during the
winter (Fig. 1). The shelf is occupied by three water masses: (i) the warm and oligo-
trophic tropical water (TW: > 25°C, salinity >36, chlorophyll biomass <0.5 mg m~2);
(ii) the cold, less saline, and nutrient-rich South Atlantic Central Water (SACW:
10-20°C, 35-36, Redfield ratio = 13.6; Castro et al. 2006), which dominate, respec-
tively, the upper mixed layers and the bottom layers of mid-shelf (50-100 m), outer-
shelf (100-200 m), and shelf-break (>200 m) areas; and (iii) coastal water that
mostly occupies the inner shelf (<50 m depth) and is directly affected by freshwater
drainage. Boundaries between them form hydrographic fronts that have a marked
effect on plankton composition and dynamics on both seasonal and spatial scales,
which will be described in more detail below.

Multiple sources of nutrients may fertilize the shelf euphotic zone, driven by a
very complex hydrodynamic regime. Their relative contribution to the total nutri-
ent load and ultimately the development of phytoplankton varies spatially and
seasonally, creating an episodic “patchwork” of a diatom-dominated new
production system. Fertilization of the euphotic zone is not restricted to the near-
shore, subjected to coastal upwelling and estuarine plumes. Onshore intrusions of
the deeper nutrient-rich SACW take place on the mid-shelf (50-100 m) during
summer that balance the Ekman transport of surface waters away from the coast
driven by the persistence of east-northeast winds (Castro et al. 2006). Cyclonic
eddies and Brazil Current meanders over the shelf-break also enrich the lower half
of the euphotic zone, replacing the pico-sized cell assemblages with micro-sized as
well as chain-forming diatoms and, to a lesser extent, eukaryotic micro flagellates
that may flourish at the base of the euphotic zone in outer-shelf areas (Brandini
et al. 2014; Bergo et al. 2017). Mass fertilization of the southernmost regions takes
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place in austral winter (June—August) due to lateral advection of the La Plata river
plume (Brandini 1990a; Campos et al. 2008; Piola et al. 2008), remarkably chang-
ing the phytoplankton composition in inner- and mid-shelf waters (Brandini 1988).

The phytoplankton community of the STP is by far the most studied along the
Brazilian margin. Pioneer studies on the composition and distribution of micro-
sized (>20 ym) phytoplankton in open shelf waters began in the early 1960s during
hydrographic cruises by the Brazilian Navy. During these early cruises, Ceratium
tripos, Dictyocha fibula, and Distephanus speculum were reported for the first time
as indicators of water bodies (Barth and Castro 1964, 1965). In particular, the sili-
coflagellates were associated with subantarctic waters from the La Plata plume,
which was later examined in more detail during the winter season (Brandini 1988).

Overall, cross-shelf differences in phytoplankton composition are clearly dis-
tinguished and partitioned through their characteristic diatoms, cyanobacteria,
and picoeukaryotes. Biomolecular techniques have recently reported the numeric
dominance of cyanobacteria in the surface layers over the mid- and outer-shelf
regions (Alves et al. 2015; Ribeiro et al. 2016; Bergo et al. 2017) where nutrient
concentrations are low due to the proximity of the oligotrophic warm waters of the
Brazil Current. Synechococcus and a diverse community of flagellated picoeu-
karyotes are more abundant at the surface and in deep layers of the euphotic zone
across the shelf. Toward the shelf-break, this community tends to be gradually
replaced by Prochlorococcus under the extremely oligotrophic conditions of the
TW (Fig. 2).

This background picoplanktonic community, typical of oligotrophic systems, is
replaced in the nearshore by a highly diverse coastal phytoplankton assemblage,
particularly in those areas affected by upwelling or estuarine systems, such as off
Guanabara, Santos, Cananéia, Paranagud, and Sdo Francisco do Sul (Valentin et al.
1987; Brandini et al. 1997; Odebrecht and Djurfeldt 1996; Fernandes and Brandini
2004). The dominant taxonomic groups usually found on plankton samples in the
nearshore areas are (mostly) diatoms and flagellated cells of the nano- and
micro-sized categories belonging to the groups Dinophyceae, Haptophyceae,
Cryptophyceae, Prasinophyceae, and Chlorophyceae (Fernandes and Brandini
2004; Tenenbaum et al. 2004; Villac et al. 2008). As part of the GloBallast program
network (www.globallast.imo.org), Tenenbaum et al. (2004) identified 271 species
of eukaryotic phytoplankton in Sepetiba Bay, southeastern Rio de Janeiro, including
160 diatoms, 76 dinoflagellates, 15 Chlorophyceae, 2 Euglenophyceae, 2 silicofla-
gellates, 1 Raphidophyceae, 1 Zygnematophyceae, and 4 cyanobacteria. Villac et al.
(2008) updated that species list along with one for the coast of Sdo Paulo state; this
was based on a detailed review of the literature about phytoplankton composition
surveyed in the last 100 years. They identified 572 taxa, dominated by diatoms
(82%) and followed by dinoflagellates (16%).

Tidal and geostrophic currents spread these diatom-rich waters along the inner
shelf, enriched further south with estuarine diatoms coming from the Itajai River
and Patos Lagoon. Skeletonema costatum has a notable high frequency and density
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Fig. 2 Cross-shelf-break distribution of temperature and pico-phytoplankton density (in cells
103 L") distribution in the subtropical Brazilian shelf shown in the left inserted map. (a)
Temperature (°C), (b) Synechococcus, (¢) Prochlorococcus, (d) picoeukaryotes). (Redrawn from
Ribeiro et al. 2016)

in phytoplankton assemblages of these estuarine systems between November and
March. The worldwide ubiquity of this species is explained by its preference for less
saline and nutrient-rich estuarine waters, a common situation in southeast Brazil
during rainy seasons when continental runoff is maximum (Rorig et al. 1998). Their
presence is therefore not uncommon among the phytoplankton of the nearshore
open waters along the STP, being advected out of the estuaries by tidal currents.
Another feature of phytoplankton dynamics in the southernmost shelf of the STP,
particularly along the coast of Santa Catarina and Rio Grande do Sul, is the seasonal
blooms of Asterionellopsis in surf zones of sandy beaches (Odebrecht et al. 2010,
2014; Franco et al. 2016). This is common in late summer and early spring seasons
and seems to be associated with the enhancement of turbulence driven by the pas-
sage of cold atmospheric fronts.
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2.1.1 Phytoplankton off the Cape Frio Upwelling System

Coastal upwelling is unusual in western boundary systems. However, due to the
particular topography combined with the persistence of N-NE winds and the
Coriolis effect, surface waters off Cape Frio (23°S—42°W) are transported offshore,
causing deep oceanic nutrient-rich SACW to surface very near the coast (Valentin
2001). During upwelling, the diatom-based primary production increases remark-
ably up to 14 mg C m~> h~! (Gonzalez-Rodriguez 1994). The upwelling front moves
fast at approximately 50 cm sec™!, being detected 400 km southward in mid-shelf
regions off the SBB (Lorenzetti and Gaeta 1996). Moreira-Filho (1965) reported the
first inventory of diatoms in Cape Frio as a mixed assemblage of 90 species of
neritic and oceanic diatoms; Asterolampa marylandica and Odontella sinensis were
indicators of the tropical water transported by the Brazil Current, and Asteromphalus
hookeri indicated the presence of subantarctic waters. Other common species dur-
ing upwelling were Rhizosolenia alata, Bacteriastrum hyalinum, Odontella mobil-
iensis, Chaetoceros affinis, Chaetoceros compressus, Rhizosolenia setigera,
Stephanopyxis turris, Stephanopyxis palmeriana, Thalassionema nitzschioides,
Synedra tabulata, Rhizosolenia calcar-avis, Skeletonema costatum, Coscinodiscus
gigas, and Coscinodiscus jonesianus. Later studies (Macedo and Valentin 1974;
Macedo et al. 1975) reported a sudden shift in phytoplankton composition and den-
sities from the low point of 5 x 103 cells L' to 600 x 10° cells L' soon after the
upwelling initiate. Two decades later, Valentin et al. (1985) updated the species list,
reporting a 226-diatom inventory that revealed Cape Frio is possibly the most
important hot spot of diatoms in Brazilian coastal waters. They also reported high
densities of Hemiaulus sinensis in the upper warm water above the thermocline near
the upwelling plume. Although the phytoplankton composition and its size-class
distribution in terms of chlorophyll concentration have been determined in the Cape
Frio upwelling system (Guenther et al. 2008), a more comprehensive investigation
of the community size range is necessary for modeling of fisheries production, sup-
porting management of marine resources in this important Brazilian ecosystem.

2.1.2 Phytoplankton Composition and Dynamics on the Wide Shelf
off the South Brazil Bight

South of Cape Frio’s upwelling and further offshore, the wind field, shelf morphol-
ogy, and dynamics of the Brazil Current jointly control seasonal changes to the
hydrographic regime; this affects the composition and dynamics of phytoplankton
on the continental shelf off the SBB. There are important nutrient-rich frontal
boundaries on this wide (ca 200 km) shelf system along the Brazilian margin, where
phytoplankton tends to accumulate physically or through growth rate enhancement
(Brandini et al. 1989). The most important fertilization mechanism is the summer
intrusion of the SACW (see review by Castro et al. 2006). Similar to the Cape Frio
upwelling, N-NE winds are more frequent and persist during summertime, moving
surface waters away from the coast due to the Coriolis effect. Deep SACW moves
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shoreward to balance the Ekman transport of surface waters seaward, increasing
physical gradients and the stability of a more fertile euphotic zone. Oceanic intru-
sions cause strong stratification in mid-shelf sections in late summer periods (Castro
2014). With the relaxation of N-NE winds, bottom layers of intrusions are tidally
mixed; dinoflagellates, coccolithophorids, and silicoflagellates accumulate in tidal
shelf fronts between the tidally mixed inner shelf and the stratified oceanward side
of the front (Brandini et al. 1989, 2014), similar to what has been described for tidal
fronts over shelf regions in the North Atlantic (Kigrboe 1993; Holligan et al. 1984;
Sharples et al. 2001).

Ascension of the thermocline/nutricline caused by an intrusion fertilizes the
lower euphotic layers, in which a phytoplankton community adapted to low light
then grows over the mid-shelf. The deep chlorophyll maximum layer (DCML) is
a conspicuous feature in the mid- and outer shelf of the SBB, with shade-adapted
phytoplankton mostly composed by diatoms and nanoeukaryotes (Brandini et al.
2014). In an early investigation, Brandini et al. (1989) discussed the development
of this subsurface maximum of chlorophyll accumulation through three simulta-
neous processes: (i) photoadaptation with the increase of intracellular chloro-
phyll concentration without increase of biomass, (ii) in situ net production with
an increase in cell density, and (iii) a decrease in the rate of cellular sedimenta-
tion. In the lower layers of the euphotic zone, light becomes a limiting factor, so
the intracellular concentration of chlorophyll increases to compensate for the low
light intensity. Subsurface photo adaptation of picoplankton in oceanic areas was
reported recently in the shelf-break off the South Brazil Bight without an increase
of biomass; the intracellular carbon concentration was the same as in the phyto-
plankton populations in the mixing zone above the thermocline/nutricline
(Ribeiro et al. 2016). In contrast, photo adaptation of diatoms in neritic waters off
the bight increases not only the intracellular concentration of chlorophyll but also
the photosynthetic efficiency, i.e. the rate of photosynthesis per unit of chloro-
phyll (Brandini 1990b). Consequently, more carbon can be fixed by photosynthe-
sis and the cells multiply. Brandini et al. (1989) found higher concentrations of
dissolved oxygen in layers just above the DCML, confirming the photosynthetic
activity in these layers.

Phytoplankton at Subsurface Layers: Seasonal Dynamics Across the Shelf

Only a few studies have addressed the phytoplankton composition of the DCML in
particular, so a specific assemblage at a particular shelf location or season cannot be
associated with the DCML. Identifying a clear annual pattern in that phytoplankton
diversity is necessary for a better understanding of the energy flux in the shelf eco-
system, taking into account its importance for the recruitment of commercial pelagic
fish and for the vertical flux of particulate matter to the benthic ecosystem. Odebrecht
and Djurfeldt (1996) performed size fractionation of phytoplankton chlorophyll in
the open shelf off Cape Santa Marta during spring. Their results suggested that
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<20 pum cells dominate the phytoplankton of the upper mixed layer while cells
>20 pm, mainly those of the genus Coscinodiscus and Thalassiosira, dominate the
DCML and contribute up to 85% of the chlorophyll stock in the water column.

In 2005-2006, a seasonal cross-shelf survey of the plankton system was
conducted off Santa Catarina, central SBB, to study the structure and dynamics of
the phytoplankton in relation to the intrusion of the SACW (Brandini et al. 2014).
Spatial trends of community properties showed statistically significant differences
between the coastal and the oceanic sides of the transect within each survey and
among seasons. Species richness, diversity, and percent contribution of coastal spe-
cies to total diatoms all decreased oceanward; the exception was January, when
these properties did not change significantly at the surface or in the DCML com-
pared to coastal assemblages (Fig. 3).

Along the same transect, chlorophyll concentrations varied from <0.1 to
6.2 pg L~! with a maximum at depths that differed according to the isobath. Peak
concentrations tended to be deeper toward the outer shelf, associated with the
volume of SACW in the bottom layers and the potential of fertilization by this
water mass at the base of the euphotic zone (Fig. 4). An interesting feature, prob-
ably related to physical forcing, was the formation of two independent nuclei of
higher phytoplankton concentrations along the thermocline: one between 20 and
100 m, mostly dominated by large diatoms, and the other located in deeper layers
near the shelf-break dominated by nano-planktonic diatoms and flagellates
adapted to lower light intensities. This was confirmed by Simifo (2010) who stud-
ied the phytoplankton composition along the same sampling transect, reporting a
total of 103 species of diatoms, including 30 morphotypes of pennate and 8 mor-
photypes of centric species. Overall, the specific composition of the DCML varied
sharply toward the outer shelf between all sampling surveys. This early and late
summer assemblage was mainly composed of cosmopolitan tropical and subtropi-
cal groups of centric and pennate species dominated by Aulacoseira granulata
(60%), Coscinodiscus sp. (40%), Cyclotella styllorum (51%), Cylindrotheca clo-
sterium (46%), Diploneis cf. bombus (56%), Pseudo-nitzschia sp. (42%),
Thalassionema nitzschioides (58%), Thalassiosira cf. decipiens (51%), and
Hemiaulus indicus (36%). The overall composition and the relative contribution
of dominant cells were similar in the upper mixed layer above the DCML, though
at lower density. Subsurface patches of diatoms, usually contributing 29-99% to
total phytoplankton density, were conspicuous across the shelf. In January 2006,
the intrusion was at its maximum shoreward penetration with a very thick DCML
between the 50- and 80-m isobaths, being dispersed in the inner-shelf area in late
summer (March) due to the tidal stirring of the bottom layers.

During this 2-month period of maximum intrusion, the diatom composition in
the DCML varied by altering the species dominance across the shelf. Unusual fea-
tures deserving further investigation are the presence of the invasive species
Coscinodiscus wailesii and presence and (occasional) dominance of the “freshwa-
ter” Aulacoseira granulata across the whole shelf. C wailesii was first identified in
the coastal area of Parand state by Procopiak et al. (2006). The samples with the
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Fig.3 Seasonal trends in the cross-shelf distribution of diatom community properties in the South
Brazil Bight between November 2005 and June 2006 (UML upper mixed layer, DCML deep
chlorophyll maximum layer). (Redrawn from Brandini et al. 2014)

smallest cell densities and largest carbon biomass (determined according to
Utermohl 1958) that were collected in late summer (March) were all related to the
presence of C. wailesii. The same co-occurrence of low densities and high concen-
trations of chlorophyll was also associated with the occurrence of C. wailesii by
Fernandes and Brandini (2004), who examined the seasonal variation of diatoms on
the shelf off Parana.

Aulacoseira granulata is a well-known freshwater diatom, which apparently
tolerates high salinity environments. It commonly dominates the plankton com-
munity in the Parand River hydrographic basin and in the estuaries of southern
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Fig. 4 Vertical distribution of chlorophyll and the main diatoms in the DCM along a cross-shelf
transect in the SBB. Utermohl samples were obtained at 15 stations (upper map) during two late
summer surveys. The numbers along the chlorophyll profiles (lower panels) indicate dominance of
diatoms as follows: 1-81% Coscinodiscus; 2-50% H. indicus, 12% pennate diatoms; 3-61% C.
wailesii, 21% Coscinodiscus; 4-80-97% Coscinodiscus spp; 5-28% C. wailesii, 22% Coscinodiscus
spp, 10% G. striata, 2% Aulacoseira granulata; 6-24% G. striata, 22% Chaetoceros spp., 13%
Coscinodiscus spp; 11% P alata, 10% Bacteriastrum sp; 7-25% Coscinodiscus sp., 21%
Rhizosolenia sp., 18% Thalassiosira, 11% P. alata, 2% Aulacoseira; 8-96% Coscinodiscus, 3%
Aulacoseira; 9-71% Coscinodiscus, 16% P. alata; 10-66% G. striata, 34% centric diatoms;
11-90% Coscinodiscus spp, 9% Aulacoseira; 12-80-95% Coscinodiscus wailesii, Coscinodiscus
spp; 13-54% Aulacoseira granulata; 14 Paralia sulcata, Actinoptychus, Coscinodiscus spp.,
Cyclotella sp; 15-73% Thalassiosira sp. <20; 16-32% Pleurosigma sp. 21% centric diatom.
(Redrawn from Brandini et al. 2014; diatoms were examined by Simido 2010)

Brazil during rainy seasons (O’Farrell et al. 1996; O’Farrell and Podlejski 2001;
Odebrecht et al. 2005; Procopiak et al. 2006). Empty frustules of this species
contribute <2% to the total frustules identified in slope sediments of Argentina
and the southernmost Brazilian continental margin (Romero and Hensen 2002).
Resting cells may be transported northward by the La Plata river plume during
winter periods, adapted to shade and the high nutrient conditions of the thermo-
cline/nutricline layer next to the top of the SACW intrusion. This species may
therefore be a good indicator of the effect of the La Plata plume over the neritic
plankton system off the SBB.
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The Diatom Hydrodynamic Loop

The coastal diatom assemblage described in the previous section provides an impor-
tant seeding stock to colonize and eventually guarantee higher productivity areas
elsewhere on the wide shelf off the SBB. In 2002, a seasonal cross-shelf survey
program in the central part of the SBB provided evidence of a diatom cell circula-
tion driven by a combination of physical and physiological processes. Brandini
et al. (2014) argue that this “diatom hydrodynamic loop” takes place between the
inner- and mid-shelf areas off the SBB (Fig. 5). The balance between offshore-
driven surface waters and onshore bottom intrusions, tidal stirring in the nearshore,
and the physiological stress of diatoms due to nitrate limitation in the outer-shelf
region are jointly responsible for this circulation. In the near shore, diatoms are kept
in suspension by tidal stirring; if the northeast wind persists, they are transported
along with surface waters toward the mid-shelf where nutrients, mainly nitrate,
become limited under the influence of warm oligotrophic waters of the Brazil

northwest winds
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Inner shell
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Fig. 5 The diatom loop across the shelf off the South Brazil Bight: 1-diatoms are resuspended by
tidal stirring on the inner shelf; 2-northeast winds and the Coriolis effect caused Ekman transport
of the surface community toward oligotrophic waters in the mid-shelf; 3-due to nutrient limitation,
diatoms lose buoyancy and are forced downward by the convergence of saltier tropical water (TW)
near mid-shelf fronts; 4-under better nutritional conditions at the top of the oceanic intrusion,
diatoms adapt to low light intensities and start growing again, contributing to the formation of the
DCML on the mid-shelf; 5-the increase of cell densities causes light-limited cells to sink and rest-
ing cells to accumulate in the dark sediments; 6-resting cells are moved coastward by summer
intrusions; DTF-deep thermal front; SHF-surface haline front; SACW-South Atlantic Central
Water; DCM-deep chlorophyll maximum. (Redrawn from Brandini et al. 2014)
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Current. Because of nutrient limitation, cells become heavier due to the ballast of
silica frustules and tend to sink faster. The convergence of the saltier TW enhances
their sinking rate. Sinking cells reach the nutrient-rich pycnocline in the top of the
SACW, grow, and then accumulate in the lower half of the euphotic zone, contribut-
ing to the formation of the DCML in the mid-shelf. Below this layer, light-limited
cells sink faster and accumulate in sediments as resting cysts where they can be
transported shoreward by the oceanic intrusions during the next summer seasons.
A similar mechanism may occurs in eastern upwelling systems but on a much larger
geographical scale. This loop is important to maintain perpetual seeding stocks of
diatoms in shelf regions where nutrients are usually more abundant.

Trichodesmium Blooms

Another important feature of the phytoplankton dynamics on the shelf of the SBB is
the seasonal accumulation of the globally ubiquitous cyanobacteria Trichodesmium
sp. It was first detected in the northeast of Brazil when causing toxicity in the surf
spray of sandy beaches known as “Tamandaré fever” (after Sato et al. 1963). They
are common in equatorial waters off the northeast during dry seasons, being pushed
away from the coast by continental runoff during the rainy season (Medeiros et al.
1999). Surface blooms have been reported in the nearshore and over the shelf-break
off the South Brazil Bight given calm winds and oligotrophic conditions (Brandini
1988; Gianesella-Galvao et al. 1995; Rorig et al. 1998; Siqueira et al. 2006; Detoni
et al. 2016). Trichomes do not accumulate, yet filaments are commonly identified in
plankton samples during winter; these are restricted to the northern half of the SBB,
pushed northward by the Subtropical Shelf Front (SSF, sensu Piola et al. 2008;
Brandini 1988). The life cycle of this important diazotroph in the SWA has gaps that
need further investigation. Queiroz et al. (2004) reported trichomes of this species
in sediments from 18 meters off Paran4 state; they were probably not fixing molecu-
lar nitrogen because higher nitrate concentrations near the coast stop the activity of
nitrogenase, the enzyme responsible for molecular nitrogen fixation. It is unclear
how these coastal populations were advected from distant offshore oligotrophic
waters to the nearshore (Fig. 6).

Winter Changes due to the La Plata River Plume

Besides local nutrient-rich continental discharges, which are enhanced during rainy
seasons (Ciotti et al. 1995), inner- and mid-shelf areas of the southern half of the
bight are also subjected to mass fertilization of the La Plata plume in winter seasons.
Signatures of the river plume arrive already poor in nitrate yet carry large phosphate
loads (Brandini 1990a; Muelbert et al. 2008). Taking into account its continental
origin, the plume must be enriched with trace elements (e.g., Fe). Besides its impor-
tance for photosynthesis and respiration, Fe is essential for nitrogen fixation by
diazotrophic cyanobacteria and may explain the frequency of Trichodesmium in
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Fig. 6 Trichodesmium bloom at the western Brazilian shelf-break that was dominated by the
Brazil Current in January 2017. (Source: The author)

mid- and outer-shelf waters of the SBB (Detoni et al. 2016). The SSF is revealed in
satellite images as consisting of cold-water tongues moving progressively along-
shore toward the northeast, carrying a high volume of chlorophyll-rich La Plata
plume (Fig. 7, higher panel). The multiyear pattern of mean chlorophyll obtained
from satellite data in the southern Brazilian shelf revealed higher mean concentra-
tions associated with the advance of the SSF in wintertime. Two peak concentrations
coincided with the El Nifio of 2007-2008 and 2016-2017 (Fig. 7, lower panel),
when high altitude jetties crossing over the South America continent are intensified,
hampering the atmospheric fronts in middle latitudes. This increases the precipita-
tion over the La Plata hydrographic basin and (hence) the input of nutrients over the
southern Brazilian shelf (Ciotti et al. 1995).

Surface phytoplankton composition and spatial distribution change remarkably
during the advection of the plume. Brandini (1988, 1990a) has reported remarkable
changes in the surface distributional patterns of environmental properties and domi-
nant eukaryotic phytoplankton between the southernmost Brazilian and Uruguayan
shelf province, during the winter of 1983 (Fig. 8). Out of the cold La Plata plume,
either to the north or oceanward from the plume front, different subtropical and
temperate species of eukaryotic phytoplankton depicted individual distribution pat-
terns limited by the 20 °C isotherm. The bulk of diatoms was concentrated in the
cold waters of the plume. The dominant genera in the plume were Thalassiosira,
followed by Leptocylindrus and Skeletonema, and dinoflagellates mostly dominated
by Ceratium lineatum (Fig. 8m), a cosmopolitan species of temperate and subpolar
waters (http://www.algaebase.org). The abundance of C. lineatum of the La Plata
plume reaching southern Brazilian waters may support the argument of lateral
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Fig. 7 Upper panel: satellite images of surface temperature and chlorophyll during summer (a, ¢)
and winter (b, d) in the subtropical Brazilian shelf provinces. (From MODIS_Aqua_L3_CHLA _
Daily_4km_R at http://oceancolor.gsfc.nasa.gov. Lower panel: Multiyear variation of the mean
chlorophyll concentration in the same area showing two conspicuous peaks of biomass related to
the El Nifio of 2007-2008 and 2016-2017)

advection of chlorophyll-rich La Plata plume during the El Nifio instead of
enrichment of the shelf with nutrient-rich drainage. The genera Chaetoceros,
Thalassionema, Thalassiothrix, Bacteriastrum, Coscinodiscus, and Nitzschia were
represented by species with more affinity for the warmer (>20 °C) and saltier (>35)
waters found in the north and offshore side of the plume. Small coccolithophorids
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a0

Fig. 8 Winter (July, 1982) geographic distribution of sea surface chlorophyll-a concentration
(pg L") and dominant phytoplankton species (10° cells L™') in the South Brazil Bight. (a)
Temperature (°C), (b) chlorophyll a (mg m~3), (¢) total diatoms (10° cells L"), (d) Thalassiosira
spp (%), (e) Leptocylindrus sp. (%), (f) Skeletonema costatum (%), (g) Chaetoceros spp (%), (h)
Thalassionema nitzschioides (%), (i) Thalassiothrix sp. (%), (j) Bacteriastrum sp. (%), (K)
Coscinodiscus spp. (%); (1) Nitzschia sp. (%), (m) Ceratium lineatum (cells L"), (n) coccolitho-
phores (10% cells L™"). (Redrawn from Brandini 1988)

were frequent out of the plume, mostly dominated by an unidentified species with
general size (4-6 pm) and morphology similar to the cosmopolitan Gephyrocapsa
oceanica, followed by Calciosolenia murrayi. Among the prokaryotes, trichomes of
Trichodesmium were common out of the plume, yet never abundant.

3 Summary and Final Remarks

The SWA has complex hydrodynamics associated with important western boundary
currents of different chemical features that affect remarkably the phytoplankton
composition. Particularly the Southeastern Brazilian subtropical shelves are gener-
ally oligotrophic, dominated by nutrient-poor warm waters brought by the Brazil
Current. Understanding the spatial and temporal patterns of phytoplankton diversity
and distribution in relation to environmental forces is the stepping stone for model-
ing ecosystem services in this wide shelf province of the Southwest Atlantic Ocean.
This includes modeling of oceanic primary production, lateral advection and verti-
cal flux of organic matter to the benthic system, long-term dynamics of deep water
carbon reservoirs (i.e., oceanic biological pump), and regional ecosystem-based
fishery management and human health.
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In particular, the geographic area occupied by the warm waters of the subtropical
Brazilian province may be regarded as a biological hot spot of phytoplanktonic
cells, responding at once to complex and variable physical oceanographic processes
that may potentially fertilize the euphotic zone and/or mix different phytoplankton
communities. Yet its phytoplankton is one of the least studied among the tropical
and subtropical shelf regions. Large-scale physical processes like oceanic intrusions
of deep nutrient-rich waters, cyclonic eddies (and meandering) of the Brazil Current,
and mass fertilization of large freshwater plumes of the La Plata river impart a well-
defined seasonal pattern that may be modeled in terms of phytoplankton abundance.
To do so, however, many ecological and taxonomic gaps must be filled. Studies on
community diversity and individual species dynamics that were reported to once
dominate in some locations and seasons are still not enough to allow prediction.
A better assessment of taxonomic diversity, abundance, and cell-size structure is
crucial for understanding other oceanographic processes directly linked to the energy
flow at low trophic levels, hence the initial oceanic steps of global carbon cycling.

The answers on how future anthropogenic impacts and global climate changes
may affect the structure and function of regional marine ecosystems certainly rely
on phytoplankton resilience to changes of environmental properties on a large geo-
graphic scale. A joint regional collaboration between Brazilian, Uruguayan, and
Argentinean scientists will be helpful to address this issue and the best track toward
elucidation. That collaboration would be a promising step forward to better assess
marine resources and environmental sustainability for future generations of south-
west Atlantic countries.
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Abstract The South Brazilian Bight (23-28.5°S; SBB) is a typical western
boundary current system with a wide shelf and which has high ecologic and eco-
nomic importance, supporting nationally important fishing grounds. Away from
the coastal areas, the planktonic production is mostly controlled by regenerative
processes prevailing in the oligotrophic Tropical Water (TW) of the Brazil Current,
enriched by the advection of the nutrient-rich South Atlantic Central Water
(SACW). About 790 zooplanktonic invertebrate species have been recorded, what
is an underestimate considering that most meroplanktonic and some holoplank-
tonic taxa are largely unstudied. An inshore-offshore gradient is clear. Zooplankton
abundance and biomass are typically higher in more coastal areas, diminishing
offshore as the influence of the oligotrophic TW increases, while the diversity has
the inverse tendency. The cold and nutrient-rich SACW intrusions certainly are the
most relevant mesoscale physical feature over the shelf of the SBB, increasing
considerably the primary production and subsequently zooplankton abundance
and production. Indeed, available data suggest that the intrusions of the SACW and
their strength are an important factor influencing both seasonal and interannual
variability in zooplankton diversity, biomass, abundance, production, and size-
spectra. While the distributional patterns of most of the dominant groups in rela-
tion to the main water masses are relatively well-known, little is known about the
life strategy, trophic interactions, physiological responses, and the impact of the
main physical processes on these populations. In this review, we also emphasize
the need for process-oriented studies along SBB with spatiotemporal scales rele-
vant to the main physical events in order to better understand the zooplankton
dynamics and their role in the regional fishery production.
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1 Introduction

The South Brazilian Bight (23-28.5°S, SBB) is a typical western boundary
current system with a wide shelf that may reach up to ca. 200 km wide (Fig. 1).
It is part of a transitional zone between subtropical and temperate domains
(Lohrenz and Castro 2005; Longhurst 2006). The SBB hosts a large biodiversity
and is the most productive Brazilian continental shelf region, supporting impor-
tant fishing grounds with fish catches >200,000 tons/year (MPA 2011), emphasiz-
ing its economic and ecologic importance. The main targeted species is the
Brazilian sardine Sardinella brasiliensis (MPA 2011). This species is primarily
planktivorous (e.g., Dias et al. 2004), as is the case of many other economically
important fish species from the SBB (e.g., Kurtz and Matsuura 2001; Soares and
Vazzoler 2001) and elsewhere. Even though several adult fish do not eat plankton
directly, the survivorship of their larvae and consequently their recruitment rates
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Fig. 1 Map of the South Brazilian Bight showing the main oceanographic features, such as the
Brazil Current (large arrow) with the Tropical Water in the upper layer and the South Atlantic
Central Water below along with its wind-driven inshore intrusions, and the main sources of conti-
nental drainage (solid lines). The Coastal Water is not shown, but it occupies mainly the shallow
shelf (<50 m isobath) and has a variable signature with low salinity (<34) because of the mixing of
continental runoff and the other two water masses. Generated using Ocean Data View 4.7.10 soft-
ware (Schlitzer 2017)
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are greatly dependent on the availability of their planktonic food (Matsuura et al.
1992; Dias et al. 2004). Thus, the knowledge of zooplankton variability is impor-
tant to understand the ecosystem functioning and its ecological patterns as well
as to fisheries management, providing important information about the energy
flow in marine communities (Montu et al. 1997). In the present study, we provide
synoptic information on diversity, structure, and temporal variability of inverte-
brate zooplankton from the SBB in relation to the main water masses and oceano-
graphic processes taking place over the shelf (Fig. 1).

2 Hydrography and Circulation Patterns

Several authors have described the general physical oceanographic characteris-
tics of the SBB (e.g., Lohrenz and Castro 2005; Castro et al. 2005, 2006; Cerda
and Castro 2014; Brandini et al. 2007, 2014). The overall circulation over the
shelf follows the worldwide pattern of western boundary current systems, as part
of the South Atlantic Anticyclonic Subtropical Gyre. The Brazilian Current (BC)
originates at ca 10°S and flows southward near the continental slope through all
the SBB until it meets the Malvinas Current, forming the Brazil-Malvinas
Confluence Zone southward the SBB, between 33°S and 38°S, where a complex
frontal system with cyclonic eddies and water column stabilization support high
biological production (e.g., Brandini et al. 2000). On the SBB, the upper mixed
layer in mid- to outer-shelf is dominated by warm (>20 °C), saline (>36), and
oligotrophic Tropical Water (TW) of the BC (Figs. 1, 2, and 3). This water mass
is formed as a consequence of the intense solar radiation and excess of evapora-
tion, characteristic of tropical and subtropical oceans. Below the TW is the South
Atlantic Central Water (SACW), formed by subsidence at the Subtropical
Convergence, with temperatures varying from 6 to 18 °C and salinities from 34.6
to 36. The Coastal Water (CW) with lower salinities (<34) results from the mixing
of TW and/or SACW with local continental drainage, and it occupies most of the
shallow shelf. It is characterized by high seasonal and geographical physical-
chemical fluctuations according to geomorphology, local precipitation and river
discharge (Castro et al. 2006).

Most of the SBB’s shelf area is dominated by one of these water masses or a
mixture of them (Figs. 2 and 3); CW tends to dominate the inner shelf (Fig. 3a, b),
and TW with the SACW below dominate the outer-shelf and offshore (Fig. 3c, d).
A stable thermocline separates the TW and SACW, while the surface haline front
(SHF) and the deep thermal front (DTF) separate the CW and TW and CW/TW
and SACW, respectively (Castro et al. 2005, 2006; Brandini et al. 2014). These
boundaries are dynamic and change their position mainly driven by the wind
regime pattern which tends to be seasonal (Fig. 2).

During spring-summer northeasterly winds tend to dominate and CW is pushed
offshore by surface Ekman transport with SHF reaching more than 100 km offshore
(Fig. 2). This results in the onshore intrusions of the cold SACW (and the consequent
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displacement of the DTF inshore) which provide important nutrient input and also
enhance light conditions over the shelf by increasing the ratio between the depth of
the euphotic and upper mixing zone, thus increasing considerably phytoplankton
growth and production (Brandini et al. 2007, 2014). The particularities of the intru-
sions may change interannually and with latitude throughout SBB, depending mostly
on wind conditions and interactions with local topography, respectively. For instance,
in some locations with relatively shorter shelf such as Cape Frio and Cape of Santa
Marta Grande, the SACW may reach the surface (Matsuura 1986; Castro et al. 2005,
2006; Cerda and Castro 2014; see Fig. 3), while in most other sites of the SBB, the
intrusion fertilizes the euphotic zone and may reach the inner shelf areas (Fig. 2 and
3), but due to the larger continental shelf and gentle slope, it typically does not reach
the surface (Brandini et al. 2007, 2014; Cerda and Castro 2014; Nagata et al. 2014).

These differences are clear comparing, for instance, the vertical temperature
and salinity profiles of shallow waters (50 m) off Cape Frio and Itajai (Fig. 3a,
b). In the former, in December 2001 and November 2002, temperature was low
(17-19 °C) in the surface, reaching <15 °C below 20 m, while the salinity was
nearly homogeneous vertically 35.2-35.5 (Fig. 3b), denoting the SACW influ-
ence through the water column. Off Itajai in January 2006, water column was
very stratified both in temperature and salinity in the 50 m isobath (Fig. 3a, b);
the lower temperature near the bottom indicates the influence of the SACW
only in this depth stratum, whereas the lower salinities in the surface layer indi-
cate the high influence of CW in the upper layer, with the SHF positioned off-
shore (Fig. 2).

During winter, shelf waters tend to overturn vertically (Fig. 2) due to tidal
circulation and Ekman convergence of outer-shelf waters driven by southerly
winds, and therefore the SHF and DTF reverse, being placed inshore and off-
shore, respectively. Also, the winter predominance of southwest winds shifts the
offshore BMCZ northward, transporting subantarctic and less saline waters
(T = 4-15 °C, S = 33.5-34) from the Argentinian shelf, along with a coastal
branch greatly dominated by the continental drainage of the La Plata River basin
which may reach the southernmost shelf areas of the SBB (Brandini 1990; Castro
et al. 2005, 2006). For instance, temperature and salinity were vertically homoge-
neous both off Cape Frio and Itajaf shallow waters during winter (Fig. 3a, b), in
both cases highly influenced by the CW but colder and less saline off Itajai due to
influence of the La Plata Plume (Brandini et al. 2014).

Offshore, seasonal and latitudinal variations are less pronounced with the typi-
cal tropical vertical profile of temperature and salinity with warm (>20 °C) and
saline (>36) waters in the upper layer (Fig. 3c, d), typically under TW influence,
and cold waters of the SACW below through the year. Relatively lower tempera-
tures and salinity in the surface layer off Itajaf at the 130 m isobath during winter
is resultant from the influence of the Plata Plume River (Brandini et al. 2014). The
meandering of the Brazil Current along the continental slope and cyclonic eddies
may lead to shelf-break upwellings of the SACW (Castro et al. 2005, 2006).
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3 Zooplankton from South Brazilian Bight

3.1 Diversity and Association with Water Masses

About 790 invertebrate zooplanktonic species have been recorded at SBB. This
number certainly is an underestimate, considering that (i) all meroplanktonic taxa
and some holoplanktonic ones such as ctenophores, amphipods, euphausiaceans,
turbellarians, polychaetes, and ostracods are largely unstudied and that (ii) there is
a continuous discovery of new species (e.g., Bersano and Boxshall 1994; Nogueira
Janior et al. 2013) or records for the area (e.g., Campos and Vega-Pérez 2004;
Carvalho and Bonecker 2008; Nogueira Junior et al. 2016).

As observed in other pelagic coastal and oceanic systems, copepods are the most
abundant and diverse taxa, representing ~33% of all invertebrate zooplanktonic spe-
cies recorded at SBB (Fig. 4). Copepods are followed by cnidarians (~30%) and
other crustaceans (mero + holoplankton = ~19%). However, the potential diversity
of larval benthic crustaceans, polychaetes, and many other invertebrate taxa, such as
mollusks and echinoderms, is gigantic. Each of these taxa have thousands of known
species worldwide, most of them with planktonic larvae but which have not been
described yet and are particularly understudied at the SBB. Amphipods are also
locally understudied, only analyzed in details by Lima and Valentin (2001a).
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Fig. 4 Percentage of zooplankton species recorded at South Brazilian Bight according to main
taxonomic groups. (Data from Lopes et al. (2006) complemented with recent new species and
records up to 2015). Total number of species = 790. Hy hydromedusae, Si Siphonophorae, SC
Scyphozoa, C Cubozoa, Pt Pteropoda, H Heteropoda, Eu Euphausiacea, A Amphipoda,
M Mysidacea, O Ostracoda, Cl Cladocera, Sa Salpida, D Doliolida, Pi Pyrosomatida
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The diversity of planktonic ostracods recorded (Fig. 4) is quite low (7 species) when
compared to the 124 species recorded in the whole South Atlantic (Angel 1999).
This taxon is locally understudied, and publications with specific or at least generic
identifications of planktonic marine ostracods from the SBB are rare (Rocha 1983;
Valentin 1980), although they may reach high abundances of up to 7600 ind m=
(Valentin et al. 1987). Regardless, many planktonic ostracod species often dwell
close to the bottom or live at depths greater than 200 m with considerably fewer
species occurring over the shelf (Deevey 1974). The groups with lesser numbers of
species are the pyrosomes and cubomedusae (2 species each). These taxa are also
understudied in Brazil (Carvalho and Bonecker 2008; Nogueira Jinior and Haddad
2008), but unlike meroplanktonic larvae, amphipods, and ostracods, pyrosomes and
cubomedusae are not very diverse, with only six species each recorded in whole
South Atlantic (Esnal 1999; Carvalho and Bonecker 2008; Gershwin and Gibbons
2009; Oliveira et al. 2016).

3.1.1 Cnidarians

Among hydromedusae, the holoplanktonic Liriope tetraphylla is the most ubiqui-
tous, being the commonly dominant species in the shallow to mid-shelf under CW
influence with densities up to 930 ind m~2 along with the occurrence of many other
meroplanktonic, usually less abundant, species (Vannucci 1963; Nagata et al. 2014;
Nogueira Junior et al. 2014). High biomass of the scyphomedusa Lychnorhiza
lucerna occurs in shallow coastal areas (<15 m), with recorded wet weight up to
6.4 kg km~=? (Nogueira Jinior and Haddad 2017). Besides very abundant, this large
jellyfish (>30 cm in bell diameter) is edible and may be commercially exploited as
exportation product for human consumption, especially to Japan and China (Nagata
et al. 2009), and may serve as shelter for other organisms such as young fishes,
crabs, and shrimps (Nogueira Junior and Haddad 2005; Martinelli Filho et al. 2008).
Medusae from TW of the Brazilian Current are typically holoplanktonic like
Aglaura hemistoma, Solmundella bitentaculata, and Rhopalonema velatum, the
former commonly being the most abundant, with densities offshore typically not
exceeding 10 ind m~ (Vannucci 1957, 1963; Nogueira Junior et al. 2014, 2015). In
upwelling areas of Cape of Santa Marta Grande, the meroplanktonic hydromedusae
Olindias sambaquiensis and Rhacostoma atlanticum are extremely abundant, with
the latter representing up to 68 % of the macrozooplankton carbon biomass (Mianzan
and Guerrero 2000), both also occurring in areas dominated by CW (Vannucci
1951a; Nogueira Jinior and Haddad 2017). The holoplanktonic Solmaris corona is
also found with relative high densities (up to 84 ind m=%) associated with SACW in
offshore regions (Nogueira Jdnior et al. 2014).

Siphonophores are usually more oceanic, with only a few species like Muggiaea
kochii, Diphyes bojani, and Nanomia bijuga occurring abundantly in coastal areas.
High diversity and abundance of siphonophores is found typically offshore in the
upper layer of the BC. M. kochii tend to dominate under CW influence, where they
may reach abundances of 140 colonies per cubic meter, while D. bojani and
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Abylopsis spp. (mainly A. fetragona) in mid- to outer-shelf with densities typically
<25 colonies per 10 cubic meters, and mainly Chellophyes appendiculata and
Eudoxoides spiralis in oceanic areas under direct influence of BC (Cordeiro and
Montt 1991; Nogueira and Oliveira 1991; Nagata et al. 2014; Nogueira Junior et al.
2014, 2015). Other common siphonophores associated with TW offshore include
Enneagonum hyalinum, Eudoxoides spiralis, Eudoxoides mitra, Lensia spp., and
Sulcoleolaria spp., commonly in lower densities.

3.1.2 Ctenophores

Since only a few species of ctenophores (mainly smaller forms of Beroe spp.) may be
routinely fixed and preserved with success (but see Sullivan and Gifford 2009; Engel-
Sorensen et al. 2009), studies on ctenophores are generally scant. This is especially
true for Brazilian ecosystems where these ctenophores, although common, are among
the least-studied marine animals (Oliveira et al. 2007, 2016). Only 13 species of
planktonic ctenophores have been recorded thus far (Oliveira et al. 2016). Mnemiopsis
leidyi and Beroe ovata are common and occasionally abundant in coastal and estua-
rine areas (Oliveira et al. 2007; Nogueira Janior et al. 2018). In offshore areas over
the shelf abundances are low (<1 ind m~?), and small-sized (<10 mm high) Beroe sp.
perform diel vertical migration through the thermocline (Nogueira Jinior et al. 2015).

3.1.3 Mollusks

Gastropod and bivalve larvae may be quite abundant on some situations, mostly in
the shallow shelf dominated by CW and off estuaries influenced by river plumes
with densities peaking around 1000-2000 ind m™ (Valentin et al. 1987; Codina
2003). Among pteropods, Creseis virgula dominates the shelf TW, while Limacina
trochiforme characterizes oceanic TW (Resgalla and Montd 1994; Resgalla 2008).
Creseis acicula and Limacina spp. are quite abundant at Cape Frio with densities up
to 13,600 ind m~3 (Valentin et al. 1987). Cavolinia inflexa, Clio pyramidata, and
Hyalocylis striata, contrary, are widely distributed (Montu et al. 1997). Heteropods
are commonly less abundant with dominance of Atlanta spp. in the northern SBB
(Valentin et al. 1987). The heteropod Firoloida desmarestia was formally recorded
only by Vannucci (1951b) near Trindade Islands. It is not abundant (<0.1 ind 10 m~3)
but is moderately common offshore in the upper layer under TW influence and can
be considered an indicator of this water mass offshore (MNJ, unpublished data).

3.1.4 Crustaceans
Due to the high diversity found at TW, 150-200 copepod species may be found in a

typical cross-shelf transect and offshore areas (Lopes et al. 2006). Most of the
coastal species are small-sized. The dominant copepods under CW influence



Community Structure and Spatiotemporal Dynamics of the Zooplankton in the South... 157

typically include Acartia lilljeborgi, Paracalanus quasimodo, Parvocalanus
crassirostris, Pseudodiaptomus acutus, Euterpina acutifrons, Labidocera fluviati-
lis, Ditrichocorycaeus amazonicus, Oncaea waldemari, Oithona hebes, and Oithona
oswaldocruzi, and these species may reach thousands and up to tenths of thousands
ind m=3 (Valentin et al. 1987; Eskinazi-Sant’ Anna and Bjornberg 2006; Miyashita
et al. 2009; Brandini et al. 2014; Melo Junior et al. 2016). Lubbockia squillimana
and Paraeucalanus sewelli are typically oceanic but may also occur in shallow
waters, probably due to TW and SACW influences (Miyashita et al. 2009). Many of
the coastal species are restricted to estuaries and the inner shelf, disappearing under
influences of oceanic oligotrophic waters (Sartori and Lopes 2000).

Copepods associated with the TW, such as Acrocalanus longicornis, Calanopia
americana, Clausocalanus furcatus, Farranula gracilis, Haloptilus, Mecynocera,
and Candacia among others, are commonly more abundant in the upper mixed layer
(Bjornberg 1963, 1981; Lopes et al. 1999; Brandini et al. 2014). Among these, C.
Jurcatus commonly is the dominant species; this small-sized copepod is typically
oceanic and known to be well-adapted to thrive successfully in oligotrophic waters,
producing more offspring under lower food concentrations (Mazzochi and
Paffenhofer 1998; Brandini et al. 2014). Species typical from the SACW include
Heterorhabdus, Euatideus, Temeropia, Haloptilus spp., Centropages violaceus,
Ctenocalanus vanus, and Calanoides carinatus (Valentin 1989). Most of this spe-
cies disappear shortly after upwelling or mixing events, except for the two latter
which persist and are commonly used as indicator of SACW presence on the shelf
(Bjornberg 1963, 1981; Valentin 1984a, b, 1989). C. vanus typically dominate the
mid-shelf during SACW intrusion periods, usually accumulating in the deep chlo-
rophyll maximum layer, but its populations may persist throughout the seasons
(Brandini et al. 2014).

Cladocerans are essentially neritic, with higher concentrations near the coast
(Muxagata and Montud 1999), being particularly common in the upper mixed layer
reaching densities up to ca. 2000 ind m™ (Rocha 1982; Valentin et al. 1987,
Miyashita et al. 2011; Domingos-Nunes and Resgalla 2012; Brandini et al. 2014).
Parthenogenetic reproduction is the main reproductive strategy of SBB cladoceran
populations allowing a rapid populational growth under favorable conditions, and
thus population variations are accentuated, and abundance pulses over the shelf are
commonly observed (Resgalla and Montd 1993; Miyashita et al. 2011). In shallow
coastal waters, Pseudevadne tergestina and Penilia avirostris are the most common
and abundant, particularly under stratified conditions due to bottom intrusions of the
SACW (Rocha 1982; Valentin 1984a, b; Miyashita et al. 2010, 2011; Brandini et al.
2014). Pleopsis polyphemoides is a CW indicator, frequently associated with estua-
rine waters (Valentin et al. 1987; Resgalla and Montd 1993; Miyashita et al. 2011),
and when associated with Evadne nordmanni and Pleopsis schmackeri differentiates
thermal conditions of summer and winter, respectively, on South Brazilian Shelf
(Resgalla 2008). Evadne spinifera characterizes the oceanic TW (Resgalla and
Montu 1993; Resgalla 2008) but also may occur in the inner shelf in low abundance
and frequency (Miyashita et al. 2011). Podon intermedius is a cold-water species,
typically associated with SACW intrusions (Rocha 1982; Miyashita et al. 2011).
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Most mysids tend to be more common in coastal and estuarine areas (Murano
1999). They may reach high concentrations at surf zone of sandy beaches, where
Metamysidopsis elongata atlantica may reach high densities (up to 3500 ind m~3)
and biomass, dominating the zooplankton (Bersano 1994; Avila et al. 2009). In
contrast, euphausiids are more common over the shelf-break and oceanic areas,
especially the adult forms of some dominant species such as Euphausia similis, E.
recurva, E. lucens, and Thysanoessa gregaria (Montud et al. 1997). Species like
Euphausia recurva, E. americana, E. hemigiba, Stylocheiron spp., Thysanopoda
spp., and Nematobrachion flexipes are typical of warm waters and indicate the influ-
ence of BC over the shelf (Lansac-Téha 1991).

Two species of holoplanktonic decapods of the genus Lucifer are common, L.
faxoni, most common, is typically more coastal, while L. typus occurs in areas of
mixed CW/TW in salinities higher than 36 (Branddo et al. 2015), although both
species also occur on TW offshore until near the Mid-Atlantic Ridge (~15°W,
Marafon-Almeida et al. 2016). Hyperiids are understudied in the SBB, and the
unique comprehensive survey found 40 species and densities up to ca. 160 ind m=,
with Lestrigonus bengalensis and Simorhynchotus antennarius dominating, the
former typical from the CW and usually absent from salinities >36 of the TW, and
both also may occasionally be associated with siphonophores and/or salps (Lima
and Valentin 2001a, b).

3.1.5 Chaetognaths

Chaetognaths are important predators and usually considered good water mass
indicators. Parasagitta friderici is associated with waters of lower salinities
(Nogueira Junior et al. 2018) and considered typical of CW, where it commonly is
the most abundant species, along with Parasagitta tenuis reaching densities usually
smaller than 250 ind m= (Almeida Prado 1961, 1968; Liang 2002); however at
Cape Frio chaetognath densities up to 2600 ind m™ have been reported, and
Flaccisagitta enflata is typically the dominant species (Valentin et al. 1987). This
later species also typically dominates the TW over the shelf along with the less
abundant Ferosagitta hispida, Serratosagitta serratodentata, Flaccisagitta hexap-
tera, Pterosagitta draco, and Krohnitta pacifica which are typical of oceanic TW,
while Krohnitta subtilis, Decipisagitta decipiens, and Pseudosagitta lyra are typical
from SACW (Almeida Prado 1968; Liang and Vega-Pérez 1994, 2002; Montt et al.
1997; Liang 2002; Resgalla 2008).

3.1.6 Appendicularians

A little more than 20 species of appendicularians have been recorded over the
SBB, with Oikopleura longicauda being the dominant species (Tundisi 1970;
Sinque 1982), particularly in the upper mixed layer where it may reach densities
up to ca. 1100 ind m= (Miyashita and Lopes 2011). O. fusiformis also reaches
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high densities at CW, and Fritillaria pellucida is more abundant at SACW intru-
sions. Other species such as O. rufescens, F. borealis, and F. pellucida are typical
of shelf and slope waters, and O. albicans, O. cophocerca, and F. formica are
predominantly from oceanic waters (Montd et al. 1997). Appendicularians have
high secondary production on SBB inner shelf equaling to 77% of the copepod
production (Miyashita and Lopes 2011).

3.1.7 Thaliaceans

The salp Thalia democratica is the most ubiquitous species, being widely distrib-
uted over shelf, coastal, and offshore areas (Tavares 1967; Valentin and Monteiro-
Ribas 1993; Amaral et al. 1997; Nogueira Juinior et al. 2015), occasionally reaching
estuarine waters in salinities down to 21 (Nogueira Jdnior et al. 2018). This oppor-
tunist species has high asexual reproduction rates (Esnal and Daponte 1999), form-
ing huge aggregates that may exert negative impact over the recruitment of pelagic
fishes (Matsuura et al. 1992; Katsuragawa et al. 1993; Resgalla et al. 2001) by
depleting resources from the water column. The doliolids Doliolum nationalis and
Dolioletta gegenbauri are the most common in the CW and TW over the shelf
(Tavares 1967), with abundances up to 1000 ind m=3 (Valentin et al. 1987), with
gonozooids being particularly abundant in the upper mixed layer and phorozooids
over the deep chlorophyll maximum layer (Nogueira Junior et al. 2015). High bio-
mass of Salpa fusiformis over the shelf can be observed associated with the SACW
intrusions (Nogueira Junior and Brandini, unpublished data). Other species like
Brooksia rostrata, Ihlea punctata, Riteriella retracta, and Cyclosalpa polae may be
found over the shelf at much smaller concentrations (Amaral et al. 1997; Esnal and
Daponte 1999), the former typically associated with TW (Nogueira Jdinior and
Brandini, unpublished data).

3.2 Abundance and Biomass Distribution

An inshore-offshore gradient in the zooplankton abundance, biomass and diversity
is typical over the whole SBB. While abundance and biomass are higher in more
coastal areas diminishing offshore as the influence of the oligotrophic TW increases,
the diversity has the inverse tendency (Katsuragawa et al. 1993; Vega-Pérez 1993;
Lima and Valentin 2001a; Resgalla et al. 2001; Lopes et al. 2006; Brandini et al.
2014). Although data from different studies may vary considerably due to latitudi-
nal, interannual differences and also due to different sampling strategies such as
sampling frequency and mesh size (e.g., Miyashita et al. 2009), generally higher
zooplankton abundance and biomass are associated with CW, decreasing in other
water masses independently of the season, and higher diversity is associated with
the TW (e.g., Valentin 1984a; Valentin and Monteiro-Ribas 1993; Lopes et al. 2006;
Brandini et al. 2014; Nogueira Junior et al. 2014, 2015).
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For instance, zooplankton biovolume and copepod biomass of up to 1.7 ml m™=
and 100 mg C m~3, respectively, have been reported from shallow waters off Cape
Frio, while offshore the values were <0.1 ml m~3 (Nogueira and Oliveira 1991) and
<10 mg C m~® (Dias et al. 2015). Off Ubatuba, biovolumes also are commonly
>1 ml m~ and up to 6 ml m~3 in shallow waters and much lower (<0.5 ml m~3) in
offshore areas (>100 m isobaths, Vega-Pérez 1993; Codina 2003). A high variability
has been reported through different years, with high concentrations (up to 38 ml m=3)
occasionally also found in mid- to the outer-shelf mostly due to the massive pres-
ence of salps (Katsuragawa et al. 1993) which are typically oceanic (see above).
Similarly, further south of the SBB, average biovolumes between 1977 and 1990
reached >1 ml m~ in coastal areas and typically lower values (<0.25 ml m~3) off-
shore, with differences more pronounced during summer and autumn (Resgalla
etal. 2001). Copepod biomass off Ubatuba may reach up to ca. 100 mg DW m~3, but
more commonly is <30 mg DW m~ (Melo Junior et al. 2016), with summer aver-
ages around 7.3 mg C m~3 (Miyashita et al. 2009). Zooplankton abundances over
the shallow shelf are typically >2000 ind m~3, and concentrations of tenths of thou-
sands ind m~ have commonly been reported with up to ca. 100,000 ind m=3, while
offshore of the 100 m isobath densities are typically <1000 ind m~3, and commonly
lower, occasionally reaching up to 1700 ind m=3 (Vega-Pérez 1993; Schettini et al.
1998; Valentin 1984a, b; Valentin et al. 1987; Sartori and Lopes 2000; Miyashita
et al. 2009; Brandini et al. 2014; Dias et al. 2015).

A few exceptions to these general patterns of decreasing abundance and increas-
ing diversity toward offshore include (i) the tendency of some taxa to have higher
diversity and abundance in coastal and estuarine waters, mostly those somehow asso-
ciated to the seafloor such as meroplanktonic hydromedusae, mysids, and decapod
larvae (Nogueira Junior 2012; Nogueira Junior et al. 2014; Miyashita and Calliari
2014; Brandao et al. 2015; Nogueira Junior et al. 2018), and (ii) some typically oce-
anic taxa such as euphausiaceans, salps, and siphonophores tend to have higher abun-
dances over the mid- to outer-shelf and shelf-break (Valentin and Monteiro-Ribas
1993; Amaral et al. 1997; Esnal and Daponte 1999; Gibbons et al. 1999; Nogueira
Junior et al. 2014).

Horizontally, higher zooplankton concentrations are usually associated with
areas under continental drainage influence, like off Guanabara, Cananéia, and
Paranagud Bays (Vannucci and Almeida Prado 1959; Resgalla et al. 2001; Lopes
et al. 2006; Nagata et al. 2014; Brandao et al. 2015). Areas subjected to the upwell-
ing (Valentin 1984a, b, 1989; Valentin and Monteiro-Ribas 1993) or bottom intru-
sions (Miyashita et al. 2009, 2011; Brandini et al. 2014) of the SACW also typically
tend to have high seasonal zooplankton concentrations. The dynamics of the
SACW movements certainly is the most relevant mesoscale physical feature over
the shelf of the SBB (Castro et al. 2005, 2006; Cerda and Castro 2014) impacting
biological communities (Miyashita et al. 2009, 2011; Brandini et al. 2014). Either
coastal and shelf-break upwelling or bottom intrusion of the SACW causes enrich-
ment over the shelf and shelf-break (Brandini et al. 1997, 2014), increasing consid-
erably the primary production and subsequently zooplankton abundance, biomass,
and production (Guenther et al. 2008; Miyashita et al. 2009, 2011; Brandini et al.
2014; Marcolin et al. 2015).
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Off Cape Frio the relation of SACW upwelling with zooplankton dynamics was
relatively well-studied in different spatiotemporal scales (e.g., Valentin 1984a, b,
1989; Valentin et al. 1987; Valentin and Monteiro-Ribas 1993; Lopes et al. 1999;
Guenther et al. 2008). In the downwelling phase, a microbial structure prevails
with dominance of pico- and nanophytoplankton and high contribution of bacterio-
plankton and microzooplankton. During upwelling, microplankton, mostly dia-
toms, and mesozooplankton, mostly copepods, are the main producers and
consumers, respectively, characterizing an herbivorous, more productive, food web
(Guenther et al. 2008). During downwelling, mesozooplankton is dominated
mostly by Paracalanus parvus, Temora turbinata, and Pseudevadne tergestina,
while during the upwelling the two latter species decrease in abundance, while
zooplankton biomass is dominated by opportunistic herbivores including
Paracalanus parvus, Oikopleura longicauda, Thalia democratica, Calanoides car-
inatus, and Ctenocalanus vanus, and the main carnivore is the chaetognath
Flaccisagitta enflata. These herbivores can achieve high growth rates induced by
pulses of autotrophic microplankton biomass, typical of upwelling areas (Valentin
1984a, b, 1989; Valentin et al. 1987; Guenther et al. 2008). After maximum period,
there is the appearance of herbivores, predators, and eventually detritivores
(Ctenocalanus vanus, Creseis acicula, Penilia avirostris, Doliolum spp., Eucalanus
spp.), detritivores and omnivores (Temora stylifera, Centropages furcatus,
Euterpina acutifrons, Microsetella sp., Conchoecia spp., and Oithona plumifera),
and carnivores like Flaccisagitta enflata, siphonophores, and copepods of the fami-
lies Euchaetidae, Candacidae, and Pontellidae (Valentin 1989). The zooplankton
biomass in this area is high, with mean annual dry weight of 66 mg m™, typically
<50 mg m~3 during the downwelling phase and up to >200 mg m=3 associated to the
SACW upwelling (Valentin 1984b; Valentin et al. 1987).

In the central and south parts of the SBB, copepod abundance and biomass is
considerably higher during SACW intrusion periods, apparently due to enhanced
food for the dominants Oncaea waldemari, Oithona plumifera, and Ctenocalanus
vanus, the two latter clearly vertically concentrated at the deep chlorophyll maxi-
mum layer (Katsuragawa et al. 1993; Vega-Pérez 1993; Miyashita et al. 2009;
Brandini et al. 2014). Off Sdo Paulo shallow shelf, the SACW intrusion contributed
more to the increase in copepod production than the plume of the small Santos Bay
(Miyashita et al. 2009). Similarly, the cladocerans Penilia avirostris, Pseudevadne
tergestina, and Evadne spinifera typically increase their abundance in inner-to
mid-during intrusions of the SACW (Miyashita et al. 2011; Brandini et al. 2014),
as well as abundance and biomass of appendicularians, dominated mostly by
Oikopleura longicauda (Miyashita et al. 2011). Differently, coastal hydromedusae
tend to have reduced distribution and abundance during SACW intrusion (Nogueira
Janior et al. 2014). Although SACW intrusions support a general increase in zoo-
plankton abundance and biomass, it has been suggested that the high dominance of
small copepods and cladocerans indicat the intrusions do not last long enough to
sustain the development of large organisms, with longer generation times (Marcolin
et al. 2015).
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The dynamics of water mass changes and fertilization processes in the region
are wind-driven which are typically seasonal (e.g., Castro et al. 2005, 2006;
Brandini et al. 2014; Cerda and Castro 2014) leading to seasonal changes in the
zooplankton assemblages of the SBB. The general tendency is that zooplankton
abundance and biomass over the shelf peaks between December and March, asso-
ciated with periods of the SACW intrusion, with minimum values during autumn-
winter when the water column is vertically mixed and SACW influence is
restricted to offshore (Matsuura et al. 1980, Resgalla et al. 2001; Miyashita et al.
2009, 2011; Miyashita and Lopes 2011; Brandini et al. 2014; Marcolin et al.
2015; Melo Jdnior et al. 2016). This seasonal pattern is recurrent and has been
observed for different taxonomic groups such as copepods (Lopes et al. 1999;
Sartori and Lopes 2000; Brandini et al. 2014), decapod larvae (Fehlauer and
Freire 2002; Koettker and Freire 2006; Marafon-Almeida et al. 2008), heteropod
mollusks (Resgalla and Montd 1994), hydromedusae (Vannucci 1963), siphono-
phores (Nogueira Junior et al. 2014), and ichthyoplankton (Matsuura 1996;
Godefroid et al. 1999). Multi-year data suggest that the intrusions of the SACW
and their strength over the inner shelf is an important factor influencing both sea-
sonal and interannual variability in zooplankton diversity, abundance, biomass,
and size-spectra (Katsuragawa et al. 1993; Vega-Pérez 1993; Marcolin et al. 2015;
Melo Junior et al. 2016).

Although these SACW intrusions are the most important mesoscale physical
forcing over the SBB typically leading to increased zooplankton abundance and
biomass during warm stratified periods, other seasonal patterns can also be found
including the absence of seasonal variations on chaetognaths off Santos and
Cananéia (Almeida Prado 1968), and winter peaks as is the case of larval decapod
abundance at Guanabara Bay entrance (Fernandes et al. 2002), copepod biomass
in the Sdo Sebastido Channel (Eskinazi-Sant’anna and Bjornberg 2006), and
occasionally off Ubatuba (Melo Junior et al. 2016), and hydromedusae in the
inner shelf of the central SBB (Nagata et al. 2014). These are usually related to
complex hydrodynamic and meteorological processes that commonly occur dur-
ing winter. It is not clear whether these winter increments represent an advection
of shelf populations, concentrating in the inner shelf, an actual populational
increase (Nagata et al. 2014; Melo Jinior et al. 2016), or a combination of both.
During winter, the typically lower rainfalls decrease the volume of coastal water
and carry shelf waters toward the coast, enhanced by the prevalent southeasterly
winds and cold fronts, causing coastward advection and accumulation of the zoo-
plankton (Nagata et al. 2014). Also, the cold fronts may lead to pycnocline ero-
sion and particle resuspension (Gaeta et al. 1999; Castro et al. 2006), what could
provide additional food sources for the plankton community growth (Melo Jinior
et al. 2016). The combination and interaction of these factors, along with intra-
regional variations in biotic factors such as food and predator type and concentra-
tion, may lead to irregular and unpredictable seasonal patterns, particularly for
groups with complex life cycles (Nagata et al. 2014).

Smaller-scale variations (hours, days, weeks) also are substantial and may be
wider than seasonal changes, particularly in coastal areas under strong tidal
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influence, but have been less studied locally apart from a few studies inside
estuaries (e.g., Ara 2002; Liang et al. 2003; Mendes et al. 2012), or in the inner
shelf focused on the diel vertical migration (e.g., Moreira 1973, 1976a; Sinque
1982). The causes of these small-scale temporal fluctuations seem to be more
linked to exchange of water masses, populations transfer, and trophic factors
(Valentin 1989). Offshore over the shelf, a more physically stable environment,
abundance, and community structure remained relatively constant throughout
48 h of sampling (Nogueira Junior et al. 2015); however patch formation and
horizontal variation have not been addressed.

These general spatiotemporal trends of the SBB zooplankton dynamics
described above are comparable to other western boundary current systems, such
as the South Atlantic Bight (Atkinson 1977; Atkinson et al. 1984; Paffenhofer
1985; Paffenhofer et al. 1984, 1994, 1995; Coston-Clements et al. 2009) and the
Kuroshio Current System (Chern et al. 1990; Houng-Yung and Yuh-ling 1992;
Qiu 2001) which are subjected to seasonal, wind-driven oceanic intrusions and/or
surface salinity fronts, whose dynamics largely control plankton diversity, com-
position, and abundance, except that the SBB shelf tends to be larger (up to ca.
200 km; Castro et al. 2005, 2006; Lohrenz and Castro 2005). Zooplankton abun-
dances and composition of dominant species and/or genera from SBB also are
similar to these other ecosystems, with tenths of thousands ind m=® commonly
found and up to >100,000 ind m~3 (Paffenhofer et al. 1984, 1987, 1994, 1995;
Toda 1989; Nakata et al. 2000; Ka and Hwang 2011; Lo et al. 2012).

4 Final Remarks

The zooplankton community of the SBB is structured according to the water
masses that shelter the dominant taxonomic groups, tending to have higher densi-
ties in more coastal areas and higher diversity in more offshore waters, under the
influence of the TW. Onshore bottom intrusion of cold oceanic waters (SACW)
over the shelf, although understudied, is one of the processes that most affect the
planktonic communities over the SBB, hence affecting the nourishment of pelagic
fish stocks, such as the Brazilian sardines and anchovies.

Taxonomy is among the most studied issue for the main zooplankton groups.
Great gaps still exist, however, for the meroplankton as a whole, and some sporadi-
cally abundant holoplanktonic taxa such as ctenophores, ostracods, polychaetes,
amphipods, euphausiids, and thaliaceans. Effort in this direction is being carried out
with the descriptions of the larval stages of several decapods (e.g., Fransozo and
Bertini 2003; Negreiros-Fransozo et al. 2003; Barros-Alves et al. 2013; Pantaledo
etal. 2013; Alves et al. 2016) and the publication of an identification key for Brazilian
ctenophores (Oliveira et al. 2007), for instance. The connection of zooplanktonic
associations with different water masses is satisfactorily addressed, being one of the
few ecological aspects relatively well-studied locally. We can predict with consider-
able confidence which are the main species in each major water mass. However, it is
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still needed to intensify sampling efforts at the outer-shelf and shelf-break zones,
especially associated with the frontal eddies and shelf-break upwellings associated
with the BC meanders, as already pointed out a decade ago (Lopes et al. 2006).

Main gaps on marine zooplankton knowledge off Brazil, pointed out 20 years
ago (Brandini et al. 1997), are still hampering a broader knowledge of the plank-
ton community off the SBB. We still need (i) detailed analyses of the meroplank-
ton taxonomy and spatiotemporal distributional patterns over the shelf; (ii) more
studies on larval dispersion and recruitment in relation to meteorological, hydro-
graphical, and biological behaviors; (iii) simultaneous studies coupling plank-
tonic communities with the dominant oceanographic processes, including relevant
vertical resolution and higher sampling frequency throughout the seasonal cycles;
(iv) to know the small- and medium-scale temporal variations (hours, days,
weeks) and the influence of physical and biological processes on this variability;
and (v) detailed knowledge of population dynamics and life history of all taxa, as
well as determination of metabolic rates and trophic interactions.

The general lack of studies on metabolism, physiology, and survivorship (but
see, e.g., Moreira 1976b, 1978; Moreira and Vernberg 1978; Miyashita and
Calliari 2016) of the main species along with the scattered data on secondary
production (e.g., Miyashita et al. 2009; Miyashita and Lopes 2011; Melo Jinior
et al. 2013) and trophic interactions (e.g., Vega-Pérez and Liang 1992; Liang and
Vega-Pérez 1995; Vega-Pérez et al. 1996) does not allow adequate extrapolation
of trophic models and energy flow through food chains. These are crucial infor-
mation to understand the basic structure and functioning of the SBB ecosystem
and, ultimately, shift the usual target species to an ecosystem-oriented fisheries
management in one of the most important fishing zones among the Brazilian
regional seas.
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Abstract A profuse literature related to the ecology of the Argentine continental
shelf has been produced in the last four decades, documenting its biological rich-
ness and high productivity. Distinctive environmental characteristics define particu-
lar systems along and across the shelf, which in all cases are inhabited by mammal,
bird, fish and cephalopod species in all life history stages, either as spawning, mat-
ing, nursery or juvenile grounds or just for adult feeding. At the productive base of
these systems, zooplankton certainly plays a crucial role. This paper reviews the
available information on zooplankton diversity and ecology for this huge region
in the Southwest Atlantic Ocean, with the focus primarily upon copepods and
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secondarily on hyperiid amphipods and euphausiids. We describe general aspects of
biogeographic zonation and diversity for the entire shelf, with emphasis on key
zooplankton species. Then, we consider the structure and dynamics of the
communities in relation to water masses, frontal areas and the overall circulation,
specifically for (i) the northern shelf (34°—41°S), (ii) the Valdés frontal system over
the northern Patagonian shelf (41°—45°S) and (iii) the southern Patagonian shelf
(47°-55°S). We finally go over the open questions and prospects for the future work
on zooplankton in the region.

Keywords Copepods - Hyperiid amphipods - Euphausiids - Diversity patterns -
Community patterns - Southwest Atlantic Ocean

1 Introduction

From the Rio de la Plata south to Tierra del Fuego, the Argentine continental shelf
(ACS) is one of the longest and widest submarine coastal plains in the world. With
a surface of approximately 1,000,000 km?, this region includes almost the whole of
the extensive and highly productive Patagonian Shelf Large Marine Ecosystem
(Sherman and Duda 1999), which is also termed the Southwest Atlantic Shelf
Province based on productivity patterns at the regional scale (Longhurst 2007). The
Argentine shelf is among the richest and most diverse ocean areas, and it is unique
in many ways. It is a habitat for schools of fish and squids of high economic and
ecological value (hakes, anchovy, toothfish, shortfin squid and others; e.g. Sdnchez
and Bezzi 2004), and it also includes the migration corridors and breeding grounds
of many charismatic marine mammals and birds (whales, dolphins, elephant seals
and large sea lions, penguins, albatross and other birds; e.g. Falabella et al. 2009).
Supporting these varied top-predator populations, the shelf ‘s zooplankton commu-
nities are key intermediate components of the pelagic food web, transferring energy
and matter from phytoplankton to the upper trophic levels.

A great deal of research into the zooplankton communities of the ACS has been car-
ried out since the mid-1960s, coinciding with the beginning of large-scale fisheries off
Argentina. Main fishery targets include small and medium pelagic species: Engraulis
anchoita and Scomber colias, demersal hakes Merluccius hubbsi and Macruronus
magellanicus and squid Illex argentinus. For all of those, copepods, hyperiid amphi-
pods and euphausiids represent major food resources, as shown by a collection of local
trophic studies which will be addressed later on. Stock assessment surveys have histori-
cally provided a cooperative platform for opportunistic zooplankton work. While
assuring ship time, facilities and technical support for ecological studies, the zooplank-
ton sampling strategies and sampling gear selected usually have had to be accommo-
dated to the overall cruise designs and schedules. As a result, our historical dataset is
largely biased toward the spring—summer period and to the mesozooplankton fraction
(0.2-20 mm), with consequent underestimation of both the larger and faster-moving
macrozooplankton and the microzooplankton fraction less than 100 pm.
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Studies over the past few decades in the ACS have created through faunal
inventories and provided reasonable knowledge of zooplankton spatial patterns in
relation to the major regional hydrographic features. However, this valuable body
of information, gathered in different areas at different times, has never been exam-
ined in one piece. Therefore, our goal here is to assemble all the available data on
the zooplankton diversity and ecology for this huge region in the Southwest
Atlantic. Because of their abundance and relevance for the ACS pelagic food webs,
we will focus primarily upon copepods and secondarily on hyperiid amphipods
and euphausiids. Cladocerans (Vifias et al. 2007), hyperiid amphipods (Vifias et al.
2016) and euphausiids (Ramirez 2016) have been reviewed to some extent before.

In this review, we first address general aspects for the entire shelf, such as the
overall biogeography and diversity from an updated species inventory, including
“summary cards” for a few key species. Next, we summarize the structure and
dynamics of the zooplankton communities in relation to water masses, frontal areas
and general circulation, in particular for (i) the northern shelf system, (ii) the Valdés
frontal system over the northern Patagonian shelf and (iii) the southern Patagonian
shelf system (Fig. 1). Finally, the information gaps and prospects for future work on
zooplankton in the region are highlighted. Piola et al. (2018) have dealt with the
physical oceanography of the subtropical and subantarctic shelves of the western
South Atlantic, which includes our study area. We refer readers to that article for
further details on the physical background of our studies.

2 Biogeographic Zonation and Species Diversity

The three major systems along the ACS that we are addressing in this review roughly
agree with three of the 16 Marine Ecoregions proposed for temperate South America
by Spalding et al. (2007). They based their biogeographic scheme on distinct ocean-
ographic features of coastal and shelf areas (e.g. temperature regimes, freshwater
influx) that can be recognized in the ACS. We agree with them that a broad range of
species distributions are associated, probably causally so, with readily discerned
physical patterns. Hence, those physical criteria allow our data to be cross-referenced
to more general, regional biogeographic classifications.

Worldwide, ca. 7000 species of marine zooplankton have been described. More
than a third of those occur in the South Atlantic Ocean, including 505 species of
Copepoda, 188 of Amphipoda and 61 of Euphausiacea (Boltovskoy et al. 2003).
Particularly in the Southwest Atlantic Ocean (SWAOQO, 0°-55°S; 30°-70°W), approx-
imately 430 species of copepods have been recorded (Bjonberg 1981; Bradford-
Grieve et al. 1999; Neumann-Leitdo et al. 2008; Magalhdes et al. 2009), 109 of
hyperiid amphipods (Vinogradov 1999) and 31 of euphausiids (Mauchline and
Fisher 1969; Mauchline 1980).

A closer look at the copepod composition over the ACS indicates the presence of
101 species/taxa representing 23.48% of total copepod species reported in the SWAO
(Table 1); 95 of those occur over the northern shelf, whereas 26 and 24 species are
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reviewed systems along the Argentine continental shelf. The orange dashed line represents the
interannual average position of the Valdés tidal front

found over the northern and southern Patagonian shelves, respectively. A number of
20 species are widely distributed over the three systems, and 71 occur only over the
shelf between 34°S and 41°S, whereas the same number of species (3) are found
exclusively either over the northern or southern Patagonian shelves. In a broad sense,
these patterns accord with the latitudinal gradients of species richness globally (e.g.
Valentine 2009) and of some zooplankton groups particularly (e.g. McPherson 2002;
Rombouts et al. 2009).
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Distribution patterns of zooplankton, in general, and of copepods, in particular,
typically occur in agreement with the environmental variations determined by water
masses and major currents (e.g. Boltovskoy 1999). Thus, the highest species rich-
ness recorded between 34°S and 41°S, that is, 94% of the ACS total copepod spe-
cies, is mainly a result of the mixing of subtropical species intruding with waters of
the Brazil Current, typical subantarctic species and species arriving with the Rio de
la Plata influx (Table 1). This is in agreement with the transitional patterns described
by Boltovskoy and Correa (2008), namely, euryhaline, cryophilic and thermophilic
species coming together. Our present data show that the south of 41°S species rich-
ness is much lower, in close relation with intense hydrographic features that dictate
the almost exclusive presence of subantarctic species. That is true, although the
presence of subtropical species has been mentioned occasionally (Boltovskoy and
Correa 2008). The trends suggest that penetration of subantarctic species northward
is much stronger than expatriation of subtropical organisms southward. Except for
unusual expatriates, subtropical species do not occur south of 41°S (Table 1).

When considering macrozooplankton, species diversity for hyperiid amphipods
is relatively low in the ACS; only 11 species are found, representing 10% of all hype-
riid species in the SWAO (Ramirez and Vifas 1985; Padovani 2013). For euphausi-
ids, on the contrary, the proportion of SWAO species in the ACS is similar to that of
copepods (26%) since 8 of the 31 species in the SWAO are typically reported
(Ramirez 1971, 1973, 2016) (Table 2). Among the three ecosystems along the ACS,
the latitudinal gradients of species richness for both amphipods and euphausiids are
not so evident as that of copepods. However, more species northward becomes
evident when sampling at latitudes north of the ACS, which adds more subtropical
species. Greater richness has also been described toward the outer reaches of the
ACS, where the occurrence of cold-water species increases (Padovani 2013).
Trends across the shelf are not evident from Table 2, because our analysis was
focused on the latitudinal arrangement of the three systems.

Themisto gaudichaudii strongly dominates hyperiid abundance over the ACS,
whereas species such as Primno macropa, Cyllopus magellanicus and Hyperiella ant-
arctica occur mostly over the outer shelf (Padovani 2013 and references therein).
Among euphausiids, Ramirez (1971, 1973) showed that Euphausia lucens is the most
widely distributed species along the entire ACS and also in cold waters of the Malvinas
Current. Nematoscelis megalops, Thysanoessa gregaria and Euphausia vallentini are
found mainly over the Patagonian shelf south of 44°S and in colder, more oceanic
waters northward. Euphausia similis, another cryophile species, distributes mainly in
oceanic waters of the Malvinas Current, while Stylocheiron affine and Stylocheiron
longicorne are recorded in subtropical oceanic waters of the Brazil Current.

The general species richness patterns described here are based on typical, mor-
phological classifications that have historically supported zooplankton research
along the ACS. These estimates may change if DNA-based approaches are coupled
to this traditional identification technique, possibly leading to new understanding of
global, regional and local zooplankton biodiversity (for review, see Bucklin et al.
2010 and references therein).
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From the currently up-to-date species inventory for the ACS, we identified a few
key taxa (Figs. 2, 3, 4 and 5), mainly because of their high abundances, latitudinal
ranges, year-round occurrence, biogeographic significance and roles in their local
food webs. Some of these species exhibit circumglobal distributions, while others
are endemic in the Southern Hemisphere or have a restricted location off southern

FAMILY OITHONIDAE

Oithona aff. helgolandica Oithona nana Oithona atlantica
sensu Sars 1913 - Giesbrecht 1893 =
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» Oithona aff. helgolandica is the e Oithona nana, although it e Oithona atlantica is the least
most widely distributed and also occurs in huge densities, ~ abundant species but is widely
numerically important species all is restricted to coastal waters distributed between 34° and
along the ACS, occupying both up to 45°S 55°S, mostly on the middle and
coastal and shelf waters outer shelf

Fig. 2 Key species of Oithonidae present over the Argentine continental shelf during the
spring—summer period. The taxonomic sources used for species identification and specific remarks
are indicated on the basis of a full literature review. The distribution and abundance plots are based
on the quantitative dataset of copepod species that was assembled during the present review. Bars
represent 400 pm for O. aff. helgolandica, 200 pm for O. nana and 600 pm for O. atlantica
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FAMILY CLAUSOCALANIDAE

Ctenocalanus vanus Drepanopus forcipatus
Giesbrecht 1888 Giesbrecht 1888

o Both species are
widely distributed and
overlap in inner and
middle shelf waters

o Clenocalanus vanus
is more abundant north
of 41°S, while D.
forcipatus occurs in
huge numbers over the
southern Patagonian
shelf where C. vanus is
barely present

Fig. 3 Key species of Clausocalanidae present over the Argentine continental shelf during the
spring—summer period. The taxonomic sources used for species identification and specific remarks
are indicated on the basis of a full literature review. The distribution and abundance plots are based
on the quantitative dataset of copepod species that was assembled during the present review. Bars
represent 200 pm for both species

DISTRIBUTION and ABUNDANCE
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FAMILY CALANIDAE
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noides carinatus

70 66 62
 Calanoides carinatus and
Calanus australis oceur in
inner and middle shelf partially
overlapping from 35° to 45°S

» Molecular phylogeographic
analysis of individuals from both
margins of the Atlantic Ocean
including the type locality off
Brazil, indicate that C. carinatus
sensu stricto distributed
exclusively in the SW Atlantic
QOcean, 20°S to 47°S (Vinas et al.
2015)

586 54 W

Calanus australis

» Higher abundances of C.
carinatus are found in the
northern Patagonian shelf,
while C. australis is more
abundant in the southern
Patagonian shelf

« Often misidentified as Calanus
finmarchicus and Calanus
helgolandicus, especially before
Brodsky (1959, 1961)

« The mtCOI sequence of
Argentinean specimens matches
the C. australis type sequence
(Bucklin et al. 2003).

» Molecular analyses should
extend to Calanus australis var,
pacificus, Calanus chilensis and
Calanus agulhensis to examine

the circumglobal distribution of C.
australis. These species are
morphologically very similar

e Calanus simillimus exhibits a
different distribution pattern,
apparently related to the overall
drift northwards of subantarctic
waters. It is mostly absent in the
inner shelf and highly abundant in
the middle and outer shelf, as well
as in oceanic waters

« Often misidentified as Calanus
propinquus, especially before
Ramirez and Sabatini (2000).

Both species are morphologically
very similar, but C. propinquus

females are much larger (4.75 -

6.00 mm)

« Life cycle and ecological traits
in the ACS are unknown due to
inadequate sampling coverage in
the outer shelf and shelf-break
EIGE

Fig. 4 Key species of Calanidae present over the Argentine continental shelf during the spring—
summer period. The taxonomic sources used for species identification and specific remarks are
indicated on the basis of a full literature review. The distribution and abundance plots are based on
the quantitative dataset of copepod species that was assembled during the present review. Bars
represent 1 mm for the three species
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MACROZOOPLANKTON

Themisto gaudichaudii Euphausia lucens
Guérin-Méneville 1825 Hansen 1905

Ramirez (1971)

« North of 41°S, both species
are present in the middle and
outer shelf

« South of 41°S, E. lucens is
distributed mainly in inner
shelf, while T. gaudichaudii
ocurrs widely across shelf

 Higher abundances of the
amphipod ocurr south of ca.
44°S mainly in spring-summer
(Padovani et al. 2015), while
for E. lucens seem to occur
north of ca. 41°S

o Scarce number of E. lucens
observations south of 47°S e 3
prevents us to be conclusive

about its abundance pattern

DISTRIBUTION and ABUNDANCE

« Circumpolar distribution, in cold temperate waters  Circumpolar distribution, in subantarctic and
south of 30°S; mostly restricted to the region north | antarctic regions, reaching latitudes close to 33°C

of the Antarctic Convergence (Ramirez 1971) in the Southwest Atlantic (Padovani 2013)

Fig. 5 Key species of macrozooplankton present over the Argentine continental shelf during the
spring—summer period. The taxonomic sources used for species identification and specific remarks
are indicated on the basis of a full literature review. The distribution and abundance plots are based
on the quantitative dataset of hyperiid amphipod and euphausiid species that was assembled during
the present review. Note that this dataset is different from that of copepods. Bars represent 2 mm
for both species

South America. Among the small-sized copepods, three cyclopoids of the family
Oithonidae are considered keystone species, including Oithona aff. helgolandica,
Oithona nana and Oithona atlantica (Fig. 2), with three markedly different distribu-
tions. Medium-sized key copepods are represented by two clausocalanids,
Ctenocalanus vanus and Drepanopus forcipatus, which are very abundant along the
ACS (Fig. 3). In the largest copepod size fraction, three species of Calanidae,
namely, Calanoides carinatus, Calanus australis and Calanus simillimus, are major
components of the zooplankton communities along the ACS (Fig. 4). They often
dominate in terms of biomass, with lipid-storing, fifth-stage copepodids
outnumbering adults (e.g. Antacli et al. 2014a). Among macrozooplankton,
T. gaudichaudii and E. lucens are the most important and widely distributed species,
overlapping along the ACS (Fig. 5).
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3 Structure and Dynamics in Relation to Water Masses,
Frontal Areas and Circulation

Distributions of planktonic organisms depend strongly on currents and water
masses. In view of that, the complex and diverse hydrographic features occurring
along the ACS provide heterogeneity of habitats, water-type interfaces, more and
less productive systems and hydrographic discontinuities where mixing of ecologi-
cal assemblages occurs. Historically, the abundance, distribution and relations
among zooplankton species have been studied in relation to the habitat’s heteroge-
neity along the ACS. A robust body of published information allows the following
update for the three systems spanning the ACS.

3.1 The Northern Shelf Ecosystem (34°-41°S)

The oceanographic conditions in this latitudinal range are highly complex and
variable. Shelf waters of subantarctic origin flow in from the south, large rivers add
freshwater runoff, and two distinct western boundary currents converge: the warm
and salty, southward flowing Brazil Current (S > 36), and the cold and relatively
fresh, northward flowing Malvinas Current (chapter “Physical Oceanography of the
SW Atlantic Shelf: A Review”).

The Rio de la Plata estuary, at ~35°-36°S, contributes substantially to the coastal
oceanography of this system. Its great discharge has a weak seasonal signal with a
maximum in winter and a minimum in summer. These estuarine waters are distrib-
uted with seasonal variations over the adjacent shelf, influenced mainly by the pre-
vailing winds of the region (Piola et al. 2018). At ~39°-41°S, the less intense “El
Rincon” estuarine system is established by freshwater from the Negro and Colorado
Rivers. The shelf area between these two estuarine systems is occupied by subant-
arctic shelf waters (SASW, S 33.4-34) (chapter “Physical Oceanography of the SW
Atlantic Shelf: A Review”).

Despite the characteristic spatio-temporal hydrographical variability of this sys-
tem, studies of its zooplankton communities, mainly dominated by copepods, show
a seasonally persistent across-shelf zonation delimiting contiguous but distinct fau-
nistic areas (FA), that is, an estuarine FA in the low-salinity surface plume of the Rio
de la Plata discharge (Plata plume water (PPW) § < 33.3); inner-shelf (depths
<50 m) and middle-shelf (~50—-100 m) FAs, both associated with SASW but sepa-
rated by a seasonal thermal front; and an outer-shelf FA (>100 m), strongly influ-
enced by subantarctic water of the Malvinas Current flowing along the shelf-break
front (Fernandez Ardoz et al. 1991; Santos and Ramirez 1991; Ramirez and Santos
1994; Cepeda et al. 2012b; Vidas et al. 2013a and references therein). It is worth
highlighting that the geographical extension of each FA is strongly dependent on the
distribution of water masses.
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For each FA a set of representative species occurs frequently. The balance among
their degrees of tolerance to the environmental variability, their ecological prefer-
ences, the productive features of each inhabiting system as well as the relationships
among species determine the contribution of each species to defining the assem-
blages. The eurytopic Acartia tonsa is the most typical species of the estuarine FA
(Vidias et al. 2013a and references therein). Although this species is found along the
inner shelf as far as 51°S, it is the absolutely dominant copepod at the turbidity
maximum of the inner Rio de la Plata estuary (Derisio et al. 2014a). A gradual
decrease in the relative abundance of A. fonsa can be observed across shelf coinciding
with a reduction of Rio de la Plata influence (Fig. 6a). Other small-sized but less
abundant euryhaline species, including Corycaeus amazonicus, Temora turbinata,
Temora stylifera, Hemicyclops thalassius and Oncaea spp., can occur in these
nutrient-rich waters of reduced salinity (Cepeda et al. unpublished). Large amounts
of suspended material, detritus and dissolved substances promote high concentra-
tions of cyanobacteria, bacterioplankton and ciliates constituting a well-developed
microbial food web (e.g. Carreto et al. 2007; Negri et al. 2016), making available a
proper and varied food supply for these copepods (e.g. Derisio et al. 2014a).

Usually, a great proportion of small-sized copepod species, particularly O. nana,
Paracalanus parvus, Microsetella norvegica and Euterpina acutifrons, composes
the copepod assemblage of the inner-shelf FA (Fig. 6a). These species in general
and especially O. nana dominate the inner-shelf mesozooplankton community
numerically throughout the year (Vifias et al. 2013b), reproducing continuously
(Temperoni et al. 2011). This vertically homogeneous and regenerative system
exhibits relatively lower phytoplankton abundance than the contiguous middle-
shelf FA (Carreto et al. 1995). Even though microphytoplankton are, on average,
the main carbon contributors over the year, there is a remarkable picophytoplank-
ton abundance (> 50% of the total phytoplankton biomass) in summer and early
autumn (Silva et al. 2009; Vifias et al. 2013b). The dominance and intense repro-
duction of the microbial filter feeders O. nana and Paracalanus spp. observed dur-
ing this period suggest that the system provides adequate food sources for the
development of these small copepod species that typically feed upon small parti-
cles. High abundances of ciliates and flagellates have also been reported in this
system (Silva et al. 2009).

Medium-sized and larger copepods, including C. vanus, D. forcipatus, C. carina-
tus, C. australis and C. simillimus, along with the cyclopoids O. aff. helgolandica
and O. atlantica, commonly occur in the middle-shelf FA (Fig. 6a). These herbivo-
rous, filter-feeding calanoids likely exploit the well-defined phytoplankton maxima
occurring in this system during spring, when diatoms dominate (Carreto et al. 1995).
In fact, an absolute dominance of diatoms was observed in the diet of adult females
of C. vanus and D. forcipatus. More variety, including also dinoflagellates, silicofla-
gellates, tintinnids and microcrustaceans, characterizes the diets of C. carinatus and
C. australis (Santos B. unpublished data).
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Fig. 6 Relative abundance of copepod and macrozooplankton species along across-shelf
transects (a) the northern shelf (34°-41°S), (b) the Valdés frontal system over the northern
Patagonian shelf (41°-45°S) and (c) the southern Patagonian shelf (47°-55°S). The map shows
the horizontal distribution of annual average surface salinity (modified from Baldoni et al.
(2015)) with the corresponding water masses: PPW Plata plume water, MSW Magallanes Strait
water, SASW subantarctic shelf water, SAW subantarctic shelf water of the Malvinas Current.
Symbols: M well-mixed waters, FI frontal interface and S stratified represent the three sectors
of the Valdés tidal front
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The cyclopoids O. aff. helgolandica and O. atlantica preferentially occur in mid-
dle-shelf waters (e.g. Ramirez 1970; Cepeda et al. 2012b; Vifias et al. 2013a). The
relatively higher egg production rates of O. aff. helgolandica recently observed in
saltier shelf waters than in freshened water inshore confirm this preference (Cepeda
et al. 2015). In this sector, both species can rely on small phytoplankton such as
dinoflagellates and ultraplanktonic forms (Carreto et al. 2007; Negri et al. 2016).
These cyclopoids would thus occupy a different trophic niche from that of the
medium-to-large calanoids.

The macrocrustaceans 7. gaudichaudii, E. lucens and T. gregaria, in lesser propor-
tions than copepods, also occur in this middle-shelf area and in the contiguous outer
shelf (Vifias et al. 2013b and references therein) (Fig. 6a). A mix of cryophilic large-
sized copepod species including Subeucalanus longiceps, Rhincalanus nasutus,
Rhincalanus gigas, Clausocalanus laticeps, Scolecithricella minor, Neocalanus ton-
sus and Metridia lucens and subtropical species like Undinula vulgaris, Mecynocera
clausi, Eucalanus elongatus and Scolecithrix danae occurs in the outer-shelf FA
(Santos and Ramirez 1991; Fernandez Ardoz et al. 1994; Ramirez and Santos 1994,
Cepeda et al. unpublished). This species mixture appears in the data partly because
of the commonly adopted, oblique zooplankton net tows. They integrate the cooler
subantarctic waters of the Malvinas Current in deeper levels of the water column and
the warmer subtropical waters of the Brazil Current in the upper levels.

The northern shelf system is the principal habitat of the important pelagic fishes
of the ACS, i.e. anchovy E. anchoita and Atlantic chub mackerel S. colias (Sanchez
and Bezzi 2004). Calanidae, Oithonidae and Clausocalanidae species constitute
dominant prey in the diets of adult E. anchoita, along with hyperiid amphipods and
euphausiids (Angelescu 1982; Padovani et al. 2011). Calanoides carinatus and T.
gaudichaudii are the main prey of adult S. colias (Vifias et al. 1999) and juvenile
demersal fishes such as M. hubbsi, which also prey upon euphausiids (Angelescu
and Prenski 1987).

3.2 The Valdés Frontal Ecosystem over the Northern
Patagonian Shelf (41°-45°S)

A distinctive characteristic of the northern Patagonian shelf is the seasonal develop-
ment of a major tidal front that becomes a highly productive ecosystem (e.g. Carreto
et al. 2007). The front starts developing during austral spring as a thermocline origi-
nates offshore, and it persists until autumn when stratification weakens. The stron-
gest offshore stability is reached in summer. Formation of the front is controlled by
tidal currents and winds, enhanced by inshore headlands. The system develops
within a single water mass of typical SASW (Piola et al. 2018), and it is character-
ized by a strong horizontal temperature gradient as the thermocline intersects the
surface and bottom layers, separating vertically homogeneous waters inshore from
stratified layering offshore. Consequently, three different sectors can be distin-
guished across the shelf: well-mixed waters nearshore, the frontal interface and



Zooplankton Communities of the Argentine Continental Shelf... 189

stratified waters offshore. The average position of the front estimated over a decade
follows an overall NE-SW alignment along the bathymetry, although exhibiting
strong interannual variability (Ehrlich et al. 2000; Pisoni et al. 2015). There is also
latitudinal variability in the intensity of the frontal signal both at the surface and the
bottom (Sabatini and Martos 2002). Maximum development occurs off the Valdés
Peninsula. The variability makes this front an intensely dynamic biological system.

The Valdés tidal front was first described in relation to a harmful red tide event
that caused the deaths of some fishermen (Carreto et al. 1981a). Since then much
research has been conducted, with several studies addressing crustacean zooplank-
ton issues (Santos and Ramirez 1995; Vifias and Ramirez 1996; Sabatini and Martos
2002; Spinelli et al. 2012; Derisio et al. 2014b; Temperoni et al. 2014). These stud-
ies show that zooplankton communities — mainly dominated by copepods — vary
year to year, depending on both physical and biological forcing. In the northern area
of the system, where the three sectors are typically well developed, a close inspec-
tion of the frontal structure along two transects across the shelf shows that species
lists of medium- and large-sized zooplankton (150 and 300 pm nets) are about the
same in all three sectors, while their relative abundances are variable. Higher num-
bers are found at the frontal interface and in stratified waters, leading to different
assemblages (Sabatini and Martos 2002; Derisio et al. 2014b; Temperoni et al.
2014). The community structure is strongly dependent on the physics of the system
which has large interannual variability. Overall, in well-mixed waters and at the
frontal interface, calanoid copepods are mainly represented by D. forcipatus,
C. vanus, P. parvus, C. australis and C. carinatus, while in stratified waters the
cyclopoids O. aff. helgolandica and O. atlantica are dominant. Calanoides carina-
tus is progressively replaced offshore by C. simillimus and C. australis. Most of
these dominant calanoid copepods are known to be mainly herbivorous (Santos B.
unpublished data), C. carinatus and C. vanus being indicators of highly productive
systems (Sabatini and Martos 2002). Adults of T. gaudichaudii and E. lucens are
relatively more abundant offshore (Fig. 6b).

The array of fine and coarse nets (67 + 300 pm) reveals a somewhat different
community pattern, with the prevalence of smaller species, such as the harpacti-
coids M. norvegica and E. acutifrons in the mixed sector and the cyclopoids O. nana
and O. aff. helgolandica added to those among the dominants at the frontal interface
and a more diverse community — with a larger contribution of calanoids — predomi-
nating in the stratified waters (Fig. 6b). In the southern part of the system off
Escondida Island, the front usually occurs very close to shore, and the mixed and
frontal sectors are much narrowed as a result. There, copepod abundance either
increases from less-stratified waters close to shore to strongly stratified waters sea-
wards or is higher in the frontal interface, where D. forcipatus, C. vanus and C. cari-
natus are largely dominant (Sabatini and Martos 2002; Temperoni et al. 2014).

Latitudinal differences in the physical forcing (mainly tidal dissipation and
winds) approaching either the northern or southern boundaries of the system may
lead to contrasting plankton communities. A prevalence of relatively smaller cope-
pods is recorded northwards, independent of the mesh size used for sampling.
Closer to 41°S, a high proportion of matter and energy seems to be channelled
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through a microheterotrophic food web. Approaching 44°S larger copepods
become dominant, and a more classical herbivorous food web may be expected
(Sabatini and Martos 2002). Changes in copepod abundances are also observed
throughout the summer (December to February—March), with decreasing numbers
from spring to autumn as a consequence of the increased stability of the system
(Temperoni et al. 2014).

Particular hydrometeorological conditions appear to strongly affect both the
physical and biological structures of the system. Certain conditions of stability,
nutrient availability and radiation favour the occurrence of harmful red tide events
(Carreto et al. 1981a), which may negatively affect copepod populations.
Characteristics of these harmful algal species such as toxicity, production of inhibi-
tory substances and luminescence may cause the episodes of copepod exclusion
occasionally reported in the northern area (e.g. Santos and Ramirez 1995). On the
other hand, anomalous warming events in the system have led to massive blooms of
gelatinous zooplankton (ctenophores) and of the phagotrophic dinoflagellate
Noctiluca, with the concurrent predatory diminishment of copepod populations
(Sabatini and Martos 2002 and references therein).

Predation is also imposed on zooplankton communities in this system by early
stages of E. anchoita and M. hubbsi, which have their spawning and nursery grounds
closely associated with the Valdés tidal front. Larvae of both fish species include
species of Calanidae and Clausocalanidae in their diets (Ciechomski and Weiss
1974; Vifias and Ramirez 1996; Vifias and Santos 2000; Temperoni and Vifias 2013),
whereas juveniles and adults prey mainly upon E. lucens and T. gaudichaudii
(Angelescu and Prenski 1987; Belleggia et al. 2014).

The extent of the water column stratification is likely the main factor responsible
for the zooplankton patterns across and along the Valdés tidal front, although other
physical and biological processes, such as transport, retention, species-specific life
history strategies and trophic relationships, surely also condition each species suc-
cess in this complex system (Derisio et al. 2014b and references therein). For exam-
ple, the frontal interface appears to represent a breeding area for copepods, since
maximum nauplius abundance (Vifias and Ramirez 1996; Derisio et al. 2014b) and
highest calanoid egg production rates (Sabatini and Martos 2002; Derisio 2012)
have been reported there, as well as higher cyclopoid egg production rates and cope-
podid abundance (Cepeda 2013).

3.3 The Southern Patagonian Shelf Ecosystem (47°-55°S)

Circulation over the southern shelf is driven by large freshwater inflows, high tidal
amplitudes, the predominance of westerly winds and the strong influence of the
Malvinas Current flowing northwards along the shelf-break (Piola et al. 2018 and
references therein). Most of the system is dominated by a distinct, low-salinity,
surface plume (S < 33.4) associated with the discharge from the Magallanes Strait
(MSW). The outer shelf is much more influenced by the colder, more saline
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(S > 34) subantarctic water (SAW) of the Malvinas Current along the seaward
boundary. Separating these two, the SASW extends over the middle shelf. The
SASW is a relatively fresh variant of subantarctic water that is injected into the
region through Le Maire Strait and along the shelf break, after passing around
Hornos Cape (Piola et al. 2018).

A variety of fronts occurs over this portion of the ACS: tidal mixing fronts,
estuarine and river plumes, water mass convergences and a shelf-break front (Piola
et al. 2018). Modelling experiments suggest a cross-shelf circulation due to the
dynamic interaction of fronts, which probably includes the inflow of nutrient-rich
waters from offshore (Piola et al. 2018). In turn, a major source of the waters on the
southern ACS shelf and in the offshore zone is found at the depth in the southeast
Pacific Ocean. These waters, rich in both nitrate and iron, are primed to support
new (as opposed to regenerated) productivity along the entire Patagonian shelf
(Song et al. 2016).

The hydrographic diversity described above translates into habitat heterogene-
ity for plankton communities in terms of both nutrient and prey availability, even-
tually promoting dissimilar food web structures. Water masses over the southern
Patagonian shelf have distinctive mesozooplankton assemblages that persist in all
seasons (Sabatini et al. 2012, 2016). The dissimilarity among assemblages associ-
ated with specific water masses actually increases with increasing geographical
distance on the ACS. Correspondingly, the MSW and SAW mesozooplankton
communities are clearly different, while boundaries between the MSW and the
SASW assemblages are less definite. Because the SASW and SAW water masses
are so closely related in origin, their associated communities are very alike
(Fig. 6¢). Species abundance differences resulting from distinctive life histories
and population development seem to be more important in defining the assem-
blages than simply the presence or absence of particular species. The differences
between the MSW and SASW mesozooplankton communities relate to changes in
the relative dominance of a few shared species, rather than to fully distinctive taxo-
nomic compositions, for example, average abundances of shared taxa are often
considerably lower in the SASW. The middle-shelf SASW community may be
characterized as an ecotone assemblage, i.e. to some extent related to the MSW
community, but also with strong contributions of species more fully developed in
the SAW. With varying abundances through the seasons, major components for the
MSW are adults and late copepodids of D. forcipatus, copepodids C5 and adult
females of C. australis and the amphipod T. gaudichaudii. The SASW is character-
ized by copepodids C4-5 of D. forcipatus; females and late copepodids of C.
vanus, Clausocalanus brevipes and C. simillimus; the cyclopoids O. aff. helgolan-
dica and O. atlantica; T. gaudichaudii; and euphausiid juveniles. Most of the latter
species are also typical of the SAW assemblage. Epipelagic seasonal migrants such
as N. tonsus C5, Subeucalanus longiceps and M. lucens are also recorded, though
in low numbers, over the outer shelf near the slope (Ramirez 1981; Ramirez and
Sabatini 2000). Because of the wide extent of the continental shelf off southern
Patagonia, the SAW community has only minor representation in the area that has
been historically surveyed.



192 G. D. Cepeda et al.

The significant contributions of small-sized species, such as Oithona aff. hel-
golandica and Microsetella norvegica, have only recently become evident from
sampling with fine-mesh nets (Antacli et al. 2010, 2014b). In terms of both numeri-
cal abundance and occurrence, these copepods occupy, respectively, the second and
third places in the community after D. forcipatus, which is consistently the most
conspicuous component of the mesozooplankton in the southern ACS system, by far
outnumbering any other species across all seasons. Ctenocalanus vanus appears as
the fourth most numerous species, mostly concentrated in offshore waters, while the
relative numerical importance of the larger C. australis seems to be less than estab-
lished previously using coarser nets (Fig. 6¢).

The seasonal development of plankton communities over the southern Patagonian
shelf is typical of cold temperate regions, with a clear seasonal signal in mesozoo-
plankton abundance long after the spring phytoplankton bloom (Carreto et al.
1981b; Ramirez 1981; Sabatini and Alvarez Colombo 2001; Sabatini et al. 2016).
Most copepod species show different population structures in the northerly and
southerly areas of the southern Patagonian shelf. North versus south differences
also apply to the feeding and reproductive activities of the D. forcipatus and C.
australis populations in particular (Antacli et al. 2014a; Sabatini et al. 2016). This
is likely as much due to the importance of temperature as to food. In addition to
seasonal warming and cooling, the temperature has a clear latitudinal gradient along
the southern Patagonian shelf, colder southward (Sabatini et al. 2004).

Total mesozooplankton abundance increases about 2.5-fold from the beginning
of spring to late summer and then decreases at least four orders of magnitude in
winter. In all seasons, copepods represent >70-80% of all mesozooplankton over
most of the southern Patagonian shelf system. Although seasonal differences in
abundance are striking, the spatial distribution of mesozooplankton is largely simi-
lar across seasons, with relatively higher concentrations occurring mainly in Grande
Bay and its surroundings. Biomasses of primary producers appear to be locally
enhanced in that area throughout spring and summer (Lutz et al. 2010; Dogliotti
et al. 2014), and large mesozooplankton biomasses are recurrently recorded by the
end of the productive season (Sabatini and Alvarez Colombo 2001; Sabatini et al.
2004; Sabatini 2008; Antacli et al. 2014b). The influences of the Malvinas Current
and strong tidal forcing on the local frontal dynamics seem to strengthen in Grande
Bay and are likely generating a nutrient-rich, recirculating area (Sabatini et al. 2004;
Piola et al. 2018), where a significant proportion of production can be retained at
temporal scales that allow for the development of abundant primary and secondary
producers (Sabatini et al. 2016).

Less work has been conducted at the population level, with the focus on a few
key species: the medium- and large-sized copepods D. forcipatus and C. australis
and the amphipod 7. gaudichaudii. After high production during spring and early
summer, late summer marks the beginning of a less productive season on the south-
ern Patagonian shelf (e.g. Lutz et al. 2010 and references therein), with the preva-
lence of a microbial trophic web (e.g. Antacli et al. 2014a) and, thus, food-limiting
conditions for copepods. By then the populations of the two dominant copepods
are largely lipid-storing C4 and C5 copepodids, and the species distribute differ-
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ently in the water column. The bulk of D. forcipatus population is concentrated in
the upper layers down to ca. 50 m, whereas C. australis are deeper, even close to
the bottom. Sampling results suggest that while D. forcipatus is still feeding in the
upper water column, the bulk of the C. australis population may be entering a
period of arrested metabolism at depth and thus is not feeding or scarcely so
(Sabatini 2008). Actually, late summer adult females and late copepodids of D.
forcipatus and C. australis all display overall low feeding activity, although it is
relatively greater in the former species. Also, reproductive activity is much reduced,
yet both populations show some ongoing spawning (Antacli et al. 2014a). Diets of
adult females during late summer, based on gut-content analysis, indicate for D.
forcipatus opportunistic feeding on the smaller but more abundant particles in the
environment. Gut contents of C. australis suggest relatively more ingestion of
autotrophic prey, particularly large diatoms. The ability to ingest small food parti-
cles could provide D. forcipatus an important advantage over the larger copepods
and perhaps is a reason for its overwhelming numerical abundance in some areas
of the southern Patagonian shelf (Antacli et al. 2014a).

The hyperiid 7. gaudichaudii reaches its highest biomass in this system (Sabatini
and Alvarez Colombo 2001; Padovani et al. 2015), where its populations develop on
the bases of very high concentrations of copepods as food and adequate water tem-
peratures. Very large biomasses of this amphipod have been particularly reported
from the Grande Bay area over the inner and mid-shelf, mainly in summer—autumn
(Sabatini and Alvarez Colombo 2001). The local population has a more extended
reproductive period (spring—summer), a larger number of cohorts (two main ones)
and smaller size at maturity (around 10 mm) than other 7. gaudichaudii populations
at similar latitudes. These adaptations would favour larger abundances, placing the
southern Patagonian shelf system among the most favourable for the development
of this amphipod anywhere in its global distribution range (Padovani et al. 2015). T.
gaudichaudii strongly supports the community of planktivorous fish and squid in
the area (Ivanovic and Brunetti 1994; Padovani et al. 2012). Due to this trophic
relevance, T. gaudichaudii has been postulated as a “wasp-waist” species, channel-
ling the energy flow in a short and efficient food chain, role similar to that of krill in
Antarctic waters.

4 Gaps, Open Questions and Prospects for Future Work

As shown in this review, exhaustive taxonomic work, based chiefly on traditional
morphological techniques and coupled with a (or the) strong understanding of the
association between zooplankton species and hydrographic conditions, sustains our
current knowledge of their communities in the ACS. However, there are many
important issues remaining poorly understood or altogether unexplored.
Taxonomic uncertainties on the specific identification of the few animals appear-
ing to be keystone species affect this synopsis, with the possibility of similar situa-
tions for many other species along the ACS. In this sense, there is a strong need to
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combine morphological and genetic studies and to engage several other disciplines
(e.g. physiology, behavioural ecology) in what is nowadays known as integrative
taxonomy. Thus, we could acquire more precise and unequivocal species defini-
tions. Under the current global warming, it has become practically mandatory to
determine the number of species and their distribution limits in order to evaluate
further possible biogeographical changes. Without a proper description of biodiver-
sity and its functioning over time, it is difficult to ensure appropriate ecosystem
management. In this regard, a major secondary product of this review has been the
construction of a quantitative data set on copepod species along the entire ACS,
which is now suitable for further, in-depth analysis of diversity.

Furthermore, little to nothing is known about the population dynamics for most
of the key species. Future directions should focus on the details of zooplankton life
cycles, such as generation times, growth rates, reproductive biology, secondary pro-
duction as well as life cycle strategies (i.e. dormancy, resting eggs).

Vast information exists about the importance of copepods, hyperiid amphipods
and euphausiids as main prey for higher trophic levels. However, nutritional studies
focused on the nutritional quality of these species as foods are still scarce.
Development is currently in progress of biochemical tools to establish the energetic
density available in the lipid content of each major zooplanktonic prey, as well as
their contents of long-chain polyunsaturated fatty acids, including the essential lip-
ids EPA and DHA.

Integrated studies of the processes influencing the pelagic ecosystem are also
lacking. Specifically, it is necessary to quantify energy flow through zooplankton
communities, as well as to assess their functional diversity (i.e. how organisms
interact with each other) for each system. No attention has been paid yet to ecosys-
tem modelling for the ACS, which in the future will be extremely useful for predict-
ing how upcoming cyclic or non-cyclic changes will affect its distinct zooplankton
communities.

Although not mentioned in detail in this article, several zooplankton time series
based mainly on abundance data are currently being collected along the ACS. Such
time series are essential to assess the long-term effect of climate changes on plank-
tonic communities. However, abundance data alone are often insufficient for under-
standing regime shifts and their consequences for higher trophic levels. More
information is needed on biomass and size spectra. In the short term, the addition of
modern semi-automatic analysis methods, currently in progress, will improve our
capability to fill this gap. These types of field studies should be associated with
experimental work directed to assess the effects of environmental variables, singly
and together, on zooplankton dynamics.
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