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From the southwestern termination of the Agulhas current, anticyclonic eddies are
emitted and drift across the South Atlantic Ocean. This study is based on a FORSA
(Following Ocean Rings in the South Atlantic) oceanographic cruise, from Cape Town
(South AFRica) to Arraial do Cabo (Brazil) in June 2015, during which three eddies of
different ages (E1, 7 months; E3, 11 months; E5, 24 months) from the Agulhas current
were sampled for microplankton identification and determination of functional traits. The
stations where sampling occurred at each eddy included a control outside the eddy and
three stations inside the eddy—border, midway (between the border and center), and
center (identified through satellite images of sea level anomaly—SLA). Functional traits
were determined based on microscopic observations and consultation of the literature.
An evident decay in the Agulhas eddies toward the west was observed, and each eddy
proved to be different. E1 represented a younger and more robust structure. At the same
time, the other eddies, E3 and E5, were more alike with similar physical, chemical, and
ecological characteristics and almost the same indices values of functional diversity,
demonstrating that although their species compositions were different, the strategies
used by the species were the same. The most crucial ecological trait for microplankton
was nutrition mode. The microplankton contained mainly mixotrophic dinoflagellates
and cyanobacteria adapted to oligotrophic conditions. The functional strategy of
microplankton did not differ among the eddies and stations, with mixotrophy being
the most striking trait. Therefore, the older eddies’ microplankton community fits the
neutrality theory, whereby species perform similar ecological functions, and the younger
eddy fits in the niche complementarity. Even with the species composition being different
in each eddy and/or within the same eddy, the functional strategy was the same, with
scarce resources and species selected that best use any source of nutrients or use
evolutionary advantages to live in an oligotrophic environment.
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INTRODUCTION

Phytoplankton community structure can be affected by both
deterministic and stochastic processes. In a niche-driven
community model, deterministic processes can affect the
frequency of traits (e.g., coloniality, nutritional mode) across all
individuals because community structure depends on the species’
traits (Violle et al., 2007; Litchman and Klausmeier, 2008).
However, high species richness is not always translated into high
functional richness, as neutrality can occur when species are
ecological equivalents (Vergnon et al., 2009).

The paradox of the plankton describes a situation in which
phytoplankton richness is greater than the number of existing
resources in a steady-state system, rather than a presumed limited
number of coexisting species due to competition for nutrients
under resource-limitation (Hutchinson, 1961). A solution to the
paradox comes from environmental fluctuations, in opposition to
a steady-state condition, stopping competitive exclusion (Tilman,
1977, 1981, 1982) and niche-driven community fluctuations
(Vergnon et al., 2009). Other mechanisms not involving
environmental fluctuations could lead to high species richness
(Narwani et al., 2009), including neutral population dynamics.

Neutrality refers to the co-occurrence of species that are
ecological equivalents in their competitive abilities (Hubbell,
2001). Because of this near-equal competitiveness, multiple
species can coexist over time scales relevant to ecology, thereby
allowing greater biodiversity. In phytoplankton assemblages,
neutrality can be a mechanism that drives increased species
richness (Vergnon et al., 2009). Neutral models assume that
all species are identical; consequently, no single species is at a
competitive advantage or disadvantage, and exclusion does not
occur. On the other hand, niche-based models assume differences
in resource use between species so that they avoid competition
and coexist (Hubbell, 2001, 2005; Adler et al., 2007).

Coexistence depends on the magnitude of the difference or
inequality in capability between species (Adler et al., 2007).
The consequences of the shape that the species take when and
where they occur and the niches of individual species come from
how they interact with other species (as competitors, resource-
providers, predators, etc.) (Gaston and Chown, 2005).

Functional trait-based diversity of phytoplankton is mostly
unexplored throughout the ocean, even though this approach
(functional trait diversity) gives ecological information about
species in changing environments (stratification, nutrient
availability, cell size, and community structure) (Lorrain et al.,
2019; Tuerena et al., 2019). Global climate change may favor
opportunistic plankton species (e.g., Van de Waal and Litchman,
2020). Thus, knowledge of plankton community dynamics is
important to understand which community ecological traits
might remain or alter in a changing environment.

Mesoscale ocean eddies, such as the Agulhas rings, form
partially isolated environments with particular physical and
chemical conditions that support and transport entire plankton
communities (Lehahn et al., 2011; Condie and Condie, 2016;
Barlow et al., 2017). These eddies are mesoscale, anticyclonic
structures that constitute the principal route for relatively warm
and saline waters from the Indian Ocean to reach the Atlantic

Ocean as part of the surface limb of the Meridional Overturning
Circulation (Olson and Evans, 1986; Schouten et al., 2000;
Dencausse et al., 2010). After being shed from the Agulhas
Current retroflection offshore of the southern tip of AFRica,
between longitudes 16◦E and 20◦E, the eddies drift initially
embedded in the Benguela Current, overcome the Walvis Ridge,
and then follow W-NW through the South Atlantic with some
even reaching the western boundary (Lutjeharms and Van
Ballegooyen, 1988; Gordon and Haxby, 1990; Byrne et al., 1995;
Guerra et al., 2018). As recently discussed, such rings can also
transport plankton over long distances from the source region
(Villar et al., 2015; Carvalho et al., 2019). The environment within
Agulhas rings may create a selective mechanism, with higher
nutrient concentrations than the oligotrophic surface water of the
Atlantic Ocean, and associated phytoplankton blooms dominated
by opportunistic species nitrate-metabolizing Synechococcus spp.
analogs (Villar et al., 2015).

Low microplankton diversity observed in the South Atlantic
Ocean is associated with nutrient limitation (e.g., Olson, 1981),
and Agulhas rings work as filters for planktonic size fractions
above 20 µm (Villar et al., 2015), thereby limiting species
diversity. However, there have been no studies focusing on the
functional diversity and dynamics of these organisms within
Agulhas rings of different ages.

Considering that Agulhas rings are oligotrophic and
biogeochemically peculiar environments and that they act as
a selective mechanism for phytoplankton species diversity,
we hypothesized that with increasing eddy age and loss of
vorticity, the physicochemical properties of seawater inside these
mesoscale structures become more similar to the surrounding
oligotrophic waters, this equalizing process minimizes the
differences in microplankton functional diversity. Here we
provide the results of analyzing data sampled during a cruise
specifically planned to study Agulhas rings of different ages
throughout the South Atlantic.

MATERIALS AND METHODS

The FORSA Cruise
This study is based on FORSA (Following Ocean Rings in
the South Atlantic) oceanographic cruise from Cape Town
(South AFRica) to Arraial do Cabo (Brazil) in June 2015
(Austral Winter). The expedition aimed at studying anticyclonic
mesoscale ocean eddies, using satellite sea level anomaly (SLA)
data from AVISO (Archiving, Validation, and Interpretation of
Satellite Oceanographic Data) to find and cross these structures
along the ship’s path (Figure 1). During the FORSA cruise, six
Agulhas rings were sampled, but plankton samples were collected
in three eddies of different ages (E1, 7 months; E3, 11 months;
E5, 24 months). The eddies ages were determined through
satellite images (AVISO) of the moment of their formation in the
retroflection area (Guerra et al., 2018; Orselli et al., 2019).

The CTD-O2 and discrete water sampling stations were always
occupied on the eastern side of eddies E1, E3, and E5; one Co—
control station outside the eddy, and three stations inside the
eddy (at the B—border, M—midway—between the border and
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FIGURE 1 | Ocean Data View (ODV) Sampling maps (a and b—sample
scheme) of eddies in the South Atlantic (E1, E3, and E5, control: Co—outside,
border: B, midway: M and center: C of the eddy).

the center, and C—center—Figure 1), determined by AVISO
satellite images of SLA. Discrete water samples for plankton
and nutrient analysis were collected in two different depths:
near-surface (10 m) and DCM (Deep chlorophyll maximum—
obtained by CTD fluorimeter data). Seawater samples (1.5 L)
were collected for microphytoplankton (>20 µm) analyses and
fixed with 1% neutral Lugol’s solution, final concentration. Once
at the laboratory, the samples were left to settle for a week’ and
subsequently reduced to a volume of 200–300 ml. This entire
volume was counted in 100 ml chambers, previously settled for
48 h. The entire chambers were counted on an inverted optical
microscope (Nikon Eclipse TS-100, under 200× and 400×
magnification). Cell densities (cell L−1) of microphytoplankton
(20–200 µm) were determined, according to Utermöhl (1958).
The organisms (cells, colonies, and filaments) were quantified
throughout the chamber on an inverted optical microscope.
Diatoms and dinoflagellates were identified using specific
bibliography (Hasle and Fryxell, 1970; Tomas, 1997).

Dissolved nutrients were analyzed in the water
samples (nitrate, NO3

−, nitrite NO2
−, phosphate PO4

3−,
and silicate Si(OH)4). The samples were immediately
frozen on board without filtration and kept frozen at
−20◦C until analysis by spectrophotometry, according to
Aminot and Chaussepied (1983).

Functional Traits
Functional traits were selected based on microscopic
observations and consultation of the literature, especially
Litchman and Klausmeier (2008) and Litchman et al. (2010),
considering only microplankton (20–200 µm).

The classification was performed, including morphological,
physiological, behavioral, and life-cycle traits. Morphological

traits included size—represented by maximum linear dimension
(MLD), obtained by measuring at least 5 cells of each taxon
(due to the rarity of species and number of individuals found,
the species with less than 5 individuals were excluded from
the statistical analyses). According to Litchman et al. (2010),
MLD classification reflects predation pressure, MLD < 40 µm-
vulnerable to microzooplankton predators, and MLD > 40 µm
less vulnerable to microzooplankton predators. In addition to
this morphological trait, other morphological traits determined
from microscopic analyses included sv−1 (cell’s surface per
volume ratio), considered as a master trait that can represent a
powerful predictor of phytoplankton physiological performances
offering a valid interpretation of environmental conditions (Kruk
et al., 2010), in the binary traits matrix sv−1 > 0.44, was
considered 1 and sv−1 < 0.44, was considered 0; the presence
of large vacuoles and iv. coloniality (filaments and chains).
Physiological traits, represented by potential toxicity and harmful
algal bloom (HAB) formation capacity (Kofoid and Swezy,
1921; Round et al., 1990; Brandt et al., 2001; Horner et al.,
2002; Hällfors, 2004; Moestrup et al., 2020; Steidinger, 2009)1

and nutrition mode- autotrophy, heterotrophy, and mixotrophy
(Tomas, 1997; Throndsen et al., 2007; Mitra et al., 2014; Leles
et al., 2017; Moser et al., 2017). An important trophic mode
among planktonic protists (dinoflagellates) in the global ocean
is mixotrophy—the combination of phagotrophy and autotrophy
in an individual cell (Leles et al., 2017; Stoecker et al., 2017). The
behavioral trait considered was mobility, which was determined
by flagella’s presence during microscopic observation and from
the literature (Tomas, 1997). Resting stages represented life cycle
traits, evaluated using the literature (Tomas, 1997; Patil and Anil,
2008; Imai and Yamaguchi, 2012).

For plastic traits such as colony and chain formation, HAB
formation capacity, mixotrophy, and resting stages, trait values
refer to a potential function, not whether expressed in any
particular community.

Data Analyses
Testing Environmental Patterns
Biotic and abiotic data were submitted to analyze variation
(ANOVA) and Mann-Whitney pairwise test (Software
Paleontological Statistical 3—PAST, Hammer et al., 2001).
We tested the variation among the three analyzed rings and
considered the Depth (Surface× DCM).

Functional Diversity Indices
The functional traits used to evaluate the functional diversity
(FD) index of the community (Petchey and Gaston, 2006, 2007)
were: morphological, physiological, behavioral, and life-cycle
traits. Two matrices were prepared for calculating FD indices,
a functional trait matrix (species composition- as observations,
and the presence or absence of traits—as variables) and a species
abundance matrix (sampled stations and species abundances cell
L−1—as observations).

Functional groups were tested using cluster analysis
(Euclidean distance and the Ward method), in the Vegan

1http://www.marinespecies.org/hab
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package (version 3.5.1—R Core Team, 2018) (Oksanen et al.,
2017), with the functional trait matrix (Petchey and Gaston,
2006, 2007). Functional diversity indices aim to describe
how much of the multifunctional space is filled and how the
abundance of a community is distributed within this functional
space. These indices have positive values, with higher values
representing greater functional diversity of the component they
scale (Villéger et al., 2008).

Functional richness (FRic) represents a multidimensional
measure of community-filled functional space and corresponds
to a convex hull volume in the functional space (Cornwell et al.,
2006; Villéger et al., 2008). There is no limit as it quantifies
an absolute filled volume (Villéger et al., 2008). Functional
equitability (FEve) describes the evenness of the distribution of
abundance in the space of functional traits; it corresponds to
a measure of regularity between species along the gradient of
functional traits and regularity in the weighted distribution of
their abundance. This measure decreases when abundance is less
evenly distributed among species or when functional distances
between species are not consistent. It is restricted to values
between 0 and 1 (Villéger et al., 2008). FDis is the weighted
mean of each species’ distance to the centroid of all species
within a community, in the multidimensional space of traits. This
index considers both traits and abundance of each species, where
weights correspond to each species’ relative abundance, and there
is no upper limit to its value (Laliberté and Legendre, 2010).

The functional traits matrix (binary data) and species
abundances matrix were used to evaluate community functional
diversity (FD) in the resulting groups, using multidimensional
indices based on Euclidean distance and non-parametric
multidimensional scaling (NMDS) of traits to measure different
aspects of diversity, FRic, FEve, and FDis. These metrics
were calculated using the dbFD function of the FD package
(Laliberté and Legendre, 2010; R software, version 3.5.1;
R Core Team, 2018).

The Relationship Among Environment, Planktonic
Species, and Function Indices
To determine which environmental variables are correlated
with phytoplankton assemblages, a Canonical Correspondence
Analysis (CCA) and a Pearson correlation were applied to
log-transformed matrices of species abundance, functional
indices, and environmental variables (temperature, salinity,
nitrite, nitrate, phosphate, silicate, and fluorescence). Normality
was tested by the Shapiro–Wilk test (Software Paleontological
Statistical 3—PAST, Hammer et al., 2001). ANOSIM was also
applied to data matrices of abundance and traits, comparing the
three observed eddies cluster. ANOVA Mann-Whitney pairwise
test was applied to data matrices comparing all eddies, in-depth
between each other.

RESULTS

The Physical Structure of the Eddies
All eddies contained South Atlantic Central Water (SACW)
within the sampled depths for phytoplankton are represented in

Figure 2, according to the given ranges of potential temperature
(◦C) and salinity of source water types (Souza et al., 2018;
Table 1). Subtropical Mode Water 18 (STMW18) was found in
all eddies, but STMW14 was present only outside eddy E1 below
100 m (control station). Eddies E3 and E5 had Atlantic Tropical
Water (TW) in the surface layer.

The highest values of potential vorticity (>1,500
10−12m−1s−1) were found between 75 and 200 m (Figure 2),
coinciding with maximum fluorescence depth. Thus, potential
vorticity relates to water column turbulence and maintains
primary producers within the euphotic zone.

The higher nitrite concentrations of nutrient distribution
throughout the water column were found at the E1 border
(Surface: 0.34 µmol.L−1 and DCM: 0.36 µmol.L−1), and higher
nitrate concentrations were found in the E3 midway (DCM: 5.61
µmol.L−1). Phosphate was high at E1: control (surface) 0.21
µmol.L−1, border (120 m depth) 0.31 µmol.L−1, and midway
(surface) 0.27 µmol.L−1. Silicate concentrations were higher
at the deep chlorophyll maximum (DCM) in the center of all
eddies (Table 2).

There were 111 taxa of microphytoplankton, corresponding
to 81 taxa of dinoflagellates, 23 taxa of diatoms, and 7 taxa of
phytoflagellates. The E1 was dominated mainly by filamentous
cyanobacteria and dinoflagellates at the control and border, both
on the surface and DCM. In the midway and center stations,
there was an increase in the abundance of diatoms dominating
the samples at the two depths (Figure 3). In E3 (stations E3.Co,
E3.B, and E3.M), cyanobacteria were dominant, followed by
dinoflagellates on the surface and DCM. Eddy E5 had a lower
absolute concentration of microphytoplankton (cell L−1) than
the other eddies, and the cell densities were more similar to
the control station. However, three sampling points (E5 Co,
M, and C) were also dominated by cyanobacteria followed by
dinoflagellates in the DCM surface and diatoms.

The most frequent diatoms were Thalassiosira spp.
and Thalassionema spp. in comparison, the most frequent
dinoflagellate was Gymnodinium spp.; Prorocentrum cordatum;
Heterocapsa spp.; Tripos teres and Prorocentrum spp. The 24-
month-old eddy E5 presented the lowest number of individuals
and microphytoplankton diversity and a relatively large amount
of coccoid cyanobacteria (Anabaena sp.).

The traits revealed that nutrition mode (Figure 3) was
the essential trait to differentiate species and their functional
strategies. The frequencies (%) of autotrophy, mixotrophy, and
heterotrophy of microplankton in E3 and E5 were similar:
the majority of the species were mixotrophs (>60%), due to
the high diversity of dinoflagellates, followed by heterotrophs
(approximately 30%) and a minor percentage of autotrophs
(<10). The situation in E1, however, differed, with the frequency
of mixotrophs being lower than in the other eddies (<50%),
followed by autotrophs 28% (highest frequency among all
eddies) and heterotrophs 22%, showing that autotrophy is
a crucial functional strategy more so in the youngest eddy
than in the others.

The majority of the Indian Ocean species found were
dinoflagellates, and E3 had more species mainly collected in its
feature than the others (Table 3). Species observed exclusively
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FIGURE 2 | (A–C) TS (Temperature and Salinity) Diagrams for eddies E1, E3, and E5, respectively, from the surface to 200 m. The continuous black ellipses denote
the water masses found in each eddy. (D–F) Potential vorticity Q (10−12m−1. s−1) of the three eddies (E1, E3, and E5, respectively) from 0 to 200 m depth. The
black points forming lines indicate the CTD profile.

TABLE 1 | South Atlantic Central Water (SACW) sources of water types
characteristics: temperature (◦C) and salinity—according to Souza et al. (2018).

South Atlantic Central Water SACW Potential
temperature

(◦C)

Salinity

Subtropical mode water 18 STMW18 18 ± 0.56 35.80 ± 0.11

Subtropical mode water 14 STMW14 14 ± 0.53 35.40 ± 0.01

Subtropical mode water 12 STCW12 12 ± 0.50 35.03 ± 0.14

in the three eddies can be indicators of these features in the
Atlantic Ocean. The typical Indian Ocean species found uniquely
inside the eddies were: diatom: Asteromphalus sp.; silicoflagellate:
Dictyocha fibula; dinoflagellates Gymnodinium sp.; Heterocapsa
sp.; Oxytoxum scolopax; Phalacroma rotundatum; Podolampas
palmipes; Prorocentrum cordatum; Protoperidinium steinii;
Pyrocystis lunula; Scrippsiella sp.; Scrippsiella spinifera; Tripos
teres; Gyrodinium spirale.

Functional Diversity
All functional diversity (FD) indices for the microplankton
community were higher in E1, mostly in the DCM, showing
that the diversity of community traits in this eddy was higher
than in E3 and E5. Nevertheless, the FD indices did not
differ significantly among the eddies (p > 0.05, ANOSIM), so
functional diversity was nearly equivalent. Pearson correlation

tests between functional indices and classical beta diversity
indices showed significant correlations (p < 0.05) between FRic
and Margalef richness (R2 = 0.79) and between FRic and Shannon
diversity (R2 = 0.54). On the other hand, functional evenness
and species evenness were not significantly correlated (R2 = 0.13,
p > 0.05) (Table 4).

Dendrogram and multidimensional scaling (NMDS)
representations (Figures 4, 5, respectively) clustered micro
plankton by trophic strategy. Three main groups were identified
in the dendrogram (Figure 4) based on nutrition mode—
constitutive mixotrophy (innate capacity for photosynthesis and
phagotrophy), strict heterotrophy, and strict autotrophy—but
other characteristics separated some small groups due to different
traits. There were more mixotrophic than heterotrophic and
autotrophic species. The NMDS analysis separated the convex
hulls into two sides: the left represented by autotrophs (diatoms,
cyanobacteria, and phytoflagellates), and the right represented
by mixotrophs and heterotrophs (dinoflagellates). The group
of autotrophs in the NMDS is larger than the others because
it is more diverse in traits: raphe (the structure that allows
diatom cells to move over surfaces, composed of one or two
slits, or fissures, that penetrate the valve of some diatoms);
chain formation, presence of silica (differing diatoms and
silicoflagellates from the other taxa), flagella, vacuoles, and size
(MLD > 40). A variety of sizes and shapes were identified,
mainly among dinoflagellates. However, morphological traits
were also prominent in distinguishing different groups, such as
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TABLE 2 | Nutrients data (nitrite, nitrate phosphate, and silicate—µmol/L) from the eddies 1, 3, and 5, in different stations (Co, B, M, and C) and depths (S, subsurface;
and DCM, the depth of chlorophyll maximum).

Eddy Station Station Depth (m) Nitrite µmol/L Nitrate µmol/L Phosphate µmol/L Silicate µmol/L

E1 Co S 5 0.05 0.34 0.21 < LD

DCM 60 0.09 0.76 0.10 <LD

B S 5 0.34 0.38 0.21 < LD

DCM 30 0.36 0.40 0.18 <LD

M S 5 0.25 1.52 0.27 < LD

DCM 15 0.24 0.78 0.15 <LD

C S 5 0.02 0.18 0.16 0.82

DCM 35 0.05 0.16 0.16 1.11

E3 Co S 5 0.04 0.145 < LD 0.53

DCM 117 0.08 0.198 < LD 0.55

B S 5 0.08 0.313 < LD <LD

DCM 125 0.04 0.286 < LD <LD

M S 5 0.07 < LD <LD 4.22

DCM 110 0.08 0.96 < LD 6.12

C S 5 0.07 < LD <LD 3.01

DCM 110 0.07 0.69 < LD 4.74

E5 Co S 5 0.04 < LD <LD 1.30

DCM 115 0.08 < LD <LD 1.61

B S 5 < LD <LD < LD 2.16

DCM 115 0.05 < LD <LD 2.36

M S 5 0.04 < LD <LD 1.97

DCM 140 0.11 0.83 < LD 3.20

C S 5 < lD <LD < LD 2.58

DCM 125 0.03 0.34 < LD 2.93

Detection limit: Nitrite 0.02 µmol/L, Nitrate 0.11 µmol/L, Phosphate 0.10 µmol/L and Silicate 0.50 µmol/L.

cell surface per volume (sv−1) > 0.44 and MLD > 40, which
helps to understand the ability to assimilate nutrients and
palatability predators.

Canonical Correspondence Analysis (CCA Figure 6A and
Table 5—microplankton × environmental variables) explained
58.57% of total environmental variation in the first two axes.
Axis 1 (32.62%), in its positive portion, presented the vector
silicate and dinoflagellates: Amphisolenia globifera, Ornithocercus
sp., Oxytoxum curvatum, Oxytoxum milneri, Prorocentrum
compressum, Prorocentrum triestinum, Protoceratium reticulatum
as well as the E3 stations in its negative portion the vectors
phosphate, fluorescence and nitrogen compounds, E5 sampling
stations were also plotted in this with diatom: Synedra sp. and
the dinoflagellates: Heterocapsa rotundata, Histioneis dolon,
Oxytoxum crassum, Oxytoxum longum, Oxytoxum sceptrum. In
axis 1, it is possible to separate eddies E1 and E3 in the positive
portion and E5 in the negative. Axis 2 explained 25.95% with
inorganic nitrogen and dissolved oxygen (DO) vectors in its
positive portion, with diatoms: Amphora sp., Asteromphalus
marylandica, Nitzschia sp., and the dinoflagellates: Dinophysis
acuminata, Histioneis hyalina, Noctiluca, Oxytoxum laticeps,
Pyrocystis hamulus, Tripos declinatum, and temperature and
salinity in its negative portion, as well as diatoms: Diploneis
sp., Plagiogramma sp., Rhizosolenia setigera, Thalassionema
sp., Triceratium sp., dinoflagellates: Oxytoxum obliquum,
Podolampas spinifera, Polykrikos schwartzii, Protoperidinium

sp., Scrippsiella spinifera, Tripos limulus, and the silicoflagellate
Dictyocha fibula. In axis 2, eddy E3 was separated in the positive
portion and E1 in the negative. There was no correlation between
the depths and stations with the axes (Figure 6A).

Comparisons between environmental variables and cell
density revealed differences among the eddies. In E1, cell density
was positively correlated with nutrients (phosphate, nitrite, and
nitrate) and fluorescence, while in E5, cell density was positively
correlated with silicate, negatively correlated with phosphate,
nitrite, and nitrate, and positively correlated with temperature
and salinity. Eddy 3 was in the middle of the factorial plane,
which was expected because it is of intermediate age, and
its characteristics were changing while it was drifting in the
ocean (Figure 6A).

On the other hand, the canonical correspondence analysis
(CCA) of functional traits indices (99.21% total environmental
variation; Figure 6B) showed that the eddies’ functional traits
were more similar, as the three convex hulls overlap, due to
similarity in functional traits among eddies. Axis 1 explained
96.94% of environmental variation with salinity and inorganic
nitrogen, while Axis 2 explained 2.27% with temperature,
dissolved oxygen, phosphate, fluorescence, and silicate.

The one-way pairwise ANOSIM test revealed that species
composition and density differed among the three different
eddies, with the eddies differing significantly: E1 and E5
(p = 0.0073); E3 and E5 (p = 0.0189); and E1 and E3 (p = 0.0416).
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FIGURE 3 | (A) Group densities (cells.L−1) of microphytoplankton in E1, E3, and E5—in the control, border, midway and center stations, surface, and DCM.
(B) Frequency (%) of autotrophy, mixotrophy, and heterotrophy of microphytoplankton.

However, when considering variation in functional traits among
eddies, E3 and E5 did not differ significantly (p = 0.1295),
while E1 and E3 (p = 0.0012) and E1 and E5 (p = 0.0002)
did differ significantly. The ANOVA Mann-Whitney pairwise
test among stations for microplankton species density revealed
that E1 DCM control differed significantly from E1, E3, and
E5 and the control of E3. The control of the E1 surface did
not differ significantly from the eddies’ interior, both surface
and DCM. The control of E3 DCM differed slightly from the
stations inside E3. However, the midway surface and DCM center
differed from all other stations in E1, E3, and E5, notably the
center of the eddies. The oldest eddy, E5 in the DCM, differed
from all other E1 and E3; however, it did not differ from the
control itself, and there were no differences between the border,
midway, and center of the eddy itself. However, comparing the
functional indices, they do not differ from the control itself,
and there are no differences between the border, midway, and
center of the eddies.

DISCUSSION

In the first effort to evaluate the microplankton functional
diversity within Agulhas rings of different ages, this study
sampled during the FORSA cruise in the South Atlantic Ocean.
Previous studies have investigated plankton diversity, ecology,
and dynamics in oligotrophic waters of the South Atlantic
subtropical gyre (Lee and Williams, 2000; Oschlies, 2002; Lévy,
2003); and Agulhas rings (Villar et al., 2015; Carvalho et al., 2019;
Orselli et al., 2019).

A decay of the Agulhas rings toward the west was evident
from SLA (Carvalho et al., 2019; Orselli et al., 2019). Each
eddy proved to be different, with different physical and chemical
characteristics and different species’ presence. The youngest eddy,
E1, was the most discrepant, having the highest vorticity, more
nutrients, and a greater density of organisms, and was the
only eddy with STMW14. Orselli et al. (2019) represented the
formation of the eddies of the present study in a video, in which
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TABLE 3 | Species found specifically in the eddies E1, E3 and E5; or E1 + E3; E3 + E5; E1 + E5; E1 + E3 + E5.

E1 E1 + E3 E3 E3 + E5 E5 E1 + E5 E1+ E3+ E5

Tripos
pentagonus

Coscinodiscus
sp.

Amphidinium
sphenoides

Anabaena
sp.

Diploneis
sp.

Histioneis
sp.

Asteromphalus
sp.

Gymnodinium
lyra

Gyrodinium
sp.

Asteromphalus
marylandica

Ornithocercus
sp.

Nitzschia
longissima

Polykrikos
sp.

Dictyocha
fibula

Oxytoxum
obliquum

Planktoniella
sol

Corythodinium
sp.

Oxytoxum
globosum

Oxytoxum
longum

Tripos
lineatus

Gymnodinium
sp.

Prorocentrum
micans

Prorocentrum
sp.

Protoceratium
reticulatum

Oxytoxum
sp.

Trichodesmium
sp.

Tripos
setaceum

Heterocapsa
sp.

Prorocentrum
rostratum

Pterosperma
sp.

Diplopsalis
sp.

Prorocentrum
rostratum

Tripos
declinatum

Pseudo-
nitzschia
sp.

Oxytoxum
scolopax

Rhizosolenia
setigera

Thalassionema
sp.

Gyrodinium
fusiforme

Phalacroma
rotundatum

Tripos
limulus

Alexandrium
sp.

Heterocapsa
triqueta

Podolampas
palmipes

Dictyocha
sp.

Histioneis
hyalina

Prorocentrum
cordatum

Triceratium
sp.

Histioneis
karstenii

Protoperidinium
steinii

Phalacroma
sp.

Pyrocystis
lunula

Prorocentrum
compressum

Scrippsiella
sp.

Prorocentrum
triestinum

Scrippsiella
spinifera

Dinophysis
sp.

Tripos teres

Gyrodinium
spirale

TABLE 4 | Functional traits indices: FRic, FEve, FDiv, and FDis to microphytoplankton eddies E1, E3, and E5 (Co, B, M, and C in S, surface and DCM, deep
chlorophyll maximum).

FD FRic FEve FDiv FDis

S DCM S DCM S DCM S DCM

E1Co 0.3728 0.5726 0.6784 0.5405 0.8159 0.8660 3.1246 3.684

E1B 0.3690 0.3833 0.6548 0.6308 0.8386 0.8822 3.6548 3.6740

E1M 0.3137 0.5072 0.6151 0.6902 0.8417 0.8946 3.4324 3.8482

E1C 0.3693 0.2660 0.5357 0.6901 0.8668 0.8229 3.3403 3.4635

E3Co 0.1574 0.3441 0.619 0.5455 0.8059 0.8388 3.0285 3.2498

E3B 0.2001 0.2979 0.5414 0.6642 0.8245 0.8411 2.9236 3.5619

E3M 0.5205 0.2236 0.5168 0.6900 0.8333 0.8200 3.2653 3.3125

E3C 0.1233 0.5048 0.6745 0.4917 0.7859 0.8475 3.0564 3.2408

E5Co 0.2003 0.1892 0.6542 0.595 0.8540 0.7873 3.4419 3.3128

E5B 0.1968 0.6356 0.8118 3.4907

E5M 0.1420 0.2333 0.5218 0.7809 0.7254 0.8565 2.6612 3.6798

E5C 0.5675 0.0206 0.5881 0.6481 0.7920 0.8277 3.1934 3.3929

Pearson FRic Shannon H Margalef FEve Evenness

FRic – 0.00747 0.00001 0.12173 0.32

Shannon H 0.54261 – 0.00010 0.40498 0.01

Margalef 0.78899 0.72295 – 0.00397 0.70

FEve – −0.18235 −0.57669 – 0.13

Evenness −0.21482 0.55109 −0.08425 0.32683 –

Pearson correlation of FRic, Margalef richness, Shannon diversity (H), FEve, and Evenness.
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FIGURE 4 | Dendrogram from the functional traits of microphytoplankton.

it is possible to observe the start of the formation of E1 with a
high SLA. Carvalho et al. (2019) suggested that E1, located in the
South Atlantic Ocean’s eastern basin, represented a younger and
stronger structure and a more diverse phytoplankton community
(HPLC pigments analysis) than E3 and E5.

Compared to E1, the older eddies E3 and E5 were more alike,
with similar physical, chemical, and ecological characteristics
and almost identical microplankton functional strategies,
demonstrating that although their species compositions were
different, the strategies used by the species were the same. Eddies
E3 and E5 also had fewer differences in seawater properties and
microplankton functional strategies than the surrounding waters,
suggesting that the eddies lost some of their characteristics to
the surrounding water with time. According to Schouten et al.
(2000), Agulhas rings usually cross the Walvis Ridge at its deepest
parts, and after having crossed, they have lower translational
speeds, and their decay rate decreases markedly. Liu et al. (2018)
proposed that alterations over time in oceanic eddies could be
promoted by variation in eddy scale, amplitude, and speed due
to changes in eddy properties (Liu et al., 2018).

In E1 only, there was a sub-surface signal of nitrite in the
control station. According to Villar et al. (2015), after being
oxidized to nitrate, the remaining nitrite might remain evident
at subsurface as a positive nitrite anomaly in younger rings.
Anticyclonic rings typically experience a decrease in nutrient
concentration due to subsidence, but the different situations in
E1 could be promoted by Ekman upwelling induced by the wind,

as observed by Martin and Richards (2001). Carvalho et al. (2019)
suggested that perturbations in the water column associated with
the passage of E1 for Cape Basin resulted in more vigorous and
more in-depth (up to 200 m) mixing of the surface layer. This
may have contributed to enhancing nitrogen and phosphate and
relatively higher phytoplankton biomass at the control station.

Species Transport From the Indian
Ocean to the Atlantic Ocean
The present study identified Planktoniella sol, which is an
indicator of the Agulhas Current (Boden et al., 1988), at the
border and center stations of E1 and the control station of
E3; Tripos limulus was found at midway and center stations
of E1; Pseudo-nitzchia spp. was found at center stations at the
maximum chlorophyll depth (DCM) in E1 and E5; Rhizosolenia
setigera was found at the surface at the control and center
stations of E1, as also found by Perissinotto (1992); the
silicoflagellates Dictyocha spp. were found in all eddies, with
higher density in E1; Thalassiosira spp. occurred mostly in E1
and E3, as also found by Boden et al. (1988). The occurrence
of Indian Ocean microphytoplankton species shows that the
eddies transport these organisms from the Indian Ocean to the
South Atlantic Ocean.

In a study in the Indian Ocean, Schlüter et al. (2011) found
samples to be dominated by pennate diatoms and dinoflagellates
of unknown trophy. For these authors, autotrophic thecate
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FIGURE 5 | NMDS diagram from the functional traits of microphytoplankton in the eddies, using multidimensional indices based on Euclidean distance and
non-parametric multidimensional scaling of traits. These metrics were calculated using the dbFD function of the FD package (Laliberté and Legendre, 2010) (R
software, version 3.5.1; R Core Team, 2018).

dinoflagellates constituted insignificant biomass, except where
species of the genera Gonyaulax, Heterocapsa, Prorocentrum, and
Torodinium were observed. Froneman et al. (1998) identified the
dominance of the genus Chaetoceros in their analyses between
Cape Town and Prince Edwards, highlighting C. peruvianus,
among others: Pseudoeunotia doliolus, Rhizosolenia stolterfothii,
Cylindrotheca closterium, Nitzschia spp., Thalassiosira spp., and
Thalassiothrix spp. The authors did not identify seasonal trends
in species composition or biogeographic zoning. Froneman et al.
(1995) concluded that diatom distribution in the Agulhas Current
is associated with the availability of silica; and interferes with
the distribution of zooplankton. Besides, the authors reiterated
silicate dependence and the correlations of phosphate and
temperature with the abundance of microphytoplankton, whose
main contribution in the Agulhas Current refers to Chaetoceros
spp. and Thalassiosira spp.

Villar et al. (2015) identified some plankton groups specific
to Young Agulhas rings through microscopic analyses, such
as Pseudo-nitzschia spp. Another potentially circumstantial
plankton characteristic of the young Agulhas rings included
the diatom Corethron pennatum and the dinoflagellate Tripos
limulus. According to Lasbleiz et al. (2016), the genera
Chaetoceros and Thalassiosira spp. were the most abundant in the
Indian Ocean in the vicinity of Agulhas Current.

Most species identified through microscopy inside the
present study’s eddies were dinoflagellates of different sizes,
shapes, and characteristics (Table 3). On the other hand,
Carvalho et al. (2019) used CHEMTAX in the same samples
as this study and did not find high concentrations of
peridinin, a biomarker dinoflagellates, while fucoxanthin and 19-
hexanoyloxyfucoxanthin, also associated with this group, were
more abundant. The authors suggested the low concentration
of peridinin, a proxy to dinoflagellates’ presence, and the low
concentrations of nitrate in the samples may have interfered
with the density of dinoflagellates. Barlow et al. (2017) also
found through pigment analysis (CHEMTAX) that mainly

dinoflagellates were the dominant phytoplankton group in the
nutrient-rich upwelling-influenced surface waters in a cyclonic
eddy in the Indian Ocean sector of the Agulhas Current. Finally,
Higgins et al. (2011) state that environmental conditions such
as nitrogen availability affect the chlorophyll and other pigment
ratios, leading to imprecision in estimating plankton composition
when using chemotaxonomic methods.

Functional Traits
There are no significant variations concerning the indices in
terms of functionality, but there are differences in the species
composition, E1 had the most significant number of autotrophs,
and its center was distinct from the other centers. This was also
observed by Villar et al. (2015), who highlighted blooms at the
center of the newest eddies. The most significant differences
among stations were found in the DCM. It was also possible
to observe differences inside and outside the eddies in terms
of species composition but not in functionality. Diatoms,
dinoflagellates, and cyanobacteria were equivalent in density.
All eddies had a predominance of cyanobacteria outside of
control points, which differed from central points where diatoms,
dinoflagellates, and cyanobacteria were equivalent in density. The
increase in diatoms in the E1 center and midway seems to be
linked to the higher concentrations of nitrogenous compounds in
the DCM. E5 had a lower abundance of microplankton because
it is the oldest eddy and had lost some characteristics to the
surrounding oligotrophic ocean by physical processes, and thus
the upwelled nutrients due to the entrainment in the center
of the eddy had already been consumed. The phytoplankton
community structure’s differences become less clear (E3 and E5)
some months after the eddies formation in the retroflection
region (Carvalho et al., 2019).

The most important ecological trait for microplankton was its
nutrition mode—mixotrophy, heterotrophy, and autotrophy—
which helps separate large groups of diatoms (as well as raphe
and silica) dinoflagellates. Traits such as theca, chain formation,
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FIGURE 6 | Canonical correspondence analysis of microphytoplankton comparing the density (cells.L−1) (A) the species were numbered according to Table 5 and
functional traits indices (B) with the environmental analysis [Salinity, Temp (◦C)—temperature, Flu—fluorescence, N—nitrogen compounds (NO2

− + NO3
−),

PO4—phosphate, SiO4—silicate and DO—dissolved oxygen] in all the eddies stations. Legend- blue: E1; purple: E3 and green: E5, the color convex hull was
divided by the eddy data, each eddy received a color to represent in the CCA.

flagellum, vacuoles, and resistance cysts also helped separate
functional groups. Mixotrophic dinoflagellates with motility have
advantages under conditions of low nutrient concentrations
such as an oligotrophic ocean (Litchman and Klausmeier, 2008;
Bellinger and Sigee, 2011; Roselli et al., 2017; Leles et al., 2018;
Lima et al., 2019).

The diversity of sizes and shapes suggests that size is
selected by several selective pressures (Litchman et al., 2009).
Although larger cells are less efficient than smaller cells in
acquiring nutrients, several traits can mitigate transport and
uptake (Chisholm, 1992). When cells swim or sink, the diffusive

boundary layer is distorted by the uniform flow around
the cell, creating a thinner part in the front. In stagnant
water, elongated cells, like dinoflagellates, can absorb more
nutrients than spherical cells (cyanobacteria) due to their higher
surface-volume ratio. In shear flows, elongated cells rotate
intermittently (Jeffery orbits), improving nutrient transport
(Pahlow et al., 1997).

Among autotrophs, cyanobacteria and diatoms have the
capacity for coloniality, thus modifying their size, altering
their interaction with the environment, reducing palatability to
grazers, reducing sedimentation, and permitting migration to
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TABLE 5 | Species found in the 3 eddies used in the CCA in comparison with the environmental variables (Figure 6A).

Number Species Number Species Number Species

1 Amphora sp. 29 Heterocapsa rotundata 56 Prorocentrum cordatum

2 Asteromphalus marylandica 30 Heterocapsa sp. 57 Prorocentrum micans

3 Asteromphalus sp. 31 Heterocapsa triqueta 58 Prorocentrum rostratum

4 Coscinodiscus granii 32 Histioneis dolon 59 Prorocentrum sp.

5 Coscinodiscus sp. 33 Histioneis hyalina 60 Prorocentrum triestinum

6 Diploneis sp. 34 Histioneis karstenii 61 Protoceratium reticulatum

7 Naviculaceae 35 Histioneis sp. 62 Protoperidinium sp.

8 Nitzschia longissima 36 Noctiluca 63 Protoperidinium steinii

9 Nitzschia sp. 37 Ornithocercus sp. 64 Pyrocystis hamulus

10 Plagiogramma sp. 38 Oxytoxum crassum 65 Pyrocystis lunula

11 Plaktoniella sol 39 Oxytoxum curvatum 66 Scrippsiella sp.

12 Pseudo-nitzschia sp. 40 Oxytoxum elegans 67 Scrippsiella spinifera

13 Rhizosolenia setigera 41 Oxytoxum globosum 68 Scrippsiella trochoidea

14 Synedra sp. 42 Oxytoxum laticeps 69 Tripos arietinum

15 Thalassionema sp. 43 Oxytoxum longum 70 Tripos declinatum

16 Triceratium sp. 44 Oxytoxum milneri 71 Tripos euarcuatum

17 Alexandrium sp. 45 Oxytoxum obliquum 72 Tripos limulus

18 Amphidinium sphenoides 46 Oxytoxum sceptrum 73 Tripos lineatus

19 Amphisolenia globifera 47 Oxytoxum scolopax 74 Tripos pentagonus

20 Corythodinium sp. 48 Oxytoxum sp. 75 Tripos setaceum

21 Dinophysis acuminata 49 Phalacroma rotundatum 76 Tripos sp.

22 Dinophysis sp. 50 Phalacroma sp. 77 Tripos teres

23 Diplopsalis sp. 51 Podolampas palmipes 78 Dictyocha fibula

24 Gymnodinium lyra 52 Podolampas spinifera 79 Dictyocha sp.

25 Gymnodinium sp. 53 Polykrikos schwartzii 80 Pterosperma sp.

26 Gyrodinium fusiforme 54 Polykrikos sp. 81 Anabaena sp.

27 Gyrodinium spirale 55 Prorocentrum compressum 82 Trichodesmium sp.

28 Gyrodinium sp.

depths with irradiance and nutrients (Brookes and Ganf, 2001;
Brasil and Huszar, 2011; Barton et al., 2013). Bacterioplankton
is an extremely competitive community of heavily stratified
oligotrophic gyres, rapidly sequestering nutrients in the euphotic
zone. The scarcity of inorganic nutrients restricts strict
photoautotroph capacity to grow among larger and less
competitive phytoplankton (Ward, 2019).

In the older eddy (E5), the nutrient concentrations (nitrite,
nitrate and phosphate) and functional diversity indices (FRic,
Fdiv, and FDis) were lower than in the youngest eddy (E1). This
shrinking of the functional space as the eddies over time is more
consistent with neutrality than with niche specialization as a co-
existence mechanism. Considering that there is an increasing
stress gradient from E1 to E5, translated in an increase of
oligotrophy (see Table 2, values of nitrogen compounds and
phosphate) and a decrease in vorticity (Guerra et al., 2018)
correlations between species richness, abundance, and functional
indices, as FRic (volume of functional niche—Van de Perre
et al., 2020), provide a good power test for increasing niche
complementarity with declining stress across a broad range of
ecological contexts (according to Mason and De Bello, 2013;
Schabhüttl et al., 2013). Though no significant variation on
species and functional richness was observed inside the rings,
Shannon diversity (H) and Margalef richness were significantly
correlated to FRic, especially in E1, where the positive correlation

between species richness and FRic can be interpreted as high
niche complementarity (Mason and De Bello, 2013), facilitating
coexistence in an environment of lower stress, such as E1 when
compared to the other eddies (MacArthur, 1955; Elton(ed.),
1958; Levine and HilleRisLambers, 2009). Niche differences
promote coexistence, whereas fitness differences among species
lead to competitive exclusion and, consequently, to a decrease in
diversity (Segura et al., 2011).

However, in eddies E3 and E5, richness, FRic, FDis,
FDiv decreased concerning E1; in fact, functional traits were
significantly different (p < 0.05 ANOSIM) when comparing
E1–E3 and E5, but similar between E3 and E5, as also
denoted by CCA analyses showing differences among species
in the three eddies, and similarities among functional traits in
an ultra-oligotrophic environment, translated as a high-stress
environment. As represented in NMDS, microplankton trophic
modes were the most important traits, mainly represented
by mixotrophic dinoflagellates; higher representativeness of
the strictly autotrophic plankton was observed in E1. Species
composition differed among stations in the same eddy and
distinct eddies, but in this stress gradient influenced by age, loss
of vorticity, and ultra-oligotrophy, species functional fitness was
similar adapted to this environment.

Which mechanism drives species diversity is a key question
in community ecology (Segura et al., 2011). Explanations of the
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FIGURE 7 | The conceptual distribution model of microplankton richness, trophic mode, and functional diversity indices (FRic, FEve, FDis, and Fdiv) in Agulhas
eddies of different ages.

plankton paradox and why so many species coexist (Hutchinson,
1961) highlight different approaches: (i) multiple niches as a
stabilizing process (Haegeman and Loreau, 2011), (ii) neutrality
as an equalizing process (Scheffer and van Nes, 2006; Vergnon
et al., 2012), and (iii) intraspecific variations (Menden-Deuer
and Rowlett, 2014), this last mechanism is specific to population
models, not applied to our data. A combination of stabilizing
and equalizing processes may better explain coexisting species
patterns (Vergnon et al., 2009, 2012).

Species with different functional traits complement each
other by increasing the efficiency of the processes (niche
complementarity), while species with similar functional traits
replace each other (Blüthgen and Klein, 2011), as observed in the
increasing stress gradient from E1 to E5. Nutritional stress was
an equalizing factor of the functional traits in E3 and E5, favoring
mixotrophic organisms in these conditions in Figure 7.

Neutrality is the idea that interactions among species can
lead a system in a direction in which some species become so
similar that this similarity will be the primary cause of their
coexistence (Scheffer and van Nes, 2006). Among the traits
utilized in the present study, potential mixotrophy makes the
distribution model (Figure 7) different because we introduce a
new trophy, and it can be interpreted as an evolutionary trait to
live in an oligotrophic environment.

According to Vergnon et al. (2012), each group of species is
segregated by the other via classical resource competition, while
species within a group coexist mainly due to their similarity,
species within a cluster coexist essentially in the same niche,
filling the gap between the niche and neutral theory.

However, when the differences occur in only a single
functional characteristic, such as trophic strategy, then the
competitive effect must depend on environmental factors
(Barabás et al., 2013; Gracco-Roza et al., 2020), such as the stress
gradient observed from E1 to E5. Differences among species have
much greater ecological importance than neutral theory might
suggest; the neutral model alone is insufficient to determine
the mechanisms by which dominance change is biotically
accommodated in communities (Caswell, 1976). Furthermore,
competitive interactions might succeed in squeezing out a set
of species or stable conditions that might allow a community’s
invasion by new species of surrounding niche space. Marine
phytoplankton typically gives evidence of non-neutrality, but this
does not imply that ecological drift is unimportant with these
organisms (Schabhüttl et al., 2013).

Our hypothesis is partially accepted; when comparing the
eddies between control and center, or border and center,
there was no significant variation neither for functional nor
for species richness. However, when comparing eddies of
different ages, there is a variation in species and functional
richness within an environmental stress gradient. Both equalizing
(neutrality concerning functional diversity) and stabilizing
(niche) processes, filtered by this environmental stress gradient,
denoted by ultra-oligotrophy and loss of vorticity observed in
older eddies, explains the microplankton species coexistence.
Oligotrophy is an equalizing factor for microplankton functional
diversity. The absence of inorganic nutrients restricts strict
photoautotroph capacity to grow among larger and less
competitive phytoplankton in older eddies, promoting the
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increment of mixotrophic microplankton in the Agulhas
rings environment.

CONCLUSION

The analyzed data revealed that the studied oceanic eddies are
extremely complex mesoscale features. The physical variables
can change, but previously identified species as indicators of the
Indian Ocean or region of eddies are also introduced. Turbulence
occurs in association with vorticity in the region of eddies and
the entrainment of water in the center; it can favor an increase
in nutrients and phytoplankton. However, the eddies that drift
in the Atlantic Ocean carry species characteristics of the Indian
Ocean and cause turbulence that favors plankton diversity. The
microplankton sampled in the present study contained mainly
mixotrophic dinoflagellates adapted to oligotrophic conditions
since they can perform photosynthesis, consume other smaller
organisms, and cyanobacteria to the smaller size and higher
surface/volume ratio, are efficient at harnessing surrounding
nutrients. When densities and physicochemical parameters were
compared among eddies, the older ones were more similar, while
when functional trait indices were compared, a vital difference
gradient was revealed from older to younger eddies. In the
older eddy, the nutrient concentrations and functional diversity
were lower than in the youngest eddy, with neutrality explaining
better the ecology distribution of microplankton than with niche
specialization as a co-existence mechanism.

The ecology of the studied eddies’ microplankton is complex,
but the complementary and selection distribution models
helped to better understand these organisms’ dynamics in these
mesoscale features. Physical processes along these mesoscale
structure paths along the South Atlantic also influence the
inner water column structure and nutrient availability and
limitation to plankton. Although species composition differed
among rings/eddies, mixotrophs were present in all conditions,
which, in an oligotrophic ocean, are well-adapted for taking
advantage of nutrients and, under limiting conditions, able to
perform mixotrophy and consume smaller organisms. Even with
the species composition being different in each eddy and/or
within the same eddy, the functional strategy was the same,
demonstrating that neutrality linked to niche diversity and
complementarity could explain the microplankton distribution.
Where resources are scarce, and utilization is intimately linked to
coexistence and competitiveness for resources, there is a selection
of species that best use any source of nutrients or use evolutionary
advantages to live in an oligotrophic environment.
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