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The distribution of planktonic foraminifera in box-core tops under the influence of a western boundary upwelling
system along the southeastern Brazilian continental margin was examined to evaluate the similarity percentage
(SIMPER) and to create a biofacies model for paleoenvironmental applications. Species associated with warm
and oligotrophic water were distributed in the Rio de Janeiro sector of the Campos Basin, while productive
water species were most abundant in the Rio de Janeiro sector of the Santos Basin, and cold-water species
were most abundant in the Cabo Frio Upwelling System (CFUS). Four major biofacies are associated with the
oceanographic setting of the CFUS: one from the Campos Basin (A — Brazil Current front), one from the Santos
Basin (B — mixture of coastal and oceanic waters), and two associated with the Cabo Frio High in the northern
biofacies (C) and southern biofacies (D). The distribution of biofacies C andDwas associatedwith temperature dif-
ferences. Biofacies C represents a mixture of upwelling and tropical waters, while biofacies D represents a mixture
of cold, nutrient-rich and Santos Basin waters. These biofacies were also defined in core CF10-01B, in which six
main paleoceanographic phases were characterized during the last 9 cal kyr, predominantly showing alternating
dominance between biofacies C and D. From 9.0 to 5.0 cal kyr before the present (BP), the systemwas dominated
by biofacies C. Between 4.0 and 3.5 cal kyr BP, biofacies Dwas dominant. Between 3.5 and 2.5 cal kyr BP, a strong
influence of coastal waters and weakened upwelling activity were indicated by the dominance of biofacies
B + C + D. The last 2.5 cal kyr was dominated by biofacies D. The SST in this core was reconstructed using the
Modern Analog Technique (MAT), which revealed 0.35 °C of variability, indicating no SST changes during the
Holocene. The weak sensitivity of the MAT was due to the interplay among different oceanographic features.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Planktonic foraminifera have been widely used to decipher
paleoceanographic changes because their distribution is strongly
influenced by temperature, salinity, upper water stratification and food
availability (Bé and Tolderlund, 1971; Niebler et al., 1999) and because
the CaCO3 tests of these foraminifera may be well preserved in the
sediment. Many studies have examined the distribution and ecology of
these species based on fossil assemblages in sediments (Thunell, 1978;
Hilbrecht, 1997; Martinez et al., 1998; Ding et al., 2006), sediment
traps and plankton nets (Bé and Tolderlund, 1971; Bé, 1977;
Boltovskoy et al., 1996; Kuroyanagi and Kawahata, 2004), and laboratory
cultures (Caron et al., 1981; Bijma et al., 1990).

Changes in the communities of planktonic foraminifera are observed
over short distances in confluence zones and upwelling areas (Little
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et al., 1997; Kuroyanagi and Kawahata, 2004; Peeters et al., 2004;
Chiessi et al., 2007; Souto et al., 2011). In this context, it is crucial to
understand the regional oceanographic characteristics of the study area
to determine which species best reflect the environmental conditions.

Several mathematical and statistical models, in addition to geo-
chemical proxies, have been used to reconstruct the environmental
conditions of the past. Sea surface temperature (SST) has been the
environmental variable that has beenmost explored, through statistical
calibration methods for transfer functions (Malmgren et al., 2001;
Kucera et al., 2005) and through the geochemical analysis of tests, in-
cluding those based on oxygen stable isotopes (δ18O) and the Mg/Ca
ratio (Anand et al., 2003; Mulitza et al., 2003).

TheModern Analog Technique (MAT, Hutson, 1980) and its variants,
such as SIMMAX (the acronym representingMAT plus a similarity index,
Pflaumann et al., 1996) and the revised analog method (RAM,
Waelbroeck et al., 1998) are themethodologies that aremost commonly
used to reconstruct SST in downcore foraminiferal assemblages. These
techniques compare the similarity between recent core-top planktonic
foraminiferal assemblages found in an area (or globally) that are associ-
ated with an SST value and fossil assemblages in the studied core. SST
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values are typically chosen from the 10 best analogs (the most similar
assemblages) to determine the reconstructed SST (Malmgren et al.,
2001). However, according to Portilho-Ramos et al. (2006) and Pivel
et al. (2013), SSTs reconstructed using the MAT are considered to be
underestimated in certain regions, such as the Southwestern Subtropical
Atlantic, where changes in the foraminiferal species that live below the
thermocline (which constitutes cooler assemblages) occurred in the
Early Holocene. Therefore, changes in the central-intermediary layer
could lead to dissimilarity with recent databases, thus influencing the
reconstructed SST.

The objectives of this study were to characterize the geographical
distribution of recent planktonic foraminifera by studying surface sedi-
ments from the Rio de Janeiro continental margin (RJCM), to contribute
to our knowledge of the ecological role of the most abundant species
found in the RJCM, and to develop a biofacies model based on similarity
Fig. 1. (a) Oceanographic characterization of the Subtropical Atlantic (modified from Stramma a
shelf off Cabo Frio, highlighting the location of the CFUS mud facies (dashed polygon).
percentage (SIMPER) analysis for application in paleoceanographic
studies. The model developed in this study was associated with core-
top modern analog assemblages, similar to the MAT. We used this
model to reconstruct the effects of different oceanographic conditions
within the studied area using similarity values. Three types of water
masses influence the region analyzed in this study: Coastal Water,
Tropical Water and South Atlantic Central Water (SACW). These water
masses were determined based on the species compositions of the
assemblages, permitting the inclusion of thermocline layer species
and, thus, reducing the paleoceanographic reconstruction bias.

2. Oceanographic setting

The Santos and Campos Basins are located in the RJCM. The boundary
between these basins is represented by the Cabo Frio High, and the Cabo
nd England, 1999), (b) the bathymetry and topography of the RJCM and (c) the continental
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Frio Upwelling System (CFUS) is the most prominent oceanographic
feature in the region (Fig. 1). The CFUS is characterized by a cold SST
anomaly during the beginning of the austral summer (December and
January, Fig. 2d) that is highly influenced by the intense NE winds
from the Subtropical South Atlantic High (Valentin, 1984). During the
austral winter, theNEwinds areweaker and the frequency of frontal sys-
tems with SW winds is higher, favoring the influence of warm surface
waters from the Brazil Current in the region (Fig. 2b).

In the CFUS, the NE trade winds impose an offshore flux of the Trop-
ical Water, inducing upwelling of SACW on the coast of Cabo Frio and
the presence of SACW in the photic zone over the middle and outer
shelf. The SACW is eventually pushed offshore by tidal movements,
reaching the front of the Brazil Current. The interaction between Tropi-
calWater and the cold upwelling plume often forms surface–subsurface
cold core meanders and eddies that favor the uplift of deeper
water masses. Campos et al. (2000), Silveira et al. (2000), Rossi-
Wongtschowski andMadureira (2006) and Calado et al. (2010) have de-
scribed this phenomenon contributing to the occurrence of SACW in the
photic zone of the continental shelf, which characterizes the CFUS.

Coastal Water occurs along most of the inner shelf of the RJCM.
Coastal Water is influenced by river discharge, estuarine waters and
shelf waters, and it is therefore characterized as a productive water
mass with low salinity (b34 psu) and high temperature (N20 °C)
(Rossi-Wongtschowski andMadureira, 2006). TropicalWater is present
along the first 200 m of the Brazil Current and originates in equatorial
latitudes. Thus, Tropical Water is oligotrophic with a high temperature
(N22 °C) and salinity (N36 psu). SACW forms the sub-surface layer of
the Brazil Current (flowing at a depth between 200 and 800 m) that
flows along the continental shelf break. It is a productive water mass
with a low temperature (between 6 and 20 °C) and medium salinity
(34.5–36 psu) (Silveira et al., 2000; Rossi-Wongtschowski and
Madureira, 2006).
Fig. 2. 2002–2010 average satellite SSTs for the RJCM (black dots) extracted from (http://las.pfe
(February, March and April); (c) average coldest SST (July, August and September); (d) averag
location of the CFUS mud facies, and the white dotted line represents the continental shelf bre
The northern RJCM (southern Campos Basin) is generally character-
ized bywarmoligotrophicwaters because of the presence of amore sta-
ble flux of the Brazil Current (Fig. 2). Such stability occurs between the
Vitoria–Trindade submarine chain and the Cabo Frio High at 23°S,
where the coastline and continental margin change their orientation
and the flow of the Brazil Current tends to move offshore (Rossi-
Wongtschowski and Madureira, 2006).

The southern RJCM (northern Santos Basin) encompasses several
water masses due to the offshore flux of the Brazil Current in the
CFUS. The meanders and eddies in the RJCM bring shelf waters,
upwelled SACW coastal plumes and oligotrophic offshore waters to-
wards the CFUS (Calado et al., 2006). These contributions from several
sources, under a multiannual perspective, characterize the occurrence
of productive waters.

3. Materials and methods

3.1. Sampling, dating and micropaleontological analyses

Our database consisted of 34 box-core tops (Fig. 3, Table 1): fifteen
box-core tops (0.5 to 1.0 cm thick) were collected within the CFUS as
part to the Ressurgência (this study) and CLIMPAST (Souto et al.,
2011) projects, and an additional nineteen box-core tops (2 cm thick)
were collected by the Living Resources of the Brazilian Economic Exclu-
sive Zone (REVIZEE) project on the continental shelf and upper conti-
nental slope of the Santos and Campos basins, adjacent to the CFUS.

A 382-cm-long gravity core (CF10-01B) was obtained from a water
depth of 128 m in the CFUS at 23.4°S and 41.6°W. This core was used
to verify the application of the biofacies defined using the surface sam-
ples in a paleoenvironmental reconstruction and to identify possible
sources of error. Here, biofacies are defined according to Stemann and
Johnson (1992) as multivariate clusters of species frequencies within a
g.noaa.gov/oceanWatch/oceanwatch.php). (a) Total average SST; (b) averagewarmest SST
e December and January SST (increased Cabo Frio upwelling). The polygon represents the
ak.

image of Fig.�2
http://las.pfeg.noaa.gov/oceanWatch/oceanwatch.php)


Fig. 3. Location of the RJCM and sampling points. Circles indicate continental slope REVIZEE box-core tops; diamonds indicate continental shelf REVIZEE box-cores tops; and triangles
indicate CFUS box-core tops from the Ressurgência and CLIMPAST projects. Site 1 (gray circle) was sampled using a box-core and the CF10-01B gravity core.
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deposit. We defined biofacies in this study using planktonic foramini-
fers. The core was subsampled at 1 cm intervals along its length, and
20organicmatter sampleswere datedusing 14C accelerationmass spec-
trometry (AMS) in the Beta Analytic laboratory. The calibration of radio-
carbon ages and the chronological model were carried out using Clam
Table 1
Box-core collection sites, including the latitude, longitude and water depth, in the RJCM.

Core id. Latitude Longitude Water depth (m) Location

BCCF10-16B2 −23.071 −41.981 103 CFUS
BCCF10-15A1 −23.059 −41.876 79 CFUS
BCCF10-14B1 −23.110 −41.967 113 CFUS
BCCF10-13A2 −23.065 −41.832 82 CFUS
BCCF10-12B3 −23.164 −41.894 121 CFUS
BCCF10-11B3 −23.105 −41.736 96 CFUS
BCCF10-10A2 −23.128 −41.720 101 CFUS
BCCF10-09B2 −23.201 −41.736 117 CFUS
BCCF10-08A1 −23.198 −41.675 113 CFUS
BCCF10-07A3 −23.112 −41.635 93 CFUS
BCCF10-04A2 −23.276 −41.645 120 CFUS
BCCF10-02B3 −23.325 −41.508 119 CFUS
BCCF10-01B1 −23.404 −41.590 128 CFUS
BCCF06-03 −23.190 −41.790 117 CFUS
BCCF06-05 −23.260 −41.800 124 CFUS
6736 −23.573 −42.176 103 Santos Basin (shelf)
6737 −24.223 −43.432 476 Santos Basin (slope)
6738 −24.193 −43.437 330 Santos Basin (slope)
6742 −23.986 −43.158 215 Santos Basin (slope)
6743 −23.923 −42.793 508 Santos Basin (slope)
6746 −23.308 −42.095 100 Santos Basin (shelf)
6748 −23.782 −42.478 497 Santos Basin (slope)
6749 −23.737 −42.497 325 Santos Basin (slope)
6751 −23.103 −42.407 93 Santos Basin (shelf)
6752 −23.727 −42.108 502 Santos Basin (slope)
6755 −23.077 −42.023 104 CFUS
6756 −23.804 −41.679 650 Cabo Frio High
6759 −23.333 −41.367 110 Campos Basin (shelf)
6760 −23.513 −41.158 419 Campos Basin (slope)
6762 −23.439 −41.231 146 Campos Basin (slope)
6764 −23.159 −40.937 425 Campos Basin (slope)
6765 −23.159 −40.950 246 Campos Basin (slope)
6767 −22.934 −40.757 453 Campos Basin (slope)
6768 −22.926 −40.668 280 Campos Basin (slope)
software (Blaauw, 2010), with the Marine09 curve (Reimer et al.,
2009) and a ΔR of 8 ± 17 years, as described by Angulo et al. (2005).
The chronological model was constructed using a smoothing spline
function, including mixed effects, with 1000 interactions and exclusion
of curves with negative sedimentation rates by the software.

For micropaleontological analysis, 10 cm3 of the sediment was
washed through a 125 μm mesh sieve. The residue was dried at 50 °C
and subjected to planktonic foraminiferal analysis, in which 300–500
specimens per sample were identified at the species level (Kennett
and Srinavasam, 1983; Loeblich and Tappan, 1988). To normalize the
species concentration data from the N125 μm sieve, the census counts
were converted to the number of tests per cm3. The morphotypes of
Globigerinoides sacculifer, with and without a sac, were treated as a sin-
gle species (G. sacculifer), as were the pink and white morphotypes of
Globigerinoides ruber and the species Globorotalia menardii, Globorotalia
tumida and Globorotalia ungulata (here referred to asG. menardii plexus).
The G. ruber morphotypes were not differentiated because sampling in
the Santos Basin was conducted to allow the identification of living
benthic foraminifera; therefore, rose Bengal staining was used. A total
foraminifera census count will be stored in the www.pangaea.de world
database.

The Globigerina bulloides/G. ruber ratio (Gb/Gr) (Tolderlund and Bé,
1971; Kucera, 2007; Toledo et al., 2008; Souto et al., 2011), cold/warm
species ratio (C/W) and MAT method (see Section 3.3) were employed
to reconstruct the upwelling intensity and temperatures, respectively.
The C/W ratio was based on integration of species preferences as de-
scribed by Lidz (1966) and Kucera (2007).
3.2. Biofacies model

The biofacies model was developed using Primer 6 and Statistica 7
software (using the Ward distance measure). The data on the absolute
abundance of planktonic foraminifera (tests·cm−3) from the thirty-
four box-core tops were introduced and transformed into relative
abundance data (%). Bray–Curtis dissimilarity was applied in a Q-mode
cluster analysis and in multidimensional scaling (MDS, Kruskal, 1964).
The groups were compared by site and distance and were considered
to be biofacies factors.

http://www.pangaea.de)
image of Fig.�3
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Cluster and MDS analyses are recommended, but not obligatory.
Grouping data according to either regions or water masses would be
sufficient, but multivariate analysis can improve the consistency of the
groups obtained and provide a clear oceanographic context for each
group. In our study area, this procedure was necessary because of a
lack of data related to the local oceanography and planktonic foraminif-
eral assemblages. In areas where the oceanographic and planktonic
foraminiferal community structures are well known, cluster analyses
would be less important.

The biofacies similarity was analyzed according to analysis of simi-
larity (ANOSIM) and the similarity percentage (SIMPER, Clarke, 1993)
as a mean value of (dis)similarity. The ANOSIM and SIMPER analyses
were applied to identify significant differences and to reveal the level
of coherence of the planktonic foraminiferal assemblages related to
the biofacies, respectively (indicated by intra-factor similarity values).
High values imply similar biofacies, whereas lower values indicate
that biofacies consist of samples with very different faunas. SIMPER
analysis is particularly effective because it identifies the foraminiferal
biofacies that can be related to oceanographic information and mea-
sures how fossil assemblages are similar to the obtained biofacies.

After obtaining the biofacies, the dissimilarities from the fossil as-
semblages in the gravity core CF10-01B were calculated. This step was
also conducted via SIMPER analysis by calculating the average relative
abundance in the biofacies. Hence, a dissimilarity value (also a percent-
age) is calculated based on the ranking of the species. Dissimilarity
values were converted to similarity values by subtracting 100 from
the obtained values. Only dissimilarity values between biofacies and
fossil data were recovered and used to reconstruct past variability.

In summary, this biofacies model generates a calibration usingmod-
ern analogs for different oceanographic settings to apply to the fossil re-
cord and to reconstruct the local/regional paleoceanography (the
geographic range of the reconstruction depends on the geographic
coverage of the recent assemblage databank). The model incorporates
and analyzes all species (all specimens in the assemblage must be iden-
tified), but SIMPER analysis prioritizes themore abundant species; thus,
rare species have very little influence on the model. The model, there-
fore, takes into account the whole vertical community structure, reduc-
ing the bias from shallow- and deep-dwelling species that is observed in
transfer function methods (Kucera et al., 2005).

Alternatively, the model is weak in reconstructing paleoceanographic
characteristics if the fossil assemblages are too dissimilar from modern
assemblages (a non-analog situation), producing less reliable results, as
commonly occurs when reconstructing glacial conditions.
3.3. MAT method

The MAT applied for the reconstruction of SST was performed with
C2 data analysis software using the South Atlantic database from
Niebler and Gersonde (1998) (SA model). This database includes 81
core tops collected between latitudes of 24°S and 55°S and longitudes
of 80°W and 15°E. The size class of the quantified assemblage of plank-
tonic foraminifers described in this database was the same as in the
present study (N125 μm). A second reconstruction was performed
based on the Niebler and Gersonde (1998) database and additional
34 box-core tops investigated in this study, totaling 115 samples
(SA + RJCM model). The SST for each box-core top represents the
average of an eight-year time series obtained from the MODIS on
Aqua database, downloaded on August 2011 (http://las.pfeg.noaa.gov/
oceanWatch/oceanwatch.php on) (Fig. 2).

The performance of the models (SA and SA + RJCM) was tested
using the leave-one-out cross-validation method, and dissimilarities
were calculated using the weighted Square Chord matrix method.
Themodel errors were expressed as the Root Mean Square Error of Pre-
diction (RMSEP). The reconstructed SST for core CF10-01Bwas based on
the average SST from the 10 best analogs.
4. Results

Among the twenty-nine species identified, G. ruber was the most
abundant, showing percentages between 26% (box-core top BCCF06-
03, CFUS) and 73% (box-core top 6760, Campos Basin, Table 2). The per-
centage of G. bulloides ranged from 1% (6765, Campos Basin slope) to
19% (BCCF10-07A3, CFUS); Globigerinita glutinata, from 3% (BCCF10-
07A3, CFUS) to 33% (6737, Santos Basin slope); and Globoturborotalita
rubescens, from 1.7% (6756, Santos/Campos boundary's slope) to 20%
(BCCF06-05, CFUS); Turborotalita quinqueloba showed percentages of
up to 10% (BCCF10-12C3, CFUS); Globigerinella calida, of up to 7.5%
(BCCF10-04A2, CFUS); G. sacculifer, of up to 6.3% (Santos Basin slope);
and the percentage of G. menardii plexus ranged from 0.2% (BCCF10-
14B1, CFUS) to 6.5% (6765, Santos Basin's slope).

The assemblages from the Campos Basin were marked by higher
percentages of warm and oligotrophic taxa, such as G. ruber,
G. sacculifer, Globorotalia truncatulinoides and G. menardii plexus
(Fig. 4). The Santos Basin was characterized by higher percentages of
G. glutinata, G. rubescens (on the shelf) and Globigerinella siphonifera.
In the CFUS, the cold-water species G. bulloides and T. quinqueloba,
G. rubescens, G. glutinata and G. calida were present in the highest
percentages. Taking into account the comparison between the neritic
and oceanic species distributions, the taxa G. ruber, G. sacculifer,
G. menardii plexus and G. truncatulinoides were more abundant on the
continental slope, whereas G. bulloides, T. quinqueloba, G. calida,
G. glutinata and, particularly, G. rubescens were more abundant over
the continental shelf.

The MDS and cluster analysis separated the 34 box-core tops into
fourmain groups (Fig. 5a and b), whichweremappedwith considerable
geographical separation (Fig. 5c). ANOSIM (Table 3) indicated signifi-
cant differences among the groups, characterizing the occurrence of
four biofacies in the RJCM. Biofacies A comprises the box-core tops
from the Campos Basin,while biofacies B includes the box-core tops col-
lected on the continental shelf and on the slope of the Santos Basin. The
CFUS was divided into two biofacies: the Northern CFUSwas defined as
biofacies C, and the Southern CFUS was defined as biofacies D. Despite
sharing the same ecosystem, i.e., the Cabo Frio upwelling system,
biofacies C and Dweremore similar to the Campos and Santos biofacies,
respectively, than to each other (Fig. 5).

With respect to core CF10-01B, 14C dating indicated a time range of
11.5 cal kyr (Table 4, Fig. 6), with larger uncertainty in the ages be-
tween 382 cm (the bottom of the core) and 230 cm. This layer consists
of a loamy sand facies, representative of a marine transgression when
erosion and sedimentary reworkingweremost likely common. Because
of the high incidence of reversed ages, this core section was not
discussed in this manuscript. From a core depth of 230 cm to the top
of the core, the sediment consists of organic clay.

The variations in the planktonic foraminiferal percentages in core
CF10-01B were similar to those found in recent assemblages, with few
exceptions (Fig. 7). The most abundant taxa were G. ruber (35–55%),
G. bulloides (5–20%), G. glutinata (5–20%), G. rubescens (5–25%),
T. quinqueloba (1–12%), G. calida (3–10%), G. sacculifer (0.5–5%) and
G. menardii plexus (0–2.5%).

The percentage of G. bulloides was high prior to 6.0 cal ka BP
and after 2.5 cal ka BP (approximately 15%), while the lowest percent-
ages of this specieswere found between 3.5 and 2.5 cal kyr BP (approx-
imately 5%). The percentage of T. quinqueloba was below 5% prior to
2.0 cal ka BP and increased to more than 10% from 1.5 cal ka BP to
the top of the core. The percentage of G. ruber varied from 45% to 55%,
with the highest values being found between 7 and 5 cal kyr BP and
between 3.5 and 2.5 cal kyr BP, which was synchronic with the abun-
dance of other species of the Campos Basin. However, G. sacculiferwas
an exception, with an abundance ranging from 4% to 8% before cal
6 cal ka BP and from 1% and 2% after this time. The percentage of
G. glutinatawas lower (less than 10%) prior to 6 cal ka BP, increasing
to more than 12% after 6 cal ka BP, and displaying peaks of 18–20%
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Table 2
Relative abundance of the main planktonic foraminifera species in the box-core tops from the RJCM.

Core id. Planktonic foraminifers relative abundance (%)

O. universa G. ruber
(total)

G. tenella G. sacculifer
(total)

G. siphonifera G. calida G. bulloides G. rubescens T. quinqueloba N. dutertrei G. glutinata G. conglobatus G. menardii
plexus (total)

G. truncatulinoides

BCCF10-16B2 0.96 58.47 0.32 2.24 1.28 5.43 15.97 5.43 2.88 0.96 4.79 0.00 0.96 0.00
BCCF10-15A1 0.60 53.27 1.49 3.27 0.30 4.76 11.90 10.71 3.57 0.89 8.93 0.00 0.30 0.00
BCCF10-14B1 0.80 37.02 1.21 1.41 0.20 2.82 17.71 13.08 7.04 0.20 16.10 0.20 0.20 0.20
BCCF10-13A2 0.91 45.12 0.61 1.52 0.30 6.40 10.98 16.46 6.10 0.00 8.84 0.00 0.91 0.00
BCCF10-12B3 0.39 30.10 1.55 0.97 0.19 5.63 11.26 18.45 9.71 0.58 19.42 0.39 0.58 0.19
BCCF10-11B3 0.34 50.17 1.69 1.69 0.68 5.42 13.22 7.12 6.10 0.68 8.47 1.02 2.71 0.34
BCCF10-10A2 0.37 43.07 1.87 3.37 1.87 3.75 16.48 13.86 6.37 0.75 5.62 0.37 1.12 0.37
BCCF10-09B2 1.15 33.85 1.15 1.54 0.77 3.46 11.54 11.54 9.62 0.00 23.46 0.38 0.38 0.00
BCCF10-08A1 0.75 43.66 0.37 1.12 0.75 5.60 13.81 10.45 6.72 0.75 13.43 1.12 0.37 0.00
BCCF10-07A3 0.31 47.80 1.26 2.83 0.63 5.35 19.18 10.69 6.60 0.63 3.14 0.31 0.94 0.00
BCCF10-04A2 0.34 38.05 1.68 2.02 1.01 7.41 12.12 10.77 9.09 0.00 15.49 0.34 1.68 0.00
BCCF10-02B3 0.47 57.08 1.89 2.83 1.18 2.59 12.74 10.85 2.83 0.24 4.25 0.47 2.12 0.24
BCCF10-01B1 0.00 33.41 2.86 1.32 0.66 6.37 9.89 20.00 9.67 0.00 13.41 0.00 1.32 0.22
BCCF06-03 0.45 26.40 1.07 0.36 0.71 5.00 17.84 14.27 9.63 0.71 18.55 0.00 1.07 0.00
BCCF06-05 0.02 32.24 1.09 0.47 0.31 6.54 11.68 20.09 4.05 0.00 20.25 0.16 1.09 0.00
6736 0.00 54.74 0.00 0.00 2.11 2.11 9.47 18.95 0.00 4.21 6.32 1.05 1.05 0.00
6737 0.00 38.59 0.00 0.33 1.81 3.78 5.58 13.63 0.16 0.33 33.17 0.33 0.66 0.00
6738 0.50 41.79 0.50 2.49 1.74 1.74 4.98 15.67 0.25 1.24 24.63 0.75 1.00 0.75
6742 0.00 59.64 1.43 3.21 2.50 0.71 8.21 7.50 0.36 1.79 10.36 0.71 0.36 1.07
6743 0.30 49.26 0.00 4.15 2.08 2.67 3.26 16.32 0.00 0.89 18.40 0.59 0.59 0.89
6746 0.00 47.92 0.57 1.13 2.26 3.21 2.64 13.77 1.13 0.57 22.45 0.94 1.13 0.00
6748 1.36 45.58 0.68 3.06 3.40 1.02 3.74 9.52 0.68 1.02 26.87 1.02 0.34 1.02
6749 0.00 31.30 1.22 2.20 6.60 3.18 8.56 13.94 0.24 0.49 30.32 0.00 0.49 0.49
6751 0.00 32.61 0.00 0.39 2.16 1.57 9.82 17.09 4.13 1.18 28.29 0.39 0.79 0.39
6752 1.35 44.61 0.60 6.29 1.65 1.35 5.39 11.83 0.90 0.90 20.51 0.90 1.80 0.30
6755 0.00 33.52 0.00 0.57 1.70 0.85 6.53 17.61 8.52 2.27 26.70 0.28 0.57 0.00
6756 2.22 72.06 0.22 5.32 2.22 0.67 3.77 1.77 0.00 0.89 6.65 1.11 2.44 0.44
6759 0.00 59.02 0.00 1.64 0.60 1.34 7.75 18.03 1.04 0.89 8.64 0.30 0.75 0.00
6760 0.83 73.76 0.28 4.42 0.83 1.10 4.42 4.70 0.00 0.00 4.14 0.55 2.21 1.93
6762 0.45 71.27 0.00 3.34 1.78 0.45 4.45 4.68 0.45 0.89 7.57 0.67 2.45 1.56
6764 0.00 67.02 0.15 2.56 1.66 2.11 2.26 7.53 0.60 0.90 10.24 0.45 2.26 1.20
6765 0.36 63.50 0.36 6.20 1.09 0.00 1.46 4.38 0.36 3.28 5.47 4.01 6.57 2.19
6767 0.26 41.86 0.26 0.65 2.97 2.58 4.01 12.27 2.84 1.42 31.65 0.39 1.94 0.26
6768 0.29 73.07 0.00 3.44 0.86 1.43 2.58 4.01 0.00 0.29 8.60 1.72 2.58 0.86
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Fig. 4.Distribution of the total absolute abundance and the relative abundances of the total absolute abundance and themain planktonic foraminifera species among box-core tops in the RJCM.
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2.0 cal ka BP. The species G. rubescens presented its highest abundance
(approximately 20–25%) prior to 7.5 cal ka BP and at approximately
4 cal ka BP and showed its lowest percentages (5% and 15%) from ap-
proximately 6.2–5.5 cal kyr BP and 2–1.5 cal kyr BP. Trace amounts of
thermocline species (G. truncatulinoides, Globorotalia inflata, Globorotalia
hirsuta and Globorotalia crassaformis) occurred during the considered
time range. However, the percentages of these thermocline species
reached up to 3% in the lowermost 150 cm (section excluded).
The Gb/Gr and C/W ratios presented similar variations along core
CF10-01B: a cold period was observed between 9.0 and 6.0 cal kyr BP;
a warm period between 6 and 2.5 cal kyr BP, with a cold, short
event detected between 4.0 and 3.5 cal kyr BP; and the return of a
cold period for the last 2.5 cal kyr. However, the two ratios yielded con-
tradictory indications of the intensity of these events: the Gb/Gr
ratio identified the period between 3.5 and 2.5 cal kyr BP (after the
4.0–3.5 cal kyr BP cold event) as the warmest period, whereas the C/W

image of Fig.�4


Fig. 5. Grouping analysis results for the RJCM planktonic foraminiferal assemblages.
(a) MDS analysis, (b) cluster analysis and (c) geographic distribution of biofacies.
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ratio identified the period between 6.0 and 2.5 cal kyr BP as thewarmest
period, with no intensity differences being observed before or after the
4.0–3.5 cal kyr BP cold event (Fig. 8).

The MAT SA + RJCM model performed slightly better than the SA
model (Table 5). The SST reconstructions produced larger standard devi-
ations in the SA model than in the SA + RJCM model as well as larger
Table 3
ANOSIM results for the four biofacies.

Biofacies Statistic R significance level % Poss

C × D 0.797 0.1 1944
B × C 0.93 0.1 9237
A × C 0.871 0.1 1944
B × D 0.825 0.2 1944
A × D 1 0.1 171
A × B 0.988 0.1 1944
dissimilarity values from the fossil assemblages. The slightly better
performance of the SA + RJCM model compared to the SA model was
expected because the examined core is located in the RJCM and therefore
tended to use the SST values fromRJCM core tops due to the high similar-
ities. The range of variability in the SSTs reconstructed by the MAT was
approximately 0.35 °C along the core (Fig. 8), indicating no SST variability
during the Holocene, as this SST range is lower than the model's RMSEP
(Table 5). Despite the small SST variation in the core, different
phases could be identified. Cold SSTs were identified between 9.0
and 5.0 cal kyr BP, with a minimum SST being detected between
7.2 and 6.0 cal kyr BP, which was indicated only by the SA + RJCM
model. Warm SSTs predominated between 5.0 and 2.0 cal kyr BP,
during which a slight cold period was observed, for which the
two models produced contrasting results: the SA model indicated
dominance of southern upwelling (4.0–3.5 cal kyr BP, Fig. 8),
whereas the SA + RJCMmodel indicated a longer time span during
which southern upwelling increased (4.5–3.5 cal kyr BP, Fig. 9).
Between 3.5 and 2.0 cal kyr BP, the two reconstructions were in
agreement, indicating warm SSTs. After 2.0 cal ka BP, the two
reconstructions were contradictory, with the SA model indicating
high SSTs until 1.5 cal ka BP, with a cooling trend being observed
thereafter, and the SA + RJCM model indicated a cooling trend
after 2.5 cal ka BP, with cold SSTs occurring after 2.0 cal ka BP.

5. Discussion

5.1. Ecological and oceanographic context of the planktonic foraminifera
distribution in the RJCM

The ecology and distribution of planktonic foraminifera were
defined according to the site where the species abundance was highest
based on oceanographic conditions.

The occurrence of G. ruber, G. sacculifer and G. menardii plexus in
warm and oligotrophic waters is well documented. These taxa are
typical in the Brazil Current and in the Subtropical Gyre because
G. ruber and G. sacculifer are surface dwellers where the water is clear
and because G. menardii plexus inhabits subsurface waters where
chlorophyll-a levels are elevated (Bé, 1977; Raveloet al., 1990; Niebler
et al., 1999; Schmuker and Schiebel, 2002; Coloma et al., 2005; Ding
et al., 2006; Martinez et al., 2007). These species are distributed along
the Brazilian continental margin near the front of the Brazil Current
(Boltovskoy et al., 1996). In the present study, these species weremain-
ly found to be distributed among the offshore core tops, particularly in
those on the Campos Basin slope (Fig. 4). Therefore, this species group
could be related to an oligotrophic water column.

With respect to the distribution of foraminifera in the South Atlantic
subsurface layer (below a depth of 100 m), there was a predominance
of G. menardii plexus, while low abundances of G. crassaformis
and G. hirsuta were observed at tropical and subtropical latitudes (in
the Subtropical Gyre). These species are replaced by G. inflata,
G. truncatulinoides andGloborotalia scitula in transitional and subantarc-
tic latitudes (Boltovskoy et al., 1996; Niebler et al., 1999). Specimens of
G. truncatulinoides can also be found in subtropical waters, but at low
abundances, generally displaying the right-coiling form, whereas the
specimens found in transitional and subantarctic waters generally
present the left-coiling form (Niebler et al., 1999). However, in Cabo
ible permutations Actual permutations No. ≥ observed

8 999 0
8 999 0
8 999 0
8 999 1
6 999 0
8 999 0
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Table 4
Radiocarbon and calibrated ages generated by Clam software for core CF10-01B.

Material Depth (cm) Code Age 14C (ka BP) Uncertainity (years) Calibrated age 95% interval (ka)

Minimum Maximum Probability

Organic matter 1 AA93441 1.03 36 0.53 0.66 95
10 AA90740 1.91 39 1.35 1.54 95
20 AA93442 1.72 38 1.18 1.34 95
40 AA89728 2.96 48 2.61 2.84 95
70 AA93443 3.22 37 2.89 3.15 95
80 AA90736 3.45 41 3.20 3.41 95

100 AA93444 3.92 38 3.78 3.78 0.3
3.79 4.04 94.7

130 AA93445 4.06 39 3.95 4.21 95
140 AA90738 4.94 44 5.08 5.09 0.9

5.11 5.43 94.1
160 AA93446 5.16 40 5.43 5.59 95
170 AA93447 5.73 41 6.01 6.25 95
200 AA90734 6.99 48 7.41 7.57 95
210 AA93448 6.59 43 6.99 7.22 95
230 AA93449 8.80 48 9.38 9.54 95
250 AA89729a 10.07 59 10.80 10.86 4.1

10.88 11.19 90.9
300 AA90735 9.26 56 9.90 10.20 95
330 AA93450 8.96 58 9.49 9.81 95
340 AA90739 9.05 67 9.53 9.97 93.4

9.97 10.00 1.6
360 AA93451 9.27 50 9.92 10.21 95
370 AA89730 11.13 110 12.38 12.88 95

a Date not used in the age model.
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Frio, no coiling preference could be observed, most likely due to the
mixture of water masses. Vicalvi (1997) and Portilho-Ramos et al.
(2006) reported the disappearance of G. menardii plexus and increases
in the percentages of G. truncatulinoides and G. inflata in glacial sedi-
ments in the southeastern and southern Brazilian continental margins,
respectively. These species were classified as traces (rare occurrences)
in recent sediments (except for G. truncatulinoides, which reached
1.5% in sediment on the Campos Basin slope, Fig. 4).

G. glutinata is a subtropical species that is not dependent on temper-
ature, salinity or depth. It is sensitive to changes in productivity,
Fig. 6. Chronological model built using Clam software for core CF10-01B. Error bars
represent the 95% confidence interval of the calibration curves for the age uncertainty,
and the gray area represents the uncertainty of the smoothing spline function interpola-
tion. The gray error bar represents the dating point excluded from the chronological
model. The dotted line separates the core sections that were included and excluded for
paleoenvironmental interpretations.
especially to diatom blooms (Boltovskoy, 1962; Bé, 1977; Kennett and
Srinavasam, 1983; Eguchi et al., 1999; Schmuker and Schiebel, 2002;
Ding et al., 2006; Machain-Castillo et al., 2008). Schmuker and
Schiebel (2002) found high abundances of G. glutinata in the center of
cyclonic eddies in the Caribbean Sea. These eddies are known for bring-
ingnutrient-richwaters into thephotic zone, leading to the formation of
a zone of high productivity. In the present study, the percentage of
G. glutinata was higher in the sediment of the Santos Basin on both
the continental shelf and slope (Fig. 3), where meanders and eddies
are frequent because of the mixing of water masses (Calado et al.,
2006; Belem et al., 2013).

The species G. siphonifera and G. calida are associated with subtrop-
ical waters. These species bear symbionts and often feed on zooplank-
ton, allowing them to occupy waters with low nutrient availability
and even the sea–sediment layer (Schmuker and Schiebel, 2002). In
this study, the occurrence of these bioindicators in the Santos Basin
characterized this basin as harboringwarm/oligotrophic and productive
water. Oceanographic variability is high in the Santos Basin because of
the instability of the Brazil Current and the coastal water input, particu-
larly the input fromGuanabara Bay. The speciesG. calidawas also found
at a high abundance, above 5%, in the CFUS, indicating a connectionwith
upwelling productivity. BecauseG. calida is not typically described as an
inhabitant of upwelling areas, this species could take advantage of short
upwelling events. In this context, G. calida might proliferate during a
late upwelling planktonic bloom under warm water conditions, where
it could actively feed on zooplankton or marine snow.

G. rubescens shows a tropical-subtropical distribution (Kennett and
Srinavasam, 1983), but its ecological preferences are poorly known,
possibly because of its small size (Al-Sabouni et al., 2007). This species
was observed near the shelf in the northeast African margin (Bé and
Hamlin, 1967) and in the southeast Brazilianmargin (MARGO database,
Pflaumann et al., 1996). In this study, we found G. rubescens to be one of
the most abundant species in the assemblages of the RJCM, presenting
percentages ranging from 5% to 20% (Fig. 4). The highest percentages
of G. rubescens (above 15%) in the study area were found over the con-
tinental shelf (on the inner shelf and offshore from the CFUS), where
G. rubescenswas considered an indicator of neritic waters. The low per-
centage of G. rubescens observed on the inner shelf of the CFUS com-
pared with the rest of the shelf could be associated with upwelling,
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Fig. 8. Comparison of the biofacies variability, abundance ratios of planktonic foraminifera
species and SST reconstructions along core CF10-01B.

Fig. 7. Variability of the relative abundance of the main planktonic foraminifera species
along core CF10-01B. “Globorotalia menardii plexus” includes Globorotalia menardii,
G. tumida and G. ungulata.
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which favors the predominance of cold-water species, decreasing the
relative abundance of G. rubescens.

The cold-water species Globigerina bulloides and T. quinqueloba are
abundant south of the Atlantic Subtropical Gyre (35°S) under the influ-
ence of the Malvinas Current (Boltovskoy, 1962; Boltovskoy et al.,
1996). However, G. bulloides is also found in high abundance in upwell-
ing areas, in contrast with T. quinqueloba, which is not very prevalent
in the tropics (Kucera, 2007). The latter species is typically abundant in
cold and very productive waters and usually inhabits the surface layer
(Boltovskoy et al., 1996; Coloma et al., 2005; Ding et al., 2006; Naidu,
2007; Rasmussen and Thomsen, 2011). In the present study, both species
were found to be abundant in the CFUS (Fig. 4), but the highest abun-
dance of G. bulloides was found in the northern CFUS, whereas the
highest abundances of T. quinqueloba were observed in the southern
and western CFUS. Therefore, the two species were treated as cold
water indicators, with T. quinqueloba being linked to colder water than
G. bulloides.

5.2. Oceanographic characterization of the biofacies

Biofacies A could be associated with the warm and oligotrophic
water of the Brazil Current related to the Campos Basin slope
(Table 6). There was a large contribution of G. ruber (76%) in biofacies
A, inwhich species such asG. glutinata,G. rubescens and G. bulloides con-
tributed less than 7%. The remaining 95% of the biofacies was contribut-
ed by the Tropical Water taxa G. menardii plexus and G. sacculifer.
In biofacies B, the contribution ofG. ruberwas lower than in biofacies
A, and shelf species that serve as indicators of productivity, such as
G. glutinata and G. rubescens, together with G. ruber, accounted for 85%
of the contribution in this biofacies. Therefore, biofacies B is representa-
tive of amixedwatermasswith a strong coastal and estuarine influence
(Guanabara Bay), showing a high nutrient concentration and small con-
tribution of Cabo Frio upwelling that could be related to warm and pro-
ductive waters (coastal and oceanic waters).

Biofacies C included 53% G. ruber, cold-water species such as
G. bulloides and T. quinqueloba, the shelf species G. rubescens and the
subtropical species G. calida. This biofacies represents attenuated or in-
duced local upwelling conditions in the northern half of the CFUS, and
because of the Brazil Current and northern Rio de Janeiro shelf water in-
puts, this biofaciesmay also include SACWupwelling plumes fromCabo
de São Tomé (northern upwelling system).

Biofacies D represents the southern half of the CFUS, where the
SACW upwelling coastal plume is located. It is characterized by a low
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Table 5
Statistics for the MAT, showing the performance of the models (given by R2 and RMSEP), the average dissimilarities between the 10 best analogs and fossil assemblages, and the average
standard deviation of SST reconstructions.

Database R2 RMSEP Best analogs average dissimilarity Average SD from SST (°C)

South Atlantic (Niebler and Gersonde, 1998) 0.988 0.894 28.19–48.17 1.04
South Atlantic + RJCM top cores 0.991 0.762 6.52–13.24 0.27
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contribution of G. ruber (35%); high contributions of G. glutinata,
G. rubescens and G. bulloides; a higher contribution of T. quinqueloba
compared with biofacies C; and a low contribution of G. calida. Thus,
this biofacies was linked to SACW cold-water upwelling conditions
(southern upwelling system). It is important to emphasize that in this
region, upwelling does not mean that SACW reaches the surface of the
water column (sensu stricto upwelling); classic upwelling occurs only
within 10 km of the coast (up to the 20 m isobath) (Albuquerque
et al., in press). The southern upwelling system, expressed by biofacies
D, indicates the presence of SACW in the photic zone due to the action
of NE winds and wind stress curl, favoring increased productivity and
the presence of cold-water foraminifera, displaying upwelling sensu lato.

5.3. CFUS biofacies separation

The separation of the assemblages within the Cabo Frio system
demonstrates that the oceanographic characteristics of the Campos
and Santos basins operate within the system, despite the occurrence
of upwelling. The separation of the assemblages was determined by
the Cabo Frio High, which separates the Campos and Santos basins.

The northern biofacies C faces the CFUS, inwhich the SST is generally
higher than in the southern portion (Fig. 2a). This SST indicates a strong
influence of Tropical Water, explaining the high percentages of G. ruber
and G. bulloides and the low percentage of T. quinqueloba. In the south-
ern CFUS, the shelf is deeper, and a low SST anomaly is found (Figs. 1c
and 2), which could explain the decrease in the percentage of G. ruber
and the increase in the percentages of cold-water species.

5.4. Sea-level fluctuations and dating reversals in core CF10-01B

Fig. 4 indicates that there were greater age uncertainties (approxi-
mately 800 years) in the first 150 cm of the core (11.5–9 cal kyr BP),
representing sea-level fluctuations. The sedimentation of loamy sand
Fig. 9. Variability along core CF10-01B for the four biofacies, placed simultaneity in the
same axis (ranked similarities): the Brazil Current front (biofacies A), mixing of shelf
and oceanic waters (biofacies B), attenuated northern upwelling (biofacies C) and the in-
tense southern upwelling (biofacies D). The dominant biofacies represents the main
oceanographic scenario for the site.
during this time period could be attributed to a reworking during
glacial regression. Based on the sea-level curves reported by Corrêa
(1996) and Bard (1998), the sea level rose between 65 and 70 m
from 11.5 to 7 cal kyr BP, when it reached its present level. This
rise in sea level was not constant, and according to Corrêa (1996),
the transgression accelerated dramatically after 9.5 cal ka BP, mak-
ing the hydrodynamic regime on the shelf more pronounced. Such
effects could have caused a strong reduction of the sedimentation
rate, resulting in age reversals or gaps in the sedimentary record.

5.5. Application of the biofacies for paleoceanographic analyses

The defined biofacies were applied to core CF10-01B (site 1 in the
CFUS, Figs. 3 and 5c) through a SIMPER analysis to determine the contri-
bution of the biofacies to the defined paleoceanographic scenarios.

5.5.1. Paleoceanographic diagnosis of the CFUS for the last 9000 years
The variability of the ranked similarities of the four recent biofacies

along the core (Fig. 9) indicated that upwelling dominated at this site
throughout the analyzed time period. From cal 9.0 to 6.0 cal kyr BP, a
high similarity between the fossil assemblages and biofacies C was ob-
served (Fig. 9), with a secondary increase in biofacies A being detected
at 6.5 cal ka BP. This timeperiodwas characterized by northern upwell-
ing conditions due to an intense influence of the Brazil Current. This sce-
nario could be favored by a varying intensity of NE winds, promoting
strong seasonal upwelling oscillations.

From 6 to 2.5 cal kyr BP, the biofacies C signal diminished, and the
similarity increased between biofacies B and D, with this similarity
becoming dominant after 5.0 cal ka BP. These two biofacies were
correlated between 6 and 4 cal kyr BP but were anti-correlated
after 4.0 cal ka BP. Between 4 and 3.5 cal kyr BP, the biofacies D sce-
nario (southern upwelling) was dominant, while between 3.5 and
2.5 cal kyr BP, there was an alternation between biofacies C and D,
with a strong biofacies B signal being observed, pointing to a weakening
of the CFUS. This scenario implies a period during which coastal waters
became more significant in determining the foraminiferal community
structure in the CFUS. This period of coastal water input could have
been caused by different sources of coastal water, including (1) the
Holocene high stand between 6 and 4.5 cal kyr BP (Angulo and Lessa,
1997; Laslandes et al., 2005) and (2) increased precipitation over the
continent between 4.5 and 2.5 cal kyr BP (Prado et al., 2012), enhancing
the contribution of coastal waters from Guanabara Bay.

The period around 5.0 cal ka BP should be discussed in particular
because several studies point to a strengthening of the South
American monsoon after 5.0 cal kyr BP (Absy et al., 1991; Sifeddine
et al., 2001; Turcq et al., 2002; Cruz et al., 2009; Razik et al., 2013).
This strengthening of themonsoon could be responsible for the intensi-
fication of a continent–sea moisture corridor of intense precipitation
(South Atlantic Convergence Zone, SACZ), which is considered to be
themain source of moisture for SE Brazil, especially during the summer
(Carvalho et al., 2004).

Prior to 5.0 cal ka BP, the latitudinal seasonal migration of the Inter-
tropical Convergence Zone (ITCZ) presented a large seasonal latitudinal
migration amplitude (Haug et al., 2001; Cruz et al., 2009). This ITCZ pat-
tern generated an intensification of the winter and summer South
Atlantic atmospheric conditions, resulting in weak NE winds and
SACW upwelling during winter and strong NE winds and upwell-
ing during summer. Such seasonal intensifications influenced the
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foraminiferal assemblages, which showed a strong correspondence
with the northern upwelling condition.

After 5.0 cal ka BP, the amplitude of the seasonal migration of the
ITCZ decreased in response to stronger summer Southern Hemisphere
insolation. The result was a larger ocean–land temperature gradient,
which favored migration of the low pressure zones from NE Brazil to
the Amazon. This displacement resulted in dry conditions in NE Brazil
and enhancement of the South-American monsoon (Cruz et al., 2009)
and, hence, of the SACZ (Prado et al., 2012). Thus, the incursion of Trop-
ical Water tended to decrease, while that of shelf waters increased
(biofacies B-like). Such explanations could be applied to interpret the
variations in upwelling observed after 5.0 cal ka BP,with intense events
occurring between 4.0 and 3.5 cal kyr BP and after 2.5 cal ka BP and
weak events between 3.5 and 2.5 cal kyr BP. After 2.5 cal ka BP, the as-
semblages at the core site indicated current oceanographic conditions,
showing a strong similarity to biofacies D (southern upwelling) and a
decrease in the offshore biofacies A (Brazil Current front) and B
(mixed oceanic and coastal waters). The percentages of G. bulloides
and G. calida increased after 2.5 cal ka BP, and the percentage of
T. quinqueloba increased after 2.0 cal ka BP (Fig. 7). These increases
were associated with an increase in the percentage of G. glutinata and
a decrease in the percentage of G. ruber, indicating a colder and more
productivewater column than in the previous phase. Thus,we can char-
acterize this scenario as corresponding to a reduction of coastal inputs
and strengthening and expansion of the upwelling system caused by
stronger NE trade winds.

5.5.2. Comparison of the G. bulloides/G. ruber (Gb/Gr) and cold/warm
species (C/W) ratios

The cold events indicated by the G. bulloides/G. ruber (Gb/Gr) and
cold/warm species (C/W) ratios coincided with the dominance of bio-
facies D between 4.0 and 3.5 cal kyr BP and after 2.5 cal ka BP. These
correlations indicate that the intensity of upwelling increased these ratios,
whereas the period between 9.0 and 6.0 cal kyr BP was dominated by
biofacies C (northern upwelling) conditions, indicating lower-intensity
cold events. The distinction between the two ratios during the cold period
following 2.5 cal ka BP (Fig. 8) could be associatedwith the percentage of
T. quinqueloba because this species occurred at low percentages prior to
2.0 cal ka BP (Fig. 7), and its percentages increased thereafter.

During the period between 6.0 and 2.5 cal kyr BP, the abundance
ratios were similar (Fig. 8), indicating warm waters, but the biofacies
and relative abundances (Figs. 7 and 9) did not suggest that this warming
had been caused by the entry of Tropical Water into the CFUS. The
maximum contribution of Tropical Water was recorded between 9.0
and 6.0 cal kyr BP, indicating an increase in biofacies A (Figs. 8 and 9).
However, the occurrence of upwellingwasmarked by high percentages
of G. bulloides, and the highest percentages of G. bulloides occurred at
approximately 6.0 cal ka BP, in conjunction with G. ruber, thus maxi-
mizing the similarity with biofacies C.

After 6.0 cal ka BP, a decrease in the abundance of both G. bulloides
andG. ruberwasobserved,withG. bulloidesdecreasingmoredramatically,
while increases in the abundances ofG. rubescens andG. glutinatawere re-
corded. These effects could indicate enhanced productivity levels and
shelf water incursions and, thus, a rising influence of biofacies B. The de-
crease in the Gb/Gr ratio was associated with replacement of G. bulloides
by G. glutinata, which indicated warm waters. These results suggest that
the assertion that low Gb/Gr ratio values (tending to G. ruber) necessarily
indicate oligotrophic conditions should be re-examined.

Alternatively, the warm period from 3.5–2.5 cal kyr BP could have
been associated with more frequent Tropical Water incursions due to
an increased similarity with oceanic biofacies compared with the up-
welling biofacies, C and D (Fig. 9). Very low percentages of G. bulloides
and T. quinqueloba and increases in G. glutinata and G. ruber were also
observed (Fig. 7). These assemblage data indicate a substantial weaken-
ing of the CFUS and suggest that eddies may have been as important as
ormore important than the Cabo Frio upwelling for productivity. In this
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case, the Gb/Gr ratio was better able to indicate warm waters than the
C/W ratio but was not a better indicator of long-term oligotrophic
conditions.

5.6. SST reconstructions via the MAT

Neither the SA nor SA + RJCM MAT model was able to recon-
struct the SST variability in the CFUS, whereas the obtained minimum–

maximum range (0.35 °C) was below the model error or RMSEP
(Table 5). The lack of sensitivity can be explained by the interplay
among different oceanographic features, such as the influence of the
Brazil Current internal front, the presence of low salinity coastal water
and the coldwater from coastal upwelling, which represents shelf condi-
tions. Such conditions may be responsible for the low spatial variation of
themean SST in the RJCM area (Fig. 2) as well as the lack of analog fora-
minifera assemblages compared with the applied database.

Although SST-MAT reconstructions have not been effective for esti-
mating SST variability in the CFUS during the Holocene, the biofacies
model showed significant variations (Fig. 9). This suggests that sub-
surface layer may be the key to understanding climatic and oceano-
graphic changes in the CFUS. SST variations are one of main factors
controlling planktonic foraminifera assemblages, though other factors
increase in importance at a local scale. According to Belem et al.
(2013), the SACW (indicated by the 18 °C isotherm) is always present,
varying from depths of 110 to 40 m between November 2010 and
September 2011. Such phenomena in the photic zone could have fa-
vored the occurrence of two different types of conditions: the oligo-
trophic, clear surface layer, inhabited by warm-water species, and the
cold, productive sub-surface layer, occupied by cold-water species.
Then, variation in hydrodynamic processes in the sub-surface layer
may have uncoupled the link between SST and the composition of the
planktonic foraminifera assemblages. As the biofacies approach encom-
passes planktonic foraminifera living along the whole water column,
surface and subsurface oceanographic features are already considered.

6. Conclusions

Analysis of planktonic foraminiferal assemblages in the RJCM using
box-core tops yielded detailed information about the ecology of the
structure of the planktonic foraminifera community within a 1° × 2.5°
area in the Southwestern Atlantic. This analysis considered community
differences in oceanic oligotrophic waters, oceanic productive waters,
shelf waters and upwelling waters. This study also contributes to the
understanding of the ecology of G. rubescens, which was found in shelf
waters, and G. calida, which could be associated with upwelling-
related productivity.

The RJCM planktonic foraminifera community was divided into four
geographically and oceanographically distinct groups. This division fa-
vored the oceanographic biofacies definition, allowing its application
in paleoceanography, using the similarity between recent assemblages
(biofacies) and fossil assemblages. Biofacies A was related to the warm
and oligotrophic waters of the Brazil Current; biofacies B was related
to the mixture of oligotrophic (oceanic) and productive (shelf) waters,
resulting in conditions of high temperature and productivity; biofacies
C was related to the occurrence of upwelling events (cold and produc-
tive waters) attenuated by frequent Brazil Current intrusions (northern
upwelling); and biofacies Dwas related to the occurrence of intense up-
welling events (southern upwelling).

The application of the biofacies model to the fossil assemblages
found in core CF10-01B indicated at least four major variations in the
planktonic foraminifera community related to different oceanographic
conditions over the last 9000 years in the CFUS. Such conditionsmay re-
flect atmospheric variations over the South Atlantic and the South
American continent that influenced the variation of the upwelling and
downwelling intensity by intensifying or weakening NE winds.
Comparison of the results of the SIMPER analysis and the analysis of
the G. bulloides/G. ruber and cold/warm species abundance ratios
showed that the abundance ratios were quite sensitive to upwelling
events induced by NEwinds. However, these analyses weremore limit-
ed in relation to warm water because of the complexity of the CFUS, in
which the source of nutrients is not restricted to the Cabo Frio upwell-
ing, making it difficult to associate higher temperatures with lower
productivity.

The addition of 34 box-core tops to the South Atlantic database im-
proved the performance of the SST reconstructions generated through
theMAT. However, the SST variation of 0.35 °C indicated during the Ho-
locene was too small to reflect the real influence of upwelling on SSTs.
Such small variations along the core could have been indicated either
because the use of the MAT was not adequate or because the SST in
the CFUS varied independently of the occurrence of upwelling. Other
paleotemperature methods could be required to determine the cause
of these small variations.
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