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RESUMO

Globigerinoides ruber albus € uma espécie de foraminifero planctonico onipresente
em aguas oceanicas superficiais tropicais e subtropicais. No entanto, sua taxonomia
ainda é objeto de debate. Aqui, identificamos a nivel de morfotipo um total de 1.816
espécimes de G. ruber albus, recuperados do estagio isotépico marinho (MIS) 14 a 9
no Site 517 do Deep Sea Dirilling Project (DSDP), localizado no giro subtropical do
Atlantico Sul. Os espécimes de G. ruber foram taxonomicamente divididos em sete
morfotipos (cyclostoma, normal, platys, kummerform, elongatus cf. 1, elongatus
pyramidical e twin) e sete parametros morfométricos foram medidos. Os morfotipos
cyclostoma, normal, platys e kummerform apresentam diferengas significativas nas
medidas morfométricas e nas propor¢gdes das medidas individuais, ocupando
segmentos separados no morfoespago. Também demonstramos que os caracteres
morfolégicos mais relevantes para a classificagcao dos morfotipos de G. ruber albus
sdo altura e largura da ultima camara e altura e largura da abertura. As analises dos
isotopos estaveis de oxigénio (3'®0) e carbono (5'3C) mostraram que o morfotipo
cyclostoma apresentou os valores de 8'®0 mais altos e os valores de §'3C mais
baixos, indicando uma preferéncia por aguas relativamente profundas e frias com
baixa atividade simbionte. O morfotipo normal apresentou a assinatura de 5'80 mais
baixa, evidenciando sua preferéncia por aguas rasas e quentes, porém seus valores
de 3'3C foram inferiores aos de platys e kummerform, sugerindo também reducgéo da
atividade do fotossimbionte. Considerando as mudangas nas abundancias relativas,
o morfotipo cyclostoma foi mais abundante durante os periodos interglaciais,
enquanto o morfotipo kummerform foi mais abundante durante os periodos glaciais
no giro subtropical do Atlantico Sul. Devido as diferengas morfométricas e isotépicas
entre os morfotipos identificados aqui, sugerimos fortemente que futuros estudos
paleoceanograficos considerem a identificagdo dos morfotipos cyclostoma, normal,
platys e kummerform.

Palavras-chave: Foraminifero plancténico; morfometria; 8'80; 8'3C; Quaternario



ABSTRACT

Globigerinoides ruber albus is a planktonic foraminiferal species widespread in
tropical and subtropical surface ocean waters. Nevertheless, its taxonomy is still
subject of debate. Here we classified at the morphotype level a total of 1816 G. ruber
albus specimens recovered from marine isotopic stage (MIS) 14 to 9 at Deep Sea
Drilling Project (DSDP) Site 517, located in the South Atlantic subtropical gyre. The
specimens were taxonomically divided into seven morphotypes of G. ruber
(cyclostoma, normal, platys, kummerform, elongatus cf. 1, elongatus pyramidical and
twin) and seven morphometric parameters were measured. The morphotypes G.
ruber albus cyclostoma, G. ruber albus normal, G. ruber albus platys and G. ruber
albus kummerform present significant differences of morphometric measurements, as
well as of ratios between individual measurements, occupying separate segments of
morphospace. We also demonstrate that the most relevant morphological characters
for the classification of G. ruber albus morphotypes are height and width of the last
chamber, and height and width of the aperture. Stable oxygen (3'80) and carbon
(3'3C) isotope analyses showed that the G. ruber albus cyclostoma morphotype
presented the highest 8'80 values and the lowest 3'3C values, indicating a
preference for relatively deep and cold waters with low symbiont activity. The G.
ruber albus normal morphotype showed the lowest 5'80 signature, evidencing its
preference for shallow and warm waters, however its 8'3C values were lower than
those of G. ruber albus platys and G. ruber albus kummerform, also suggesting
reduced photosymbiont activity. Considering changes in relative abundances,
although minor, the G. ruber albus cyclostoma morphotype was more abundant
during interglacial periods, whereas the G. ruber albus kummerform morphotype was
more abundant during glacials in the South Atlantic subtropical gyre. Due to the
morphometric and isotopic differences between the morphotypes identified here, we
suggest that future paleoceanographic studies consider identifying the G. ruber albus
cyclostoma, G. ruber albus normal, G. ruber albus platys and G. ruber albus
kummerform morphotypes.

Key-words: Planktonic foraminifera; morphometry; 5'80; 3'3C; Quaternary



SUMARIO

g 1V 230 01U 031 o 8
2 GLOBIGERINOIDES RUBER...........cccocrtririiiiscsssssersesss s sssssssss e s ssssssssssssssssssessnnns 9
2.1 Morfotipos de Globigerinoides ruber albus......................couuuuueaeeeiiineeeneinennne. 10
B3 N 0 1 [ PP 14
4 CONCLUSAOQ .....coeeirirereeesessessessesssasssssssssssssssssssssssssssssessassesssssssssssssesssensenees 38
REFERENCIAS........cciiittrenentsesesesesesesasssss s s s s s s s sssssssssssssssssssssssssenenens 39



1 INTRODUGAO

Os foraminiferos plancténicos séo organismos unicelulares, pertencentes ao
reino protista, extremamente abundantes em ambientes marinhos. Sua abundancia
e Otima preservagao das testas em sedimentos oceanicos produz um dos mais
completos registros fosseis da Terra (Boltovskoy, 1965; Kucera, 2007). Por serem
altamente sensiveis a variagbes ambientais, os foraminiferos plancténicos s&do um
instrumento essencial para reconstrucdes paleoceanograficas e estudos
bioestratigraficos (Ericson & Wollin, 1968; Hutson, 1980; Katz et al., 2010). Dentre os
foraminiferos plancténicos quaternarios, Globigerinoides ruber é uma das espécies
mais usadas em estudos paleoceanograficos de regides tropicais e subtropicais
(Wang, 2000; Kuroyanagi & Kawahata, 2004; Lin et al., 2004; Kawahata, 2005;
Léwemark et al.,, 2005; Steinke et al., 2005), principalmente em estudos de
paleotemperatura superficial oceanica (LoDico et al, 2006; Sadekov et al, 2008;
Ganssen et al, 2010; Weldeab et al., 2014), pois habita massas d’agua superficiais,
€ portadora de simbiontes dinoflagelados (Bé et al., 1977; Hemleben et al., 1989;
Schiebel & Hemleben 2017) e pode ser abundante tanto em regibes de
ressurgéncia, que apresentam condigdes eutroficas, quanto em giros subtropicais,
que apresentam condigdes oligotréficas (Kemle-von-Micke & Hemleben 1999;
Schiebel et al., 2004).

A taxonomia e a divisado entre os morfotipos de G. ruber albus tem sido objeto
de revisbes e inumeros debates nos ultimos tempos, assim como seu significado
ecolégico (Numberger et al., 2009; Aurahs et al., 2011; Bonfardeci et al. 2018;
Morard et al., 2019). Neste trabalho, é nosso objetivo avaliar: (1) se a classificagao
dos morfotipos de G. ruber albus como s.s. e s.I. é suficiente para estudos
paleoambientais, (2) se as diferengas entre os morfotipos definidos visualmente séao
morfometricamente significativas e (3) se havia diferentes preferéncias
paleoecoldgicas entre os morfotipos de G. ruber albus entre os estagios glacial e
interglacial (MIS 9 a MIS 14) no giro subtropical do Atlantico Sul. As caracteristicas
de cada morfotipo sdo descritas nos proximos capitulos.

O manuscrito do artigo desta dissertagdo de mestrado esta formatado de
acordo com as normas do periddico Journal of Foraminiferal Research, classificado

no estrato Qualis — CAPES como B1, ao qual foi submetido.



2 GLOBIGERINOIDES RUBER

Devido a coloragdo avermelhada das carapagas encontradas, d'Orbigny
(1839) classificou a espécie inicialmente como Globigerina rubra. O fenétipo alba foi
definido por Cushman (1914) a mesma espécie. Posteriormente, Cushman (1927)
incluiu Globigerina rubra ao novo género Globigerinoides devido a presenga de
aberturas suplementares.

Globigerinoides ruber (d’Orbigny, 1839) € uma espécie com o enrolamento
trocoespiral médio a alto, com trés camaras subesféricas no ultimo verticilo na fase
adulta, que aumentam de tamanho de forma moderada. Apresentam suturas radiais,
superficie grosseiramente perfurada, abertura primaria umbilical larga em forma de
arco, com duas aberturas secundarias do lado espiral (Kennett & Srinivasan, 1983;
Schiebel & Hemleben, 2017).

Existem dois fenotipos (cromaétipos) desta espécie: G. ruber pink e G. ruber
white, sendo a pink extinta nos oceanos indico e Pacifico ha ~ 120 Ka e atualmente
restrita ao oceano Atlantico e ao mar Mediterraneo. A variedade white esta presente
em todas as bacias oceéanicas (Thompson et al., 1979; Schiebel & Hemleben, 2017).
Além das distintas distribuicdbes geograficas, os cromaétipos apresentam sinais
isotdpicos significativamente diferentes (Robbins & Healy-Williams, 1991; Rohling et
al., 2004; Aze et al., 2011). Estudos baseados em dados genéticos moleculares
recentes apoiam fortemente a separagdo dos dois crométipos em espécies distintas
(Aurahs et al., 2011; Morard et al., 2019). Morard et al. (2019) sugeriram essa
separagdo em nivel subespecifico, como Globigerinoides ruber albus para a
variacao branca.

A distribuicdo de G. ruber albus se estende ainda mais nas latitudes
temperadas do Oceano Atlantico do que a variedade pink, que pode ser considerada
uma espécie de verao, enquanto o fendtipo albus ocorre durante todo o ano (Kemle-
von-Micke & Hemleben, 1999). A espécie G. ruber albus se mostra muito adaptavel
em condigdes ecoldgicas variaveis quando comparado com outras espécies

modernas do género Globigerinoides.
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2.1 Morfotipos de Globigerinoides ruber albus

Varios morfotipos de G. ruber albus séo reconhecidos na literatura e até
mesmo classificados em nivel de espécie. Globigerinoides elongatus (d'Orbigny,
1826), por exemplo, é caracterizada pela forma trocoespiral com enrolamento mais
alto, com a ultima camara achatada ou n&o; Globigerinoides pyramidalis (Van den
Broeck, 1876) com enrolamento trocoespiral mais alto que G. elongatus e quatro
camaras no ultimo verticilo e Globigerinoides cyclostomus (Galloway & Wissler,
1927) para formas com a testa compacta e abertura pequena e arredondada.
Baseados na filogenia dos foraminiferos plancténicos cenozoicos, Kennett e
Srinivasan (1983) sugeriram que estes morfotipos sdo variantes fenotipicas de uma
mesma espécie: Globigerinoides ruber. Em estudos posteriores foram descritos
varios morfotipos, geralmente identificados por codigos numéricos (Robbins & Healy-
Williams, 1991; Léwemark et al., 2005; Sadekov et al., 2008).

Wang (2000), utilizando critérios taxonédmicos, como formato das camaras,
lobacdo dos contornos da carapaca e forma/posi¢cao das aberturas, dividiu todos os
morfotipos até entdo reconhecidos em dois grupos: G. ruber sensu stricto (s.s.) e G.
ruber sensu lato (s.l.). O morfotipo G. ruber s.s. apresentam trés camaras esféricas
no verticilo final e abertura primaria larga, em forma de arco alto com duas aberturas
secundarias. Os morfotipos anteriormente descritos como Globigerinoides elongatus
(d'Orbigny, 1826), Globigerinoides pyramidalis (Van den Broeck, 1876) e
Globigerinoides cyclostomus (Galloway & Wissler, 1927) foram agrupados como G.
ruber s.|. Analises de isétopos estaveis feitas por Wang (2000) sugerem que os dois
morfotipos habitam profundidades diferentes, com G. ruber s.s. vivendo nos
primeiros 30 metros da coluna d’agua enquanto G. ruber s.l. habita profundidades
abaixo dos 30 metros.

Utilizando os mesmos critérios descritos por Wang (2000) para classificar os
morfotipos de G. ruber albus em um estudo feito no Golfo do México, Thirumalai et
al. (2014) refutaram a hipotese de que os diferentes morfotipos habitam
profundidades diferentes no local de estudo. As analises geoquimicas nao
mostraram variagdes significativas entre os morfotipos.

Numberger et al. (2009) reconheceram quatro morfotipos no estudo de dois
testemunhos do mar Mediterraneo. O morfotipo denominado normal engloba os

mesmos espécimes referidos como G. ruber s.s. por Wang (2000). O morfotipo
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platys, caracterizado por espécimes com a ultima camara compactada, achatada e
assimétrica, com abertura relativamente pequena, pode ser parcialmente
comparavel com s.I. de Wang (2000). O terceiro morfotipo, denominado elongate,
refere-se as formas correspondentes ao conceito da espécie Globigerinoides
pyramidalis de Van den Broeck (1876) e ao s.I. de Wang (2000). Neste mesmo
estudo, Numberger et al (2009) sugerem que o morfotipo platys € mais abundante
durante os periodos glaciais, enquanto o elongate é mais abundante nas
deglaciacdes e interglaciais, durante os MIS 2 a 1 e MIS 12 a 9. Além desses trés,
Numberger et al. (2009) descrevem o morfotipo denominado kummerform
(referenciado pela primeira vez por Berger, 1969), relativo a formas em que a
camara final é significativamente menor que as camaras anteriores, podendo ser
esférica ou achatada. Hecht & Savin (1970) defendem a hipdétese de que essa
camara final diminuta das formas kummerforms €& uma resposta ao estresse
ambiental causado pelo resfriamento da coluna d’agua, com as analises isotopicas
apontando temperaturas oceanicas superficiais entre 1° e 4,5 °C mais frias do que
os valores estimados para o morfotipo normal.

O morfotipo twin foi caracterizado pela primeira vez por Kontakiotis et al.
(2017) e refere-se a espécimes com duas Ultimas camaras simétricas e,
consequentemente, duas aberturas principais.

Bonfardeci et al. (2018), no estudo de um testemunho coletado no Atlantico
Norte, analisaram a distribuigcdo de seis morfotipos da espécie G. ruber ao longo dos
periodos glaciais e interglaciais dos ultimos 74,7 Ka, sendo eles s.s. (Wang, 2000);
kummerform (Numberger et al., 2009); G. elongatus que é equivalente ao morfotipo
platys de Numberger et al (2009); G. elongatus cf.1 corresponde parcialmente ao
morfotipo elongate de Numberger et al. (2009) e sendo uma possivel variante
morfolégica dentro da descricdo da espécie Globigerinoides elongatus (d'Orbigny,
1826); G. elongatus pyramidical, que tem as caracteristicas da espécie
Globigerinoides pyramidalis descrita por Van den Broeck (1876) e um sexto
morfotipo denominado cyclostoma, que é consistente com a descricdo morfoldgica
da espécie Globigerina cyclostoma de Galloway e Wissler (1927). De acordo com
Bonfardeci et al. (2018), o morfotipo cyclostoma é o menos estudado, até o
momento nao foram publicados dados genéticos moleculares para confirmar se o
mesmo € uma espécie diferente, conforme proposto por Galloway e Wissler (1927),

logo, segue sendo classificada como um morfotipo de G. ruber albus. As analises
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micropaleontoldgicas e geoquimicas de Bonfardeci et al. (2018) indicam algumas
preferéncias ecoldgicas dos morfotipos, com cyclostoma atingindo suas abundéancias
maximas durante os periodos glaciais e G. elongatus nos interglaciais.

No presente trabalho classificamos os espécimes de G. ruber albus,
considerando o maximo de morfotipos descritos na literatura, entre os sete
morfotipos a seguir: normal, platys, e kummerform seguindo os critérios de
Numberger et al. (2009), twin de Kontakiotis et al. (2017), cyclostoma, elongatus cf.1

e elongatus pyramidical de Bonfardeci et al. (2018).
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Abstract: Globigerinoides ruber albus is a planktonic foraminiferal species widespread in
tropical and subtropical surface ocean waters. Nevertheless, its taxonomy is still subject of
debate. Here we classified at the morphotype level a total of 1816 G. ruber albus specimens
recovered from marine isotopic stage (MIS) 14 to 9 at Deep Sea Drilling Project (DSDP) Site
517, located in the South Atlantic subtropical gyre. The specimens were taxonomically
divided into seven morphotypes of G. ruber (cyclostoma, normal, platys, kummerform,
elongatus cf. 1, elongatus pyramidical and twin) and seven morphometric parameters were
measured. The morphotypes G. ruber albus cyclostoma, G. ruber albus normal, G. ruber
albus platys and G. ruber albus kummerform present significant differences of morphometric
measurements, as well as of ratios between individual measurements, occupying separate
segments of morphospace. We also demonstrate that the most relevant morphological
characters for the classification of G. ruber albus morphotypes are height and width of the last
chamber, and height and width of the aperture. Stable oxygen (§'0) and carbon (5'3C)
isotope analyses showed that the G. ruber albus cyclostoma morphotype presented the §'%0
highest values and the lowest §'°C values, indicating a preference for relatively deep and cold
waters with low symbiont activity. The G. ruber albus normal morphotype showed the lowest
5'80 signature, evidencing its preference for shallow and warm waters, however its §'>C
values were lower than those of G. ruber albus platys and G. ruber albus kummerform, also
suggesting reduced photosymbiont activity. Considering changes in relative abundances,
although minor, the G. ruber albus cyclostoma morphotype was more abundant during
interglacial periods, whereas the G. ruber albus knmmerform morphotype was more abundant
during glacials in the South Atlantic subtropical gyre. Due to the morphometric and isotopic
differences between the morphotypes identified here, we suggest that future
paleoceanographic studies consider identifying the G. ruber albus cyclostoma, G. ruber albus

normal, G. ruber albus platys and G. ruber albus kummerform morphotypes.

Key-words: Planktonic foraminifera; morphometry; §'%0; §'3C; Quaternary
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1 INTRODUCTION

Planktonic foraminifera are unicellular protists, extremely abundant in marine
environments, and have a high preservation potential in ocean sediments, characterizing one
of the best fossil records on Earth (Boltovskoy, 1965; Kucera, 2007). Because they are highly
sensitive to environmental variations, planktonic foraminifera are an essential tool for
paleoceanographic reconstructions and biostratigraphic studies (e.g., Ericson & Wollin, 1968;
Hutson, 1980; Katz et al., 2010). Among Quaternary planktonic foraminifera,
Globigerinoides ruber (d’Orbigny, 1839) is one of the most used species in
paleoceanographic studies of tropical and subtropical regions (e.g., Wang, 2000; Kuroyanagi
& Kawahata, 2004; Lin et al., 2004; Kawahata, 2005; Léwemark et al., 2005; Steinke et al.,
2005). Globigerinoides ruber inhabits surface waters and can be abundant both in eutrophic
upwelling regions and in oligotrophic subtropical gyres (Kemle-von-Miicke & Hemleben
1999; Schiebel et al., 2004). There are two chromotypes of this species: G. ruber pink and G.
ruber white. Recent studies based on genetic data support that the two chromotypes are, in
fact, distinct species (Aurahs et al., 2011; Morard et al., 2019). Morard et al. (2019) proposed
the subspecies Globigerinoides ruber albus for the white variant, being this the taxonomic
definition adopted in our study.

Several morphotypes of Globigerinoides ruber albus are recognized in the literature
and even classified at the species level, as is the case of Globigerinoides elongatus
(d'Orbigny, 1826), Globigerinoides pyramidalis (Van den Broeck, 1876) and Globigerinoides
cyclostomus (Galloway & Wissler, 1927). However, Kennett and Srinivasan (1983), based on
the phylogeny of Cenozoic planktonic foraminifera, suggested that these previously described
species are phenotypic variants of the same species: Globigerinoides ruber.

Wang (2000), using taxonomic criteria such as chambers shapes, lobation of test
contours and shape/position of apertures, assigned all morphotypes recognized until then to
two groups: G. ruber sensu stricto (s.s.) and G. ruber sensu lato (s.l.). The G. ruber s.s.
presents three spherical chambers in the final whorl, a wide primary aperture in the form of a
high arch, and two secondary apertures. The morphotypes previously described as
Globigerinoides elongatus (d'Orbigny, 1826), Globigerinoides pyramidalis (Van den Broeck,
1876) and Globigerinoides cyclostomus (Galloway & Wissler, 1927) were grouped as G.
ruber s.1. Wang (2000) attempted to subdivide G. ruber s.1. into two groups according to the
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height of the spire, but due to similar stable carbon (§'3C) and oxygen (8'%0) isotope
signatures regrouped these forms. Stable isotope analyses suggest that the two morphotypes
inhabit different depths (Wang, 2000), with G. ruber s.s. living in the first 30 meters of the
water column and G. ruber s.1. inhabiting depths below 30 meters.

Numberger et al. (2009), in their study of two cores in the Mediterranean Sea, divided
G. ruber specimens into four morphotypes: normal (s.s. of Wang, 2000), platys, elongate
(partially equivalent to s.l. of Wang, 2000) and kummerform (first described by Berger,
1969). In the Mediterranean Sea, these morphotypes presented relative abundance changes
through glacial and interglacial cycles (Numberger et al., 2009). Subsequently, Kontakiotis et
al. (2017) renamed the morphotypes as A, B and C (except for kuommerform) and defined a
new morphotype, named D or twin. Bonfardeci et al. (2018), in the study of a core collected
in the North Atlantic, divided specimens into six morphotypes, being G. ruber s.s. (Wang,
2000), G. ruber kummerform and G. ruber cyclostoma, the latter being less studied so far, as
well as morphotypes assigned to Globigerinoides elongatus, such as Globigerinoides
elongatus cf. 1, Globigerinoides elongatus pyramidical. Even though the taxonomy and
subdivision of G. ruber albus morphotypes have been the subject of revisions and debates,
most paleoenvironmental studies classify G. ruber albus morphotypes as s.s. and s.1. (e.g.,
Kuroyanagi & Kawahata, 2004; Lowemark et al., 2005; Kuroyanagi et al., 2008; Thirumalai
et al., 2014; Carter et al., 2017; Jayan et al., 2021).

Here we classified at morphotype level all specimens of Globigerinoides ruber albus
recovered along Marine Isotope Stages (MIS) 14 to 9 (530 to 330 ka, late Pleistocene) at Deep
Sea Drilling Project (DSDP) Site 517, located in the South Atlantic subtropical gyre. We
considered the maximum number of morphotypes described in the literature, being those
normal, platys, and kummerform following the criteria of Numberger et al. (2009), twin by
Kontakiotis et al. (2017), and cyclostoma, Globigerinoides elongatus cf. 1 and
Globigerinoides elongatus pyramidical by Bonfardeci et al. (2018). We will refer to G.
elongatus morphotypes as elongatus cf. 1 and elongatus pyramidical, because several works
approach the plexus elongatus as G. ruber morphotypes (e.g., Kuroyanagi & Kawahata, 2004;
Lowemark et al., 2005; Carter et al., 2017; Jayan et al., 2021). A total of 1816 specimens were
classified and measured, and we additionally ran §'%0 and §'*C analyses of the four most
abundant morphotypes for each MIS. We aim to assess: (1) whether the classification of G.
ruber albus morphotypes as G. ruber albus s.s. and G. ruber albus s.1. is sufficient for
paleoceanographic studies, (2) whether the differences between the visually defined

morphotypes are morphometrically significant, and (3) whether there were different
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paleoecological preferences among the G. ruber albus morphotypes between glacial and

interglacial stages (MIS 9 to MIS 14) in the South Atlantic subtropical gyre.
2 MATERIALS AND METHODS
2.1 SITE LOCATION, SAMPLING STRATEGY AND AGE MODEL

Site 517 was drilled during Expedition 72 of DSDP, at a depth of 2963 meters, on the
western flank of the Rio Grande rise, southwestern Atlantic Ocean (30°56.81'S; 38°02.47'W,
figure 2). We sampled in 5-10 cm intervals the succession between Sections 517-2W-1 and
517-2W-2, spanning 2.89 to 5.46 meters below the seafloor (mbsf), and totaling 27 samples.
Lithologically, this interval is composed of calcareous ooze (Pujol, 1983).

We constructed an age model for the studied interval of Site 517 by correlating the
benthic foraminiferal 830 record of Grazzini et al. (1983) with the global stack LR04 of
Lisiecki and Raymo (2005). The age model was constructed using the software QAnalySeries
(Kotov & Pilike, 2018) and is presented in Supplementary Figure S1.
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FIGURE 1- Location of site DSDP 517 (white diamond) in the South Atlantic subtropical gyre
(SASG). Map showing mean annual surface temperature (Locarnini et al., 2019), and
generated with the software Ocean Data View (Schlitzer, 2020). Schematic arrows represent
main surface ocean currents in the South Atlantic (Stramma & England, 1999): Antarctic
Circumpolar Current (ACC), Brazil Current (BC), Brazil-Malvinas Confluence (BMC),
Malvinas Current (MC), North Brazil Current (NBC), South Atlantic Current (SAC),
Southern South Equatorial Current (SSEC). STF: Subtropical Front.

2.2 SAMPLE PREPARATION AND PICKING

Sediment samples were prepared as follows: (1) Weighing dry samples (approximately
10 g of sediments per sample); (2) soaking samples in deionized water for 15 minutes; (3)
washing in running water using 125 pum and 45 pum sieves; (4) drying residues in an oven at
40°C for at least 24 h.

Once dry, samples were split, when necessary, until between 300 and 600 planktonic
foraminiferal specimens were present in the aliquots. We picked all planktonic foraminifera

from the >125 pm aliquots to collect only adult specimens.

2.3 MORPHOTYPES IDENTIFICATION, IMAGE ACQUISITION AND MORPHOMETRIC

MEASUREMENTS

The typical spiny wall texture was recognized in all morphotypes; therefore,
identification was based on the following taxonomic criteria: (1) wall texture; (2) shape of the
spire; (3) number and form of chambers in the last whorl; (4) shape, dimension, and position
of the primary and secondary apertures. Based on these characteristics, we identified the
morphotypes normal, platys, cyclostoma, kummerform, elongatus cf. 1, elongatus pyramidical
and twin according to the literature (Numberger et al., 2009, Kontakiotis et al., 2017,
Bonfardeci et al., 2018) (Figure 2). The G. ruber albus normal morphotype has three spherical
chambers in the final whorl, a wide primary aperture in the form of a high arch, and two
secondary apertures. G. ruber albus cyclostoma has the most compact arrangement of
chambers, a rounded and small aperture in relation to the last chamber, and a thick test wall.
Specimens assigned to the G. ruber albus platys morphotype present a flat and asymmetrical
final chamber, with a relatively small aperture and a generally wider than tall test in apertural

view. The G. ruber albus kummerform morphotype refers to specimens with the last chamber
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significantly smaller than the previous ones, usually less than half of the size of the
penultimate chamber; this last chamber can be flattened or round, as can be the aperture.
Elongatus cf. 1 differs from platys by its higher spire, having or not a flattened last chamber.
elongatus pyramidical is characterized by having a higher spire than elongatus cf.1 and by
having four chambers in the last whorl. The twin morphotype refers to specimens with two

last symmetrical chambers and, consequently, two main apertures.

MORPHOTYPES Globigerinoides ruber albus

Cyclostoma

Elongatus
pyramidical

Kummerform

APERTURAL VIEW SIDE VIEW

Last chamber width Aperture width
(C_w) (A_w)

Aperture height
(A_h)

Last chamber
height (C_h)

Test depth

Test height (T_d)

(T_h)

Test width
(T_w)




21

FIGURE 2-Optical micrographs of G. ruber albus from DSDP Site 517. A: Images of the seven
recognized morphotypes. Scale bar of 100 um. B: Identification of the seven morphometric

parameters (and their abbreviations) measured for all G. ruber albus specimens

All specimens of G. ruber albus were imaged and manually measured with the
software AxioVision connected to a Zeiss Discovery.V20 stereomicroscope, at the
Technological Institute for Paleoceanography and Climate Change (itt OCEANEON).
Specimens were imaged in standard apertural and side views.

A total of seven morphometric parameters were measured, namely: test (T) width (w),
height (h) and depth (d), last chamber (C) width (w) and height (h), and aperture (A) width
(w) and height (h) (Figure 2). We analyzed these parameters as: aperture height (A_h);
aperture width (A_w); test height (T h); test width (T _w); test depth (T _d); last chamber
height (C_h); last chamber width (C_w); aperture height/width ratio (A_hw); last chamber
height/width ratio (C_hw); ratio between the area of the last chamber and the area of the
aperture (CA_a), test width/depth ratio (T wd); test height/width ratio (T _hw); test
height/depth ratio (T hd).

2.4 STATISTICAL ANALYSIS

A classical cluster analysis was performed to identify similarities among the
considered morphological parameters (aperture height, last chamber height, last chamber
width, test height, test depth, and test width) for each one of the identified morphotypes. The
UPGMA strategy (Unweighted Pair Group Method using Arithmetic Averages) and the
Euclidean distance coefficient were used in the analysis. In addition, we ran the Mann-
Whitney test to compare all morphometric parameters among all morphotypes. Although the
twin morphotype presents low abundances throughout the studied interval at DSDP Site 517,
we included it in the analysis, due to its remarkably different morphology. The software
PAST — Paleontological Statistics (v. 3.15; Hammer et al., 2001) was used for statistical

analyses, using a significance level of 5% for all tests.

2.5 STABLE ISOTOPE ANALYSIS

We measured the §'0 and §'°C signatures of the morphotypes normal, platys,

cyclostoma and kummerform from six samples, each sample representing a marine isotopic
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stage (MIS). Six specimens of each morphotype were placed in vials, covered with alcohol
95% and broken with a needle, aiming to expose the inner part of the chambers. They were
then placed in an ultrasonic bath, for between 60 and 75 seconds, to release clay and possible
contaminant phases. With a pipette, we collected the alcohol with suspended particles, and
then were dried in an oven at ~38°C for at least 24 hours. After drying, samples were
analyzed with an isotope ratio mass spectrometer Thermo Scientific MAT 253 (IRMS),
coupled with a Thermo Scientific Kiel IV automatic carbonate preparation device at itt
OCEANEON. Data were calibrated against the international standards IAEA 603 and IAEA
CO-8, as well as the internal standard SPH2L (Crivellari et al., 2021). Reproducibility of the
IAEA 603 standard over the measurement period was 0.05 for §!*C and 0.08 for §'%0. All

data are presented in parts per mil (%o) relative to Vienna Pee Dee Belemnite (VPDB).

4 RESULTS

4.1 MORPHOMETRIC ANALYSIS

A total of 1816 specimens of Globigerinoides ruber albus were classified and
measured at the morphotype level. These specimens of G. ruber albus were assigned to the
morphotypes cyclostoma (32.8%, 595/1816), platys (20.7%, 376/1816), kummerform (18.7%,
340/1816), normal (17.1%, 311/1816), elongatus cf. 1 (9.1%, 165/1816), elongatus
pyramidical (1.0%, 19/1816), and twin (0.6 %, 10/1816).

Our first step of analysis was to evaluate the distributions of the morphometric
measurements among G. ruber albus morphotypes. The morphotype elongatus pyramidical
presented the highest median values for A h, C h, T h, T d,andt w (Figure 3). Conversely,
the smallest median values for A h, T h, T d,and T w were recorded for the morphotype
cyclostoma, and the morphotype twin presented the smallest values for C_h and C_w (Figure
3). Except by C_h, the cyclostoma, elongatus cf. 1, and elongatus pyramidical morphotypes
can be clearly distinguished. Specifically, elongatus pyramidical could be separates from all
morphotypes using these morphometric variables. Furthermore, the kummerform morphotype
can be clearly separated from the elongatus cf. 1 and elongatus pyramidical morphotypes by
all the studied variables. On the contrary, it is evident that the platys and normal morphotypes

cannot be separated for on the basis of single measured values.
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FIGURE 3- Logio-scaled boxplots of individual morphometric parameters for each of the
studied G. ruber albus morphotypes. Total numbers of specimens are: cyclostoma = 595,
elongatus cf. 1= 165, elongatus pyramidical = 19, kummerform = 340, normal = 311, platys =
376, twin = 10.

The Mann-Whitney test demonstrates that most of the G. ruber albus morphotypes are
significantly different from each other based on individual morphometric parameters, with
only few exceptions (see Supplementary Table S2). The cluster analysis grouped the seven
morphometric parameter as follows: (1) Test height (T h) and test width (T _w); (2) test depth
(T_d) and last chamber width (C_w); (3) last chamber height (C h), aperture height (A_h)
and aperture width (A_w) (Supplementary Figure S2).

Considering mostly ratios between parameters measured individually, scatter plots
allowed to visually separate the cyclostoma, kummerform and platys morphotypes regarding
ThxC hChxC w, T hxT w,T hdxT wd, CA_axC h,and A hw x C_hw (Figure
4). These morphotypes can be clearly identified based on virtually all median values of
individual parameters (Figure 3). The normal morphotype stood out regarding T hx T w,

C hxC w,CA axC h,and CA_ax A hw (Figure 4). Considering median values of the
measured parameters, normal specimens strongly overlap with the cyclostoma specimens, but
both morphotypes can be differentiated based on A_h median values (Figure 3). The twin,
elongatus cf.1 and elongatus pyramidical morphotypes did not show significant differentiation

in the scatter plots.
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FIGURE 4- Scatterplots with measurements of all 1816 specimens indentified by morphotypes
(except for a few outliers that plot outside the figured plot ranges). Parameters considered in
the plots are: A_h (aperture height); A w (aperture width); T h (test height); T w (test
width); T_d (test depth); C_h (last chamber height); C_w (last chamber width); A_hw
(aperture height/width ratio); C_hw (last chamber height/width ratio); CA_a (ratio between
the area of the last chamber and the area of the aperture), T wd (test width/depth ratio); T hw
(test height/width ratio); T hd (test height/depth ratio). Dispersion plots were generated with
the package ggplot2 (Wickham, 2016) in R environment (R Core Team, 2019).

4.2 STRATIGRAPHIC DISTRIBUTION OF MORPHOTYPES
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The normal morphotype did not show significant changes in relative abundance
throughout the studied glacial-interglacial cycles (MIS14-9; Figure 5). The cyclostoma
morphotype presented its apexes of abundance within MIS 11 and MIS 13 (interglacial
cycles), as opposed to the kummerform morphotype, which showed drops in abundance
within MIS 11 and MIS 13 (Figure 5). The platys morphotype did not show significant
oscillations, although its lowest percentage occurred within MIS 11 and MIS 13 interglacials
(Figure 5). The morphotype elongatus cf. 1 presented low abundances in almost all samples,
except for two peaks within MIS 13 (Figure 5). The elongatus pyramidical and twin
morphotypes present percentages below 5% in all samples (Figure 5). The morphotype
elongatus pyramidical had its abundance peaks within MIS 9, 11 and 13 interglacials, whereas

the twin morphotype increased in abundance within MIS 10 and 12 glacials.
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FIGURE 5- Distribution of G. ruber albus morphotypes along MIS 14 to 9 (late Pleistocene) at
DSDP Site 517. We present estimates of the total amount of planktonic foraminifera per gram
of sediment, as well as relative abundances of G. ruber albus and its identified morphotypes.
For comparison, the global benthic foraminiferal §'%0 stack (LR04) of Lisiecki and Raymo
(2005) is presented together with the benthic foraminiferal §'®0 record of Grazzini et al.
(1983) for Site 517.

4.3 53C AND & '80 SIGNATURES OF G. RUBER ALBUS MORPHOTYPES
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Globigerinoides ruber albus morphotypes show variability of §'30 and, specially, §'*C

values during glacial and interglacial intervals (Figure 6). The cyclostoma morphotype had

the lowest 8'°C values in four of the six glacial and interglacial isotopic stages (MIS 10, MIS

12, MIS 9 and MIS 11 respectively), and in the remaining two stages, MIS 14 and MIS 13,
the second lowest 8'3C values (Figure 6). In glacial periods (MIS 10, MIS 12 and MIS 14;

Figure 6), kummerforms and platys specimens showed the highest 5'3C values, followed by

the normal morphotype, as is the case in interglacials, except for MIS 13, when the

morphotype normal had the highest §'°C value. The highest §'%0 values during glacial periods

are recorded by the morphotype cyclostoma, whereas the overall lowest '30 values are

presented by the normal morphotype. For interglacials, we could not identify any

differentiation among the morphotypes based on §'*0 values.
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FIGURE 6- 8'3C and §'%0 values of the four most abundant G. ruber albus morphotypes for

each MIS. For easier comparison, we present glacial and interglacial values separately. Note

that each morphotype has well-defined isotopic niches in glacial periods, mostly along the

d13C axis.

5.1 RELIABILITY OF IDENTIFYING G. RUBER ALBUS MORPHOTYPES

5 DISCUSSION
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In our morphometric analysis we used both individual measured parameters, as well as
morphometric ratios among several parameters. For instance, the size of the aperture, being
observed in isolation, does not allow us to separate the studied morphotypes (Figure 4e), but
when we compare aperture measurements with those of the last chamber, we were able to
clearly separate morphotypes (Figure 4g, h). The most important parameters that allowed
separating G. ruber morphotypes were C_ w, C_h, A w and A_h, confirming what we
observed in the cluster analysis (Supplementary Figure S2).

The cyclostoma morphotype is easily distinguished in scatter plots (Figure 4a-d, f, 1)
and shows the smallest measurements in four of the six evaluated parameters (A h, T h, T d
and T w; Figure 3). Considering the CA_a ratio (Figure 4a, h), which represents the relative
proportion of the apertural area in relation to the last chamber (the closer to 1, the greater the
aperture in relation to the last chamber), we can see that ~600 cyclostoma specimens show
values between 12.5 and 80 (mostly between 12.5 and 50). These values evidence the main
morphological characteristic of the cyclostoma morphotype: the small aperture in relation to
the last chamber. We can see that the same pattern emerges when we look at the aperture
height, since cyclostoma has the lowest values among all identified morphotypes (Figure 3).
Our data, therefore, support classifying cyclostoma as a separate morphotype. However,
studies on this morphotype are rare (e.g., Bonfardeci et al., 2018), and there are no molecular
genetic data to infer whether cyclostoma in fact is a phenotypic variant of G. ruber albus, or
whether it is a different species, as originally proposed by Galloway & Wissler (1927).

The normal morphotype (G. ruber sensu stricto of Wang, 2000) also presented some
characteristic parameters and morphometric ratios (Figure 4a, b, f, h, i). This morphotype
presents the median height of the last chamber higher than the other five morphotypes, being
only lower than that of the elongatus pyramidical morphotype (Figure 3). When we observe
the CA_aratio (Figure 4a, h), all specimens of the normal morphotype are grouped between
25 and 0 (mostly between 0 and 12.5), evidencing its large aperture, one of its diagnostic
characteristics. In the C_hw ratio (Figure 4d), referring to the degree of compression of the
last chamber (the closer to 0, the more compressed the last chamber), most specimens of the
normal morphotype exhibit values between 0.6 and 0.9, reinforcing the low degree of
compression of its last chamber, which is also a striking feature of this morphotype.
Kuroyanagi et al. (2008), showed that the normal morphotype is genetically distinct in up to
24% of its DNA from the sensu lato morphotype. The latter, in Kuroyanagi et al. (2008),

includes the cyclostoma, elongatus cf. 1 and elongatus pyramidical morphotypes. The recent
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molecular study of Aurahs et al. (2011) reinforced the significance of identifying the normal
morphotype.

The kummerform morphotype was distinguished by almost all parameters and ratios
(Figures 3, 4). Considering the height of the last chamber (C_h, Figure 4c, f, g, h), most
kummerform specimens show values between 25 and 100 um, relatively low when compared
to the other morphotypes, which have values ranging from 75 to 200 um. Kummerform
specimens also present the shortest widths of the last chamber (C_w between 50 and 190 pm,
Figure 4f). Regarding the degree of test compression (T _hw ratio; the smaller the number, the
more compressed the test; Figure 4 d), kummerform specimens show the lowest values among
all morphotypes, ranging from 0.75 to 1.10. The kummerform morphotype has lower median
heights and widths of the last chamber than the other five morphotypes, but the medians for
width and depth of the test are higher than those of the normal and cyclostoma morphotypes.
Our measurements corroborate the main morphological characteristic of this morphotype,
which is the abrupt decrease of the last chamber in relation to the previous ones.
Kummerform is usually considered an informal morphotype (e.g., Numberger et al., 2009;
Bonfardeci et al., 2018), as it refers to all specimens with a strong reduction in size of the last
chamber, not only for G.ruber albus, but for other species as well, such as Neogloboquadrina
incompta (Greco et al., 2020) and Globigerina pachyderma (Olson, 1973).

Specimens of the platys morphotype clustered with respect to some parameters (Figure
4b, c, d, f, h, 1). Most specimens have low values, between 0.45 and 0.65, for the C_hw ratio
(Figure 4 d), evidencing its main characteristic, which is the flattening of the last chamber.
Considering individual parameters, it has values close to those of the normal morphotype with
respect to the median height of the aperture and the median height of the last chamber (Figure
3, A_hand C h), as well as median values higher than those of the normal morphotype for
the width of the aperture, and height, width, and depth of the test (Figure 3, T h, T d and
T w). Therefore, our data allow to morphometrically differentiate the platys morphotype.
Nevertheless, studies that identified this morphotype are rare (e.g., Numberger et al., 2009,
Kontakiotis et al. 2017).

The morphotypes elongatus cf. 1, elongatus pyramidical and twin did not show
significant differentiation in the scatter plots (Figure 4), probably because they are the least
abundant morphotypes in all samples (165, 19 and 10 specimens, respectively). Considering
median values, the elongatus pyramidical morphotype is distinguishable from the others, as it
presents the highest values in all individual parameters, followed by the values of elongatus

cf.1, mainly T d (Figure 3), related to the elongation of the trochospiral whorl. Aurahs et al.
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(2011), in their genetic study, suggested that Globigerinoides elongatus could be reintegrated
as a distinct species. Morard et al. (2019), with ontogenetic and molecular genetic analyses,
confirmed that Globigerinoides elongatus is in fact a separate species. However, both Aurahs
etal. (2011) and Morard et al. (2019) analyzed platys and elongatus cf.1 specimens as being
G. elongatus. Our results for the Mann-Whitney test show significant morphometric
differences between platys and elongatus cf. 1 in five of the six parameters tested, pointing
out similarity only for the last chamber width. We suggest that future genetic studies consider
our new morphometric data to clarify whether the platys and elongatus cf. 1 should indeed be
included under G. elongatus. Our data partially supports the interpretation of Aurahs et al.
(2011) and Morard et al. (2019), that the morphotype defined here as elongatus cf.1 is in fact
G. elongatus. Despite the large morphometric difference in the individual parameters (Figure
3), there are no genetic studies that identify the morphotype elongatus pyramidical as a
separate species, as originally proposed by Van den Broeck (1876), who described it as
Globigerinoides pyramidalis. Due to the similarity in the medians of individual morphometric
parameters between elongatus pyramidical and elongatus cf. 1 (Figure 3), we suggest that
elongatus pyramidical is a morphotype of the species Globigerinoides elongatus and not of G.

ruber albus.

5.2 ECOLOGICAL AND ENVIRONMENTAL SIGNIFICANCE OF (. RUBER ALBUS

MORPHOTYPES

Changes in relative abundance of the morphotypes as well as their §'%0 and §'*C
signatures allow us to draw inferences about their (paleo)ecological preferences, as well as
their environmental significances. Differentiations of §'%0 signatures were interpreted as
evidencing preferences for slightly different depths within the upper water column, mainly
during glacial periods. The low differentiation of §'30 values among the studied G. ruber
morphotypes in interglacial periods (Figure 6) probably reflects warm and homogeneous
temperatures in the first 50 meters of water depth during these time intervals. We also
interpreted differentiations of §!°C values among the morphotypes as related to the occurrence
of algal symbionts and/or particular paleoproductivity regimes.

At Site 517, the normal morphotype did not show significant variations in abundance
between the glacial and interglacial periods, with only slightly higher relative abundances in
interglacial periods, specifically in samples at 404 and 494 ka (Figure 5, MIS 11 and MIS 13,
respectively). Wang (2000), studying South China Sea sediments, found significant
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differences in the isotopic signals of oxygen and carbon between the s.s. (normal here) and s.1.
(here platys, elongatus cf.1, elongatus pyramidical and cyclostoma) morphotypes. According
to this author, the s.s. morphotype inhabits relatively shallow water depths (first 30 m),
whereas the s.l. morphotype inhabits deeper water masses (below 30 m). Investigations on
living foraminifera (Kuroyanagi & Kawahata, 2004) from the Japan Sea support this idea. Our
5'80 measurements revealed that the normal morphotype showed the lowest 5'%0 values
among all morphotypes for MIS 10, 12, 13 and 14 (Figure 6), further supporting a preference
for warm surface waters.

The cyclostoma morphotype was more abundant in interglacial periods (Figure 5; MIS
11 and MIS13) at Site 517. This observation contrasts with the findings by Bonfardeci et al.
(2018) for the North Atlantic, where cyclostoma was more abundant during glacial intervals
(MIS 4 and MIS 2). Therefore, Bonfardeci et al. (2018) argued that the morphotype could be
used as an indicator of relatively cool climate conditions. The §'%0 signal of cyclostoma
during glacial periods at Site 517 (Figure 6, MIS 10, 12, and 14) is the highest among all
morphotypes within each MIS, supporting a probable preference for relatively deep habitat
(e.g., below 30 m) and cool waters.

The platys morphotype did not show significant variations in abundance along the
studied interval of Site 517. This finding is in opposition with the pattern of increased platys
abundances during glacial periods in the Mediterranean Sea (Numberger et al., 2009). Also,
according to Numberger et al. (2009), the platys morphotype presented overall higher §'%0
values than the normal and elongate morphotypes (here as elongatus cf.1 and elongatus
pyramidical) during MIS 12 to MIS 9. In our study, the platys morphotype indeed records
higher §'®0 values than the normal morphotype in glacial periods (Figure 6; MIS 10, MIS 12
and MIS 14), but its §'*0 values were always lower than those of the cyclostoma morphotype.
Therefore, we can infer a preference of the platys morphotype for an intermediate depth
habitat, not as shallow and warm as that of the normal morphotype, but also not as deep and
cold as that of cyclostoma.

The kummerform morphotype showed its highest relative abundances at Site 517
within MIS 10 and MIS 12 glacials and its lowest abundances within MIS 11 and MIS 13
interglacials (Figure 5), similar to the findings by Bonfardeci et al. (2018) in the North
Atlantic Ocean for MIS 4 and MIS 2. Several authors have supported the hypothesis that the
tiny final chamber of the kummerform morphotype is a response to environmental stress
caused by cooling of the water column (Berger, 1969; Hecht & Savin, 1970, 1972; Hecht,

1974; Steinke et al., 2005). However, despite changes in relative abundance, kummerform



31

specimens are present in all samples from Site 517 (Figure 5). Hecht and Savin (1970, 1972)
pointed out, based on stable isotope analyses, that kummerform specimens increased in
abundance when sea surface temperatures (SSTs) were between 1° and 4.5 °C cooler than in
intervals dominated by the normal morphotype at Sites from the Pacific and Atlantic oceans.
In our work, the kummerform specimens present higher §'*0 values than the normal
morphotype in all glacial periods (Figure 6; MIS 10, 12 and 14), but lower than those of the
cyclostoma morphotype, similar to what was observed with the platys morphotype. These
observations suggest an habitat depth preference of the kummerform morphotype comparable
to that of the platys morphotype.

The twin morphotype was the least abundant throughout the studied interval at of Site
517, totaling only 10 specimens, and studies on this morphotype are scarce (e.g., Kontakiotis
et al., 2017). A study using 40 core-top locations in the Mediterranean Sea (Antonarakou et
al., 2018), correlated the appearance of the aberrant chamber in specimens of the twin
morphotype to stressful environmental conditions, mainly hypersalinity, oligotrophy, low
oxygenation, and water column stratification. Here we speculate that the formation of the
aberrant chamber in twin specimens could be influenced by environmental stress associated
with glacial conditions (e.g., changing trophic conditions and/or water column stratification),
because they were present almost exclusively in glacial samples.

In the Mediterranean Sea (Numberger et al., 2009) the elongate morphotype (here
referred to as elongatus cf. 1 and elongatus pyramidical) was more abundant in deglaciations
and interglacials, and in the North Atlantic (Bonfardeci et al., 2018), the elongatus cf. 1
morphotype was more abundant in interglacials. Observations from these two locations are
similar to our findings at Site 517. In our work, the morphotype elongatus cf. 1 presented low
abundances and little variation along the succession, except for abundance peaks in the
interglacial MIS 13 (Figure 5). Elongatus pyramidical was abundant in interglacial intervals
(MIS 9, MIS 11 and MIS 13) and absent in the MIS 12 glacial (Figure 5), but its percentage
did not exceed 5%. Bonfardeci et al. (2018) argued that the elongatus plexus could be used as
a warm water indicator in the North Atlantic, but we cannot propose the same for the South
Atlantic, due to the low amplitude variability of abundance changes.

We can observe a clear stratification of the morphotypes considering §'3C values,
mainly during glacial periods (Figure 6). Globigerinoides ruber albus carries photosynthetic
dinoflagellate symbionts (Knight & Mantoura, 1985; Hemleben et al., 1989; Takagi et al.,
2019), which influence calcite §'3C values. Takagi et al. (2019) suggested that the depth of the
habitat of the foraminiferal host is partially governed by the symbiont. Here in our study, the
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cyclostoma morphotype has the highest §'0 values, accompanied by the lowest §!°C values,
suggesting a relatively deep habitat, characterized by cool waters and low symbiont activity.
Although the §'%0 signatures of kummerform and platys suggest a relatively deep habitat
when compared with the normal morphotype, their high 8'°C values indicate high symbiont

activity, followed by the normal morphotype, which probably lives in the shallower habitat.

6 CONCLUSIONS

Our study of the sedimentary succession comprising MIS 14 to 9 (530 to 330 ka) at
Site 517 (South Atlantic Ocean) showed that the G. ruber albus morphotypes cyclostoma,
normal, platys and kummerform present significant differences in morphometric
measurements and ratios between individual measurements, occupying separate segments in
morphospace. We also demonstrate that the most relevant morphological characters for the
classification of G. ruber albus morphotypes are height and width of the last chamber, and
height and width of the aperture.

Considering (paleo)ecological preferences, the cyclostoma morphotype was more
abundant in interglacial periods and the kummerform morphotype was more abundant in the
glacials in the South Atlantic subtropical gyre. We also identified characteristic §'%0 and §'3C
ranges for the four most abundant morphotypes (cyclostoma, normal, platys and
kummerform). The cyclostoma morphotype presented the highest 5'%0 values and the lowest
8'3C values, indicating a preference for deeper and colder waters with low symbiont activity.
The normal morphotype showed the lowest §'*0 signature, evidencing its preference for
shallow and warm waters, however its §'3C values were lower than those of platys and
kummerform, also suggesting reduced photosymbiont activity.

Due to the morphometric and isotopic differences between the G. ruber albus
morphotypes, we suggest that future paleoceanographic studies consider identifying the
normal, platys, kummerform and cyclostoma morphotypes, in addition to adopting a standard
nomenclature. Because of morphometric patterns and recent genetic studies, we suggest that
elongatus cf. 1 could be classified as a separate species, Globigerinoides elongatus, and that
the elongatus pyramidical morphotype could be classified as a G. elongatus morphotype, due

to the morphological similarities between them.
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4 CONCLUSAO

Globigerinoides ruber albus foi a espécie mais abundante dentre as 27
reconhecidas no testemunho 517, o que atesta sua importancia como espécie chave
em estudos de reconstrugcdes paleoceanograficas tropicais e subtropicais. Nosso
estudo da sucessao sedimentar abrange MIS 14 a 9 (530 a 330 ka) mostrou que os
morfotipos de G. ruber cyclostoma, normal, platys e kummerform apresentam
diferengas significativas nas medi¢gdes morfométricas e razdes de medigdes
individuais, ocupando segmentos separados no morfoespagco. Também
demonstramos que os caracteres morfolégicos mais relevantes para a classificagéo
dos morfotipos G. ruber albus séo altura e largura da ultima camara e altura e
largura da abertura.

Considerando as preferéncias (paleo)ecoldgicas, o morfotipo cyclostoma foi
mais abundante em periodos interglaciais e o morfotipo kummerform foi mais
abundante nas glaciais no giro subtropical do Atlantico Sul. Também identificamos
caracteristicas 8'80 e d'3C para os quatro morfotipos mais abundantes (cyclostoma,
normal, platys e kummerform). O morfotipo cyclostoma apresentou os valores mais
altos de 8'®0 e os menores valores §'3C, indicando preferéncia por aguas mais
profundas e frias com baixa atividade simbionte. O morfotipo normal mostrou os
valores mais baixos de 0'®0, evidenciando sua preferéncia por aguas mais
superficiais e quentes, porém seus valores de §'3C eram inferiores aos de platys e
kummerform, sugerindo também atividade fotossimbionte reduzida.

Os dados morfométricos reforcam a relevancia da separacdo dos morfotipos
normal, platys, kummerform e cyclostoma nos estudos paleoceanograficos futuros
que pretendem usar a espécie G. ruber albus como proxy, corroborados pelas
diferencgas isotépicas entre os morfotipos. Ha também a necessidade da adocao de
uma nomenclatura padrao, pois varios estudos usam identificagcdes diferentes para
os mesmos morfotipos. Devido aos padrdes morfométricos diferentes dos demais e
estudos genéticos recentes, sugerimos que elongatus cf.1 seja classificado como
uma espécie separada, Globigerinoides elongatus, e que o morfotipo elongatus
pyramidical seja classificado como um morfotipo de G. elongatus, devido as

semelhancgas morfoldgicas entre eles.
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Supplementary material:

ASSESSING THE SIGNIFICANCE OF IDENTIFYING GLOBIGERINOIDES
RUBER ALBUS MORPHOTYPES IN THE SOUTH ATLANTIC SUBTROPICAL

GYRE DURING THE LATE PLEISTOCENE

By: Tamires Nunes Zardin, Karlos G. D. Kochhann, Jorge Villegas. Martin, Guilherme

Krahl, Gerson Fauth
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Supplementary Figure S1- Age model for DSDP Site 511. We correlated the benthic
foraminiferal 3'80 record of Grazzini et al. (1983) with the global stack LR04 of

Lisieck and Raymo (2005).
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Supplementary Figure S2- Cluster analysis of the seven parameters measured on G.

ruber albus morphotypes. Parameters that vary in similar ways among morphotypes

are grouped closer together.

Supplementary Table S1- Age to depth tie points used in the age model for DSDP

Site 517.
0’80 Site | Levelin

517 m Age
2,8 0.04 0

2,13 0.7 123
2,67 1.5 240
2,68 2.9 330
2,53 3.7 406
4,61 4.2 431
3,09 4.9 490
3,41 5.4 530

Supplementary Table S2- Results of the Mann-Whitney tests. All values in bold

suggest significant differences among morphotypes.
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Table S2.1. Result of Mann Whitney test comparing all morphotypes based on the
height of the last chamber.

cyclostoma | Elongatus | elongatus | kummerform | normal platys twin
cf.1 pyramidical

cyclostoma p=0.28 p=0.003 p <0.0001 p <0.0001 | p <0.0001 | p <0.0001
Elongatus p=0.28 p=0.02 p <0.0001 p=0.007 p=0.0004 | p <0.0001
cf.1
elongatus p=0.003 p=0.02 p <0.0001 p=0.08 p=0.09 p=0.0007
pyramidical
kummerform | p <0.0001 p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p=0.40
normal p <0.0001 p=0.007 p=0.08 p <0.0001 p=0.25 p <0.0001
platys p <0.0001 p=0.0004 p=0.09 p <0.0001 p=0.25 p <0.0001
twin p <0.0001 p <0.0001 p=0.0007 p=0.40 p <0.0001 | p <0.0001

Table S2.2. Result of Mann Whitney test comparing all morphotypes for test height.

Elongatus | elongatus

cyclostoma | cf.1 pyramidical | kummerform | normal platys twin
cyclostoma p <0.0001 | p <0.0001 p=0.21 p <0.0001 | p <0.0001 | p=0.0007
Elongatus
cf.1 p <0.0001 p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.21
elongatus
pyramidical p <0.0001 p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p=0.02
kummerform | p=0.21 p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.003
normal p <0.0001 p <0.0001 | p <0.0001 | p <0.0001 p <0.0001 | p=0.02
platys p <0.0001 p <0.0001 | p <0.0001 p <0.0001 p <0.0001 p=0.83
twin p=0.0007 p=0.21 p=0.02 p=0.003 p=0.02 p=0.83

Table S2.3. Result of Mann Whitney test comparing all morphotypes for test width.

cyclostoma | Elongatus | elongatus | kummerform | normal platys twin
cf.1 pyramidical

cyclostoma p <0.0001 | p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p <0.0001
Elongatus p <0.0001 p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p=0.39
cf.1
elongatus p <0.0001 p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p=0.02
pyramidical
kummerform | p <0.0001 p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.002
normal p <0.0001 p <0.0001 | p <0.0001 p <0.0001 p <0.0001 | p=0.0003
platys p <0.0001 p <0.0001 | p <0.0001 p <0.0001 p <0.0001 p=0.16
twin p <0.0001 | p=0.39 p=0.02 p=0.002 p=0.0003 | p=0.16

Table S2.4. Result of Mann Whitney test comparing all morphotypes for last chamber

width.
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Elongatus | elongatus

cyclostoma | cf.1 pyramidical | kummerform | normal platys twin
cyclostoma p <0.0001 | p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p=0.045
Elongatus
cf.1 p <0.0001 p=0.06061 p <0.0001 p <0.0001 | p=0.14 p=0.001
elongatus
pyramidical | p <0.0001 p=0.06 p <0.0001 p=0.0001 | p=0.09 p=0.004
kummerform | p <0.0001 p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.77
normal p <0.0001 p <0.0001 | p=0.0002 p <0.0001 p <0.0001 | p=0.01
platys p <0.0001 p=0.14 p=0.09 p <0.0001 p <0.0001 p=0.0002
twin p=0.045 p=0.001 p=0.004 p=0.77 p=0.01 p=0.0002

Table S2.5. Result of Mann Whitney test comparing all morphotypes for aperture

height.
Elongatus | elongatus
cyclostoma | cf.1 pyramidical | kummerform | normal platys twin
cyclostoma p <0.0001 | p <0.0001 p=0.01098 p <0.0001 | p <0.0001 | p=0.85
Elongatus
cf.1 p <0.0001 p=0.09 p <0.0001 p <0.0001 | p <0.0001 | p=0.0006
elongatus
pyramidical | p <0.0001 | p=0.09 p <0.0001 p=0.0002 | p=0.002 | p=0.001
kummerform | p=0.01098 p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.7693
normal p <0.0001 p <0.0001 | p=0.0002 p <0.0001 p=0.0002 | p=0.01
platys p <0.0001 p <0.0001 | p=0.002 p <0.0001 p=0.0002 p=0.003
twin p=0.85 p=0.0006 | p=0.001 p=0.77 p=0.01 p=0.003
Table S2.6. Result of Mann Whitney test comparing all morphotypes for test depth.
cyclostoma | Elongatus | elongatus kummerform | normal platys twin
cf.1 pyramidical
Cyclostoma p <0.0001 p <0.0001 p <0.0001 p <0.0001 | p <0.0001 | p <0.0001
Elongatus p <0.0001 p <0.001 p <0.0001 p <0.0001 | p <0.0001 | p=0.38
cf.1
elongatus p <0.0001 p <0.001 p <0.0001 p <0.0001 | p <0.0001 | p=0.05
pyramidical
kummerform | p <0.0001 | p <0.0001 | p <0.0001 p <0.0001 | p <0.0001 | p=0.002
normal p <0.0001 | p <0.0001 | p <0.0001 p <0.0001 p <0.0001 | p=0.00028
platys p <0.0001 | p <0.0001 | p <0.0001 p <0.0001 p <0.0001 p=0.26
twin p <0.0001 | p=0.38 p=0.05 p=0.002 p=0.0003 | p=0.26




