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Abstract

Planktonic foraminifera are unicellular organisms that precipitate their calcite tests from 

the seawater in which they live. The distribution patterns of species, as well as the trace 

HOHPHQWDO� DQG� LVRWRSLF� FRPSRVLWLRQ� RI� WKH� WHVWV�� UHÀHFW� WKH� HQYLURQPHQWDO� FRQGLWLRQV�

of the ambient seawater. Thus, fossil tests of planktonic foraminifera from sediments 

are widely used to reconstruct past ocean temperature and salinity variations. Studies 

on living planktonic foraminifera collected under natural conditions are essential for the 

interpretation of fossil data assessing the relationship between living specimens and in-situ 

ocean parameters. This study focused on the habitat patterns of tropical and subtropical 

living foraminifera and the isotopic (b18O and b13C) and Mg/Ca compositions of their tests. 

Plankton net samples were collected from the surface to a maximum 400 m water depth in 

the Caribbean Sea, Gulf of Mexico, Florida Straits and Santaren Channel. The data of living 

specimens were related to ambient seawater conditions (temperature, salinity, chlorophyll 

concentration and b18Oseawater) and compared to fossil tests retrieved from the underlying 

surface sediments.

Foraminiferal census data indicate that living planktonic foraminiferal assemblage 

FRPSRVLWLRQV�KDYH�D� VWURQJ� UHODWLRQVKLS� WR� VHDZDWHU� WHPSHUDWXUHV��6SHFLHV�VSHFL¿F� OLYLQJ�

depths were determined, and single species point to an ontogenetic migration within 

the water column. In spring 2009, a high standing stock was observed in the eastern 

Caribbean Sea close to a transient mega-patch of high chlorophyll concentrations. In 

contrast, high turbidity with low salinity was likely responsible for the sparseness of 

planktonic foraminifera in the Gulf of Paria and close to the Orinoco river plume. The 

species compositions of the living assemblages are similar to the fossil assemblages 

from underlying surface sediments, indicating no major change over the last millennia. 

Exceptions are the observed decline of Globigerinoides ruber (white) since the late 1990s 

off the coast of Puerto Rico, and a large number of Globorotalia ungulata in the Florida 

Straits in spring 2009, indicating a unique seasonal occurrence or a distinct increase in 

its population density. Further, different proportions in the foraminiferal assemblage 

FRPSRVLWLRQ� SRLQW� WR� VHDVRQDO� ÀXFWXDWLRQV� LQ� WKH� DEXQGDQFHV� RI� VLQJOH� VSHFLHV�� SUREDEO\�

UHODWHG� WR� ULYHULQH� RXWÀRZ�� L�H�� YDULDEOH� QXWULHQW� LQSXW�� RU� WHPSHUDWXUH� YDULDELOLW\��%HVLGH�

these seasonal effects, the study also shows that short storm events, in particular hurricanes, 

affect the habitat of planktonic foraminiferal populations over several days.
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Analyses of stable oxygen isotope compositions and Mg/Ca ratios of planktonic 

IRUDPLQLIHUD�VKRZ�WKDW�WHPSHUDWXUH�VWURQJO\�LQÀXHQFHV�WKH�LVRWRSLF�IUDFWLRQDWLRQ�RI�R[\JHQ�

and the incorporation of Mg2+ in foraminiferal tests. In general, increasing b18O values and 

decreasing Mg/Ca ratios are related to lower in-situ temperatures of the ambient seawater. 

Mg/Ca-values from Globigerinoides sacculifer in fossil tests are seasonally biased. In the 

Caribbean Sea, the Mg/Ca-temperature of G. sacculifer point to a high accumulation rate 

RI�HPSW\� WHVWV�RQ� WKH�VHDÀRRU� LQ�HDUO\�VSULQJ��DQG� LQ� WKH�)ORULGD�6WUDLWV� ODWHU� LQ� WKH�\HDU��

most likely in May. Combined b18O and Mg/Ca in foraminiferal tests was used to estimate 

b18O of the seawater, which is used as proxy for seawater salinity. The surface dweller 

G. sacculifer shows a positive linear relationship between the estimated b18Oseawater and 

in-situ b18Oseawater as well as salinity. However, the study also indicates that “vital effects” 

GXH� WR� V\PELRQW� DFWLYLW\� DQG� WHVW�JURZWK� VWURQJO\� LQÀXHQFH� WKH� LVRWRSLF� IUDFWLRQDWLRQ� RI�

oxygen and the incorporation of Mg2+ in foraminiferal tests. Negative disequilibrium values 

between the ambient seawater and b18O of foraminiferal tests indicate most likely symbiont 

activity. Mg/Ca compositions reveal a large scatter in samples of living specimens. It 

might be related to high and low Mg2+ bands across single chambers and point to a variable 

incorporation of Mg2+�GXULQJ�WKH�FDOFL¿FDWLRQ�SURFHVV�
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Kurzfassung

Planktonforaminiferen sind einzellige Lebewesen, die ein Gehäuse aus Kalzit bilden. 

Sowohl die Artenverteilung im Ozean als auch die Zusammensetzung der stabilen 

,VRWRSH� XQG� 6SXUHQHOHPHQWH� LQ� GHQ� *HKlXVHQ� UHÀHNWLHUHQ� GLH� 8PZHOWSDUDPHWHU� LP�

umgebenden Meerwasser. Aus diesem Grund werden fossile Planktonforaminiferen aus 

Sedimenten weltweit genutzt, um Temperatur- und Salinitäts-Schwankungen der Ozeane 

LQ� GHU� JHRORJLVFKHQ� 9HUJDQJHQKHLW� ]X� UHNRQVWUXLHUHQ�� 8QWHUVXFKXQJHQ� DQ� OHEHQGHQ�

3ODQNWRQIRUDPLQLIHUHQ�� ZHOFKH� LQ� LKUHU� QDW�UOLFKHQ� 8PJHEXQJ� JHVDPPHOW� ZHUGHQ�� VLQG�

essenziell für die Interpretation fossiler Daten, da sie den Zusammenhang zwischen 

lebenden Foraminiferen und in-situ� JHPHVVHQHQ� 8PZHOWSDUDPHWHUQ� ZLGHUVSLHJHOQ��

Diese Studie befasst sich mit den Habitaten von lebenden tropischen und subtropischen 

Foraminiferen und untersucht die stabilen Isotopen (b18O und b13C) und Mg/Ca-Verhältnisse 

LQ�GHQ�*HKlXVHQ��'DV�8QWHUVXFKXQJVJHELHW�XPIDVVW�GLH�.DULELN��GHQ�*ROI�YRQ�0H[LNR��GLH�

)ORULGD�6WUD�H�XQG�GHQ�6DQWDUHQ�&KDQQHO��3ODQNWRQ�1HW]IlQJH�ZXUGHQ�DQ�GHU�2EHUÀlFKH�

bis zu maximal 400 m Wassertiefe durchgeführt. Die Ergebnisse wurden mit den 

8PJHEXQJVSDUDPHWHUQ� LP�0HHUZDVVHU� �7HPSHUDWXU��6DOLQLWlW��&KORURSK\OO�.RQ]HQWUDWLRQ�

und b182�� VRZLH� GHQ� IRVVLOHQ� )RUDPLQLIHUHQ� DXV� 2EHUÀlFKHQVHGLPHQWHQ� QDKHOLHJHQGHU�

Stationen verglichen.

Die Zähldaten von lebenden Planktonforaminiferen zeigen einen starken 

Zusammenhang zwischen der Artenzusammensetzung und der umgebenden 

:DVVHUWHPSHUDWXU�� $UWHQVSH]L¿VFKH� +DELWDWWLHIHQ� NRQQWHQ� HUPLWWHOW� ZHUGHQ�� (LQ]HOQH�

Arten weisen auf eine ontogenetische Migration innerhalb der Wassersäule hin. Im 

Frühling 2009 wurde in der östlichen Karibik entlang eines Meeresgebietes mit hoher 

&KORURSK\OO�.RQ]HQWUDWLRQ� LP� 2EHUÀlFKHQZDVVHU� HLQH� KRKH� 3RSXODWLRQVGLFKWH� YRQ�

Foraminiferen gefunden. Im Gegensatz dazu war eine starke Trübung des Wassers im 

Zusammenspiel mit niedrigeren Salzgehalten im Golf von Paria und vor der Orinoco 

Mündung der wahrscheinlichste Grund für eine verringerte Populationsdichte. Die 

Artenzusammensetzung der lebenden und fossilen Foraminiferenvergesellschaftung ist 

sehr ähnlich und weist darauf hin, dass es keine wesentliche Veränderung in den letzten 

tausend Jahren gegeben hat. Ausnahmen bilden ein Rückgang in der Populationsdichte 

von Globigerinoides ruber (white) während der letzten Jahre an der Küste von Puerto 

Rico sowie viele Exemplare von Globorotalia ungulata in der Florida Straße im Frühling 

2009. Diese Art zeigt vermutlich ein saisonales Vorkommen oder eine starke Zunahme der 
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Populationsdichte in den letzten Jahren. Prozentual unterschiedliche Zusammensetzungen 

zwischen den lebenden und fossilen Foraminiferenvergesellschaftungen deuten 

auf unterschiedliche saisonale Vorkommen der einzelnen Arten hin. Diese werden 

KDXSWVlFKOLFK� GXUFK� VDLVRQDO� ZHFKVHOQGH� 8PZHOWEHGLQJXQJHQ� �]�%�� 1lKUVWRIIHLQWUDJ��

7HPSHUDWXU�� EHHLQÀXVVW�� 1HEHQ� HLQHP� VDLVRQDOHQ� (IIHNW� ]HLJW� GLHVH� 6WXGLH� DXFK�� GDVV�

tropische Wirbelstürme das Habitat von Planktonforaminiferen für einige Tage stark 

EHHLQÀXVVHQ�N|QQHQ�

$QDO\VHQ� YRQ� VWDELOHQ� 6DXHUVWRI¿VRWRSHQ� XQG� 0J�&D� LQ� 3ODQNWRQIRUDPLQLIHUHQ�

]HLJHQ��GDVV�GLH�7HPSHUDWXU�HLQHQ�VWDUNHQ�(LQÀXVV�DXI�GDV�b18O und Mg/Ca Verhältnis im 

Gehäuse hat. Während sinkender in-situ Temperaturen steigen in der Regel die b18O-Werte 

und Mg/Ca-Verhältnisse werden niedriger. Mg/Ca-Werte von fossilen Globigerinoides 

sacculifer-Gehäuse weisen auf unterschiedliche saisonale Vorkommen hin. So deuten 

die Mg/Ca-Temperaturen auf eine erhöhte Akkumulation von G. sacculifer auf dem 

Meeresboden am Frühlingsbeginn in der Karibik bzw. im Mai in der Florida Straße hin. 

0LWKLOIH�NRPELQLHUWHU�0HVVXQJHQ�YRQ�VWDELOHQ�6DXHUVWRI¿VRWRSHQ�XQG�0J�&D�9HUKlOWQLVVHQ�

LQ�)RUDPLQLIHUHQ�*HKlXVHQ�N|QQHQ�6DXHUVWRI¿VRWRSHQVLJQDOH�GHV�0HHUZDVVHUV�EHUHFKQHW�

XQG� DOV� 3UR[\� I�U� GLH� 6DOLQLWlW� JHQXW]W� ZHUGHQ�� 'LH� ÀDFKOHEHQGH�$UW�G. sacculifer zeigt 

einen positiven linearen Zusammenhang zwischen den berechneten b18OMeerwasser und der 

in-situ gemessenen b18OMeerwasser-Werten sowie der Salinität. Aber die Studie zeigt ebenfalls, 

dass „Vitaleffekte“, die höchstwahrscheinlich durch Symbionten-Aktivität und Wachstum 

HU]HXJW�ZHUGHQ��HLQHQ�JUR�HQ�(LQÀXVV�DXI�GLH�,VRWRSHQIUDNWLRQLHUXQJ�XQG�GHQ�(LQEDX�YRQ�

Mg2+ in das Gehäuse haben. Eine negative Abweichung des b18O-Wertes der Foraminiferen 

zum umgebenden Meerwasser weist am wahrscheinlichsten auf Symbionten-Aktivität hin. 

Eine starke Streuung der Mg/Ca-Werte in lebenden Foraminiferen, sowie Mg2+ Bänder mit 

wechselnder Konzentration in den einzelnen Kammern deuten auf einen unterschiedlichen 

Einbau von Mg2+�LQ�GDV�*HKlXVH�ZlKUHQG�GHU�.DO]L¿]LHUXQJVSUR]HVVH�KLQ�
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1.1 Motivation and main objectives of the study
Geochemical compositions (e.g. Mg/Ca or b18O) in planktonic foraminiferal tests are widely 

used and established proxies for paleoceanographic studies to reconstruct temperature 

and salinity variabilities in the past ocean. However, Mg/Ca ratios in fossil foraminiferal 

tests reveal a high scatter in recent core top sediments (e.g. Caribbean Sea, Regenberg et 

al., 2006). This scatter infers unwanted uncertainties when applying Mg/Ca as palaeo-

SUR[\�DQG� UDLVHV� WKH�TXHVWLRQ�DERXW� WKH� IDFWRUV� LQÀXHQFLQJ� WKH� LVRWRSLF� IUDFWLRQDWLRQ�DQG�

incorporation of Mg2+ in foraminiferal tests.

Numerous studies observed that planktonic foraminifera migrate vertically within 

the water column (Erez et al., 1991; Schiebel and Hemleben, 2005). These contributions 

linked the distribution pattern to different water mass properties and seasonal productivity 

�+HPOHEHQ� HW� DO��� ������ 6FKPXNHU� DQG� 6FKLHEHO�� ������ -RQNHUV� DQG� .XþHUD�� �������

Biological controlled processes, so called “vital effects”, and environmental parameters 

(e.g. salinity, ocean pH) of the ambient seawater may modify the signals of Mg/Ca or stable 

isotope composition in foraminiferal calcite (e.g. Nürnberg, 1995; Spero and Lea, 1993; 

Regenberg et al., 2006; Spero et al., 2015). Yet, there is still need of further investigations 

to improve the reliability of palaeoceanographic reconstructions based on planktonic 

foraminifera. This applies to both, census counts of assemblages and trace-elemental or 

isotopic composition of their tests.

The current study focuses on habitat patterns and geochemical compositions (Mg/Ca, 

b18O and b13C) of living planktonic foraminifera that were collected in the Caribbean Sea, 

the eastern Gulf of Mexico, Florida Straits and Santaren Channel. The data obtained strictly 

from living specimens were related to in-situ hydrographical measurements and compared 

to fossil tests from underlying surface sediments. The following major objectives and 

research questions are addressed:

How is the vertical and horizontal distribution of living foraminiferal species in the 

Caribbean and which environmental parameters affect their distribution patterns?

CHAPTER 1 
 
Introduction

(1)
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How strong is the “vital effect” under natural conditions, and what is the impact of 

environmental parameters on the fractionation of stable isotopes (b18O and b13C) and 

incorporation of Mg2+ in tests of the living foraminifera?

Is there a difference between data of the living planktonic foraminifera collected in 

the water column and fossil tests obtained from surface sediments in i) the assemblage 

composition and ii) geochemical composition of the tests?

To assess these objectives, plankton tows, sediment and water samples were analysed which 

were collected during the cruises SO164 (RV Sonne) in 2002, M78/1 (RV Meteor) in 2009, 

M94 and M95 in 2013, and during a sampling campaign off Puerto Rico in 2012.

Chapter 2 of this thesis describes the habitat patterns and life cycles of living planktonic 

foraminiferal populations collected in the surface and subsurface waters (max. 400 m 

water depth), which were compared to the fossil assemblages from surface sediments. The 

VWXG\�DOVR�GHWHUPLQHG�WKH�LQÀXHQFH�RI�HQYLURQPHQWDO�SDUDPHWHUV��WHPSHUDWXUH��VDOLQLW\�DQG�

chlorophyll-a concentration) on the assemblage composition and distribution.

Chapter 3 focuses on the geochemical (isotopic) composition (b18O and Mg/Ca) of 

IRUDPLQLIHUDO� WHVWV�� 6SHFLHV�VSHFL¿F� b18O-paleotemperature equations and Mg/Ca 

calibrations were applied on living foraminifera and compared to measured in-situ  

seawater properties (temperature, salinity and b18Oseawater) and to b18O and Mg/Ca values of 

fossil tests.

Chapter 4 presents the dynamics of planktonic assemblages off the southern coast of Puerto 

Rico during two weeks in autumn 2012. Hurricane “Sandy” passed the area by chance and 

allowed to assess the impact of this event to the planktonic fauna. Furthermore, the isotopic 

signal (b18O and b13C) in tests of Globigerinoides ruber (pink) was analysed. The results of 

this study were compared to measured in-situ environmental parameters and to an earlier 

study carried out in 1994/1995 at the same sampling sites.

Chapter 5 describes an observation that was made during processing of the plankton net 

samples. Small holes in tests of living planktonic foraminifera indicate borings of predators, 

which attack the foraminifera in the open ocean.

(2)

(3)
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1.2 Declaration of contribution
Basic ideas and research questions of Chapter 2 and Chapter 3 are based on the project 

proposal to the DFG (Deutsche Forschungsgemeinschaft): “Geochemical characterisation 

of living planktonic foraminifera in the Caribbean” (SCHO605/8-1, Applicants: Joachim 

Schönfeld and Dirk Nürnberg).

Chapter 2:  Habitats of living planktonic foraminifera in the Caribbean

Statement: 

I collected the samples on RV Meteor cruises M94 and M95. Joachim Schönfeld, Margret 

Bayer and Julia Schwab collected the samples on RV Meteor cruise M78/1. I picked the 

IRUDPLQLIHUD�RI�DOO�VDPSOHV�ZLWK�KHOS�RI�VWXGHQW�DVVLVWDQWV��$OO�IRUDPLQLIHUD�ZHUH�LGHQWL¿HG�

and counted by myself. I interpreted the data and wrote the manuscript. Joachim Schönfeld 

helped improving and revising the manuscript.

Chapter 3:  Mg/Ca and b18O in living planktonic foraminifera from the Caribbean, Gulf 

of Mexico and Florida Straits

Statement:

)RUDPLQLIHUDO� WHVWV� ZHUH� LGHQWL¿HG� DQG� VHOHFWHG� E\� P\VHOI�� ,� FOHDQHG� DQG� SUHSDUHG� DOO�

foraminiferal tests for laser ablation and stable isotope analyses by myself. LA-ICP-MS 

derived element/Ca ratios were measured by myself with support from Ed Hathorne, Jan 

Fietzke and Steffanie Nordhausen. Nadine Gehre helped cleaning the bulk samples and 

measured the samples on the ICP-OES. Fynn Wulf and Sebastian Fessler measured b18Ocalcite 

and b13Ccalcite in foraminiferal tests. The laboratory of GeoZentrum Nordbayern carried out 

b18Oseawater and b13CDIC. I interpreted the data with major input of Dirk Nürnberg. I wrote the 

manuscript by myself. Dirk Nürnberg, Joachim Schönfeld and Ed Hathorne discussed the 

results and helped improving the manuscript.

Chapter 4: Short and long-term dynamics of planktonic foraminiferal assemblages 

o! Puerto Rico (Caribbean Sea)

Statement:

I designed this study together with Joachim Schönfeld and pursued it in cooperation with 

WKH�ZRUNLQJ�JURXS�RI�0LFKDO�.XþHUD��0$580��8QLY��%UHPHQ���,�FROOHFWHG�DOO�VDPSOHV�E\�

myself with help of Agnes Weiner during a sampling campaign in October-November 2012. 

3ODQNWRQLF� IRUDPLQLIHUD� ZHUH� LGHQWL¿HG� DQG� FRXQWHG� E\� P\VHOI� ZLWK� VXSSRUW� RI� 0LFKDO�



CHAPTER 1 Introduction

4

.XþHUD�� -RDFKLP� 6FK|QIHOG� LGHQWL¿HG�� FRXQWHG� DQG� GLVFXVVHG� WKH� EHQWKLF� IRUDPLQLIHUDO�

assemblages. Fynn Wulf measured b18Ocalcite and b13Ccalcite in foraminiferal tests. The 

laboratory of Hydroisotop carried out b18Oseawater analyses. I interpreted the data and wrote 

the manuscript with major input of Joachim Schönfeld.

Chapter 5:  Predators of living planktonic foraminifera

Statement: I wrote this chapter by myself with a few comments of Joachim Schönfeld.
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1.3 Planktonic foraminifera
Planktonic foraminifera are marine protozoa with granuloreticulose pseudopodia, which 

precipitate a shell (test) of calcite carbonate (CaCO3) (Fig. 1.1). They are abundant in 

the world oceans and important for the global marine carbonate production. On average 

����*W�\U-1 CaCO3 of planktonic foraminiferal tests is globally exported at 100 m water 

GHSWK�LQ�WKH�SHODJLF�RFHDQV��6FKLHEHO���������2I�WKLV�����±�����*W�\U-1 CaCO3 is estimated 

WR�DFFXPXODWH�RQ�WKH�VHDÀRRU�

7KH�¿UVW�DSSHDUDQFH�RI�WKH�SODQNWRQLF�IRUDPLQLIHUD�LV�UHFRUGHG�LQ�WKH�HDUO\�-XUDVVLF��

7KH\�GHVFHQGHG� IURP�D�EHQWKLF� DQFHVWRU� �+DUW� HW� DO��� ������� ,W� LV� DVVXPHG� WKDW� WKH\�¿UVW�

gained a meroplanktonic lifestyle (i.e. partially benthic) before a holoplanktonic mode 

RI� OLIH� ZDV� HVWDEOLVKHG�� 8S� WR� GDWH�� DSSUR[LPDWHO\� ��� H[WDQW� SODQNWRQLF� VSHFLHV� ZLWK� D�

holoplanktonic lifestyle and several cryptic genotypes have been described (e.g. Bé, 1967; 

Hemleben et al., 1989, Darling et al., 2009; Aurahs et al., 2011; Weiner, 2014).

7KH� FODVVL¿FDWLRQ� RI� SODQNWRQLF� IRUDPLQLIHUD� LV� EDVHG� RQ� FKDUDFWHULVWLF� PRUSKRORJLFDO�

features of their test shape and wall texture. They build a multi chamber test with a 

mono- or bilamellar wall with pores, spines or pustules. During ontogeny, chambers are 

added to the test one by one (Hemleben et al., 1989). For chamber formation the external 

rhizopodial network of the foraminiferal cell built the primary organic membrane (POM), 

ZKLFK�LV�WKH�VLWH�RI�WKH�LQLWLDO�FDOFL¿FDWLRQ�SURFHVV��)RU�ELODPHOODU�WHVW�ZDOOV��FDOFLWH�OD\HUV�

are secreted at the outer and inner side of the POM. By thickening of the new chamber 

additional calcite layers are also secreted over the outer surface of previous chambers (Bé, 

������+HPOHEHQ�HW�DO����������7KUHH�PRUSKRJURXSV�ZLWK�D�ELODPHOODU� WHVW�DUH�GH¿QHG�DV��

Figure 1.1: Photos of living planktonic foraminifera taken during RV Meteor 
cruises M94 and M95. A) Different species from a plankton sample. B) Orbulina 
universa with a spherical chamber. Brownish, yellowish and orange colours 
indicate the cytoplasm (Photo: T. Mildner and A. Jentzen).

A B
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macroperforate spinose (Globigerinoidea), macroperforate nonspinose (Globorotaloidea) 

and microperforate nonspinose (Heterohelicoidea) species. The species of the family 

Hastigerinidae produce a monolamellar test wall and can be considered as own taxonomic 

group (Schiebel and Hemleben, 2005).

Different feeding behaviours of planktonic foraminifera were observed. Spinose 

species are mainly carnivorous and prey on zooplankton (e.g. calanoid copepods), non-

spinose species are mainly herbivorous and prefer phytoplankton (e.g. diatoms) (Spindler et 

DO����������6RPH�VSHFLHV�KRVW�DOJDO�V\PELRQWV�VXFK�DV�GLQRÀDJHOODWHV�RU�FKU\VRSK\FRSK\WHV��

which provide energy from their photosynthesis (Gastrich, 1987). Photosymbionts restrict 

the planktonic habitat to the euphotic zone since they are dependent on light. Smaller 

foraminiferal tests and premature gametogenesis was observed for specimens grown under 

low irradiance or without symbionts (Bé et al., 1982).  Furthermore symbionts alter the 

FKHPLFDO� IRUDPLQLIHUDO�PLFURHQYLURQPHQW�DW� WKH� VLWH�RI� WKH�FDOFL¿FDWLRQ�SURFHVVHV�GXH� WR�

their photosynthesis-respiration rate (e.g. Jørgensen et al., 1985).

The distribution pattern of living planktonic foraminifera in the ocean is depending 

on factors such as temperature, salinity and food availability (Bé and Tolderlund, 1971). 

)LYH� PDMRU� IDXQDO� SURYLQFHV� DUH� GH¿QHG�� SRODU�� VXESRODU�� WUDQVLWLRQDO�� VXEWURSLFDO� DQG�

tropical, where the diversity shows increasing trend from the polar to the tropical regions 

(Bé, 1977). The highest standing stock is found in the upper water column (photic zone) 

and single species follow a distinct depth habitat depending on ecological factors, but they 

also migrate vertically in the water column during their life cycle (Schiebel and Hemleben, 

2005). Solely sexual reproduction has been observed in the life cycle of the planktonic 

foraminifera and during their reproduction up to hundred thousands of gametes are released 

from a single parent cell. The life span of single species varies between days to one year, 

DQG�DIWHU�WKH�UHSURGXFWLRQ�WKH�HPSW\�WHVWV�VLQN�WR�WKH�VHDÀRRU��+HPOHEHQ�HW�DO���������

1.4 Temperature proxies in foraminiferal tests (b18O and Mg/Ca)
Several elemental and isotopic compositions of planktonic foraminiferal tests are used as 

proxies to reconstruct environmental parameters of the past. Of those, b18O and Mg/Ca 

are established and widely applied proxies to estimate past ocean temperature and salinity 

variabilities.

The stable oxygen isotope ratio is depending on the fractionation between 18O and 16O 

GXULQJ�FDOFL¿FDWLRQ�SURFHVVHV�RI� WKH�IRUDPLQLIHUDO� WHVW��7KLV� LV�FRQWUROOHG�E\� WHPSHUDWXUH��

while higher temperature results in a lower incorporation of the heavier isotope 182���8UH\��
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1947; McCrea, 1950; Shackleton, 1974). Not only temperature but also the oxygen isotope 

composition of the ambient seawater controls the b18
O ratio in foraminiferal calcite. The 

b182� UDWLRV� RI� WKH� VHDZDWHU� LWVHOI� LV� LQÀXHQFHG� E\� WKH� JOREDO� FRQWLQHQWDO� LFH� YROXPH� DQG�

for surface seawaters by the local evaporation and precipitation balances that correlate 

with the salinity of the seawater (Craig and Gordon, 1965). Earlier studies showed that 

ELRJHQLF� FDOFLWH� LV� QRW� SUHFLSLWDWHG� LQ� HTXLOLEULXP� DV� GH¿QHG� E\� LQRUJDQLF� SUHFLSLWDWLRQ�

experiments (e.g. Kim and O´Neil, 1997) and certain “vital effects” (such as symbiont 

DFWLYLW\��RQWRJHQHWLF�YDULDWLRQV��JURZWK���LQÀXHQFH�WKH�VLJQDO�RI�WKH�FDOFLWH�WHVW��6SHUR�DQG�

/HD�� ������%HPLV� HW� DO��� �������(UH]� DQG�/X]� �������GHYHORSHG� WKH�¿UVW� HPSLULFDO�b18
O-

temperature relationship for planktonic foraminifera (Globigerinoides sacculifer grown 

XQGHU�ODERUDWRU\�FRQGLWLRQV��DQG�IXUWKHU�VSHFLHV�VSHFL¿F�b18
O-paleotemperature equations 

were established (e.g. Bouvier-Soumagnac and Duplessy, 1985; Bemis et al., 1998).

Calcite tests of planktonic foraminifera are build from low Mg-calcite (<5 mole % 

MgCO3) (Bentov and Erez, 2006 and references therein). The temperature of the seawater 

in which the foraminifera calcify appears to be the primarily abiotic factor controlling 

the incorporation of Mg
2+

 in foraminiferal tests and numerous empirical calibrations 

show the exponential relationship between Mg/Ca ratios and temperature (e.g. Nürnberg, 

1995; Nürnberg et al., 1996; Lea et al., 1999; Anand et al., 2003). Other parameters such 

DV�VDOLQLW\�RU�FDUERQDWH�GLVVROXWLRQ�SURFHVVHV�PD\�LQÀXHQFH�WKH�0J�&D�FRPSRVLWLRQ��H�J��

1�UQEHUJ�HW�DO���������%URZQ�DQG�(OGHU¿HOG��������5HJHQEHUJ�HW�DO���������.LVDN�UHN�HW�DO���

2008; Arbuszewski et al., 2010). Large heterogeneity of Mg/Ca ratios observed in single 

foraminiferal tests is related to physiological processes such as variable Mg
2+

 uptake by 

mitochondria (e.g. diurnal high and low Mg
2+

 bands in Orbulina universa) (Spero et al., 

2015).
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Abstract

Habitat patterns of subtropical and tropical planktonic foraminifera in the Caribbean were 

obtained by using 136 plankton samples collected in spring 2009 and 2013. The spatial 

distribution in surface waters (3.5 m water depth) and depth habitat patterns (0–400 m) of 

33 species were compared with prevailing water mass conditions (temperature, salinity and 

chlorophyll-a concentration) and with fossil planktonic assemblages in surface sediments.

The distribution patterns of planktonic foraminiferal assemblages point to a significant 

relationship to seawater temperature. Close to the Orinoco river plume and in the Gulf 

of Paria, high turbidity and concomitant low surface-water salinity probably effected 

a reduction in the standing stock. In contrast, a transient mega-patch of high chlorophyll 

concentrations in the eastern Caribbean Sea triggered a higher standing stock in near 

surface waters, with higher abundances of Globigerinita glutinata and Neogloboquadrina 

dutertrei. The species Globorotalia truncatulinoides (dextral) mainly lives close to the 

upper thermocline and can be linked to cold winter temperatures (~20°C). A large number 

of Globorotalia ungulata dwelled in the Florida Straits and probably indicate an increase 

in its population density, or a unique seasonal occurrence. Globigerinoides sacculifer 

and Globoturborotalita rubescens are linked to oligotrophic offshore conditions in the 

Caribbean Sea during early spring. The living assemblages in the water column show a 

similar faunal composition to the fossil assemblages in the surface sediments and give 

a reliable picture of the recent distribution, indicating no major change over the past 

millennia. Differences in the percentage distribution of single species are probably due to 

seasonal variabilities.

CHAPTER 2 
 
Habitats of living planktonic foraminifera  
in the Caribbean 
 
 
A. Jentzen, J. Schönfeld 
This chapter is going to be submitted to Journal of Foraminiferal Research
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2.1 Introduction

Planktonic foraminifera are marine protists that live in the surface to mid-depth ocean and are 

widely distributed across the globe. They are sensitive to the biological and hydrographical 

parameters of the ambient seawater, for example food supply, light availability and 

WHPSHUDWXUH� �6FKLHEHO� DQG� +HPOHEHQ�� ������ .XþHUD�� ������� 7KH� FDOFLWH� VKHOOV� �WHVWV�� RI�

planktonic foraminifera have a high preservation potential in sedimentary archives and 

are the most important group of microfossils for the reconstruction of paleoenvironmental 

conditions (Fischer and Wefer, 1999). To improve these reconstructions, it is necessary to 

understand the relation between the distribution of living planktonic foraminifera and the 

environmental conditions in the ambient seawater. For this reason, plankton net catches 

ZHUH� LQYHVWLJDWHG� LQ� HDUO\� VWXGLHV�ZRUOGZLGH� �H�J�� 6FKRWW�� ������%UDGVKDZ�� ������ -RQHV��

1968; Duplessy et al., 1981a) and large faunal provinces were assigned, from polar to 

WURSLFDO�DUHDV��%p���������7KLV�ELRJHRJUDSKLFDO�]RQLQJ�VKRZHG�WKDW�VSHFLHV�SUHIHU�GLIIHUHQW�

habitat characteristics, presumably linked to prevailing water mass properties, such as the 

VHD�VXUIDFH�WHPSHUDWXUH��%p���������5HFHQW�VWXGLHV�DOVR�UHODWHG�WKH�RFFXUUHQFH��RU�DEVHQFH��

of species to upwelling (Guptha et al. 1994), chlorophyll-a concentrations, (Fairbanks 

DQG�:LHEH�� ������ 6FKLHEHO� HW� DO��� ������ .XUR\DQDJL� DQG� .DZDKDWD�� ������ 5HWDLOOHDX� HW�

DO���������RU�VHDVRQDOLW\��6FKPXNHU������E��-RQNHUV�DQG�.XþHUD���������,W�LV�LPSRUWDQW�WR�

note that plankton tows depict only snapshots of the faunal distribution at the moment of 

VDPSOLQJ��6HDVRQDOLW\�RU�LQWHUDQQXDO�YDULDELOLW\��7KXQHOO�DQG�5H\QROGV��������-RQNHUV�DQG�

.XþHUD��������FDQQRW�EH�UHFRUGHG��3ODQNWRQ�LV�DOVR�KLJKO\�LQÀXHQFHG�E\�SDWFKLQHVV��6LFFKD�

et al., 2012) and by external short-term forcing (e.g. storms or hurricanes, Schiebel et al., 

1995; Chapter 4). Furthermore, if the distribution pattern of living planktonic foraminifera 

is determined, the reproduction cycle of single populations needs to be considered. These 

RQWRJHQHWLF�G\QDPLFV�LQÀXHQFH�WKH�KDELWDW�GHSWK�RI�WKH�VSHFLPHQV�GXULQJ�WKHLU�LQGLYLGXDO�

OLIH� F\FOH� �H�J�� (UH]� HW� DO��� ������ 6FKLHEHO� DQG�+HPOHEHQ�� ������ DQG� KDYH� EHHQ� UHODWHG��

IRU� H[DPSOH�� WR� WKH� OXQDU� F\FOH� �6SLQGOHU� HW� DO��� ������ (UH]� HW� DO��� ������� 1RQHWKHOHVV��

plankton tow samples are essential to constrain the preferred habitats and life cycles of 

OLYLQJ�SODQNWRQLF� IRUDPLQLIHUD� LQ� WKH�RFHDQ��:H� LQYHVWLJDWHG�SODQNWRQ�QHW��SODQNWRQ�¿OWHU�

and sediment samples from the Caribbean Sea, eastern Gulf of Mexico, Florida Straits 

and Santaren Channel to gain new insights into the distribution pattern of subtropical and 

tropical planktonic foraminifera in relation to the prevailing hydrographical conditions. 

The living community in the water column was compared to the accumulated average of 
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foraminiferal tests in surface sediments to determine seasonal variability or changes over 

GHFDGHV��7HVW�VL]HV�ZHUH�GRFXPHQWHG�WR�DVVHVV�WKH�RQWRJHQHWLF�VWUXFWXUH�RI�WKH�SRSXODWLRQV��

7KLV�VWXG\�DLPV�WR�SURYLGH�QHZ�REVHUYDWLRQV�DQG�WR�YHULI\�SUHYLRXV�¿QGLQJV�RQ�WKH�KDELWDW�

pattern of foraminiferal populations, for a better and more reliable application of planktonic 

foraminifera in paleo-studies.

2.2 Hydrography

The major surface water mass in the Caribbean Sea is the Caribbean Water (CW), indicated 

by a low salinity of <35.5 psu. It is a mixture of local precipitation with Atlantic surface 

ZDWHU�DQG�2ULQRFR�DQG�$PD]RQ�ULYHU�ZDWHU�WKDW�LV�WUDQVSRUWHG�LQWR�WKH�&DULEEHDQ�WKURXJK�

WKH�/HVVHU�$QWLOOHV��:�VW��������*RUGRQ���������7KH�IUHVKZDWHU�LQSXW�RI�WKH�ULYHUV�LV�KLJKO\�

seasonal and sustains a transient surface water layer in the southeastern Caribbean with low 

VDOLQLWLHV�DQG�KLJK�FKORURSK\OO�FRQFHQWUDWLRQV��)URHOLFK�HW�DO���������&RUUHGRU�DQG�0RUHOO��

�������7KH�PD[LPXP�$PD]RQ�5LYHU�UXQRII�LV�LQ�VXPPHU��0D\�-XQH���DQG�WKH�KLJKHVW�ULYHU�

GLVFKDUJH� IRU� WKH�2ULQRFR� LV� LQ�DXWXPQ��$XJXVW�� �0�OOHU�.DUJHU�HW�DO����������%HORZ� WKH�

CW, the Subtropical Under Water (SUW) prevails between 50 to 250 m water depth and 

VKRZV�D�KLJKHU�VDOLQLW\�RI�XS�WR����SVX�DQG�GHFUHDVLQJ�WHPSHUDWXUHV�ZLWK�GHSWK��*DOOHJRV��

1996). The 18°C Sargasso Sea Water (Eighteen Degree Water=EDW) is present between 

���� DQG� ����P� ZDWHU� GHSWK�� DQG� WKH� LQÀXHQFH� RI� WKH� 7URSLFDO� $WODQWLF� &HQWUDO� :DWHU�

�7$&:��LV�UHFRUGHG�EHWZHHQ�a����DQG�����P�ZDWHU�GHSWK��0RUULVRQ�DQG�1RZOLQ��������

7KH�&DULEEHDQ�&XUUHQW�EULQJV�PRGL¿HG�&:�WKURXJK�WKH�<XFDWDQ�6WUDLW�LQWR�WKH�*XOI�

RI�0H[LFR�DQG�FRQWLQXHV�DV�WKH�/RRS�&XUUHQW�WRZDUGV�WKH�)ORULGD�6WUDLWV��9XNRYLFK���������

)XUWKHUPRUH��WKH�*XOI�&RPPRQ�:DWHU��*&:��FKDUDFWHUL]HV�WKH�ZDWHU�PDVVHV�LQ�WKH�*XOI�

of Mexico in the upper 200 m water depth, with temperature and salinity of ~23°C and 

36.4 psu (Vidal et al., 1994). Strong seasonal surface water temperature variations are 

recorded in the Gulf of Mexico, with low winter values of less than 20°C, which are linked 

to the southward migration of the Intertropical Convergence Zone (ITCZ) (Philander and 

Pacanowski, 1986; Locarnini et al., 2010).
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2.3 Material and Methods

The investigated area comprises the Caribbean Sea, eastern Gulf of Mexico, Florida Straits 

DQG�6DQWDUHQ�&KDQQHO��)LJ�������$SSHQGL[�$���$OO�VDPSOHV�ZHUH�FROOHFWHG�GXULQJ�59�6RQQH�

FUXLVH�62���� LQ�0D\�-XQH������DQG�59�0HWHRU�FUXLVHV�0����� LQ�)HEUXDU\�0DUFK������

DQG�0��� DQG�0��� LQ�0DUFK�$SULO� ����� �1�UQEHUJ� HW� DO��� ������ 6FK|QIHOG� HW� DO��� ������

%HW]OHU�HW�DO���������+�EVFKHU�HW�DO���������

The population structure of living planktonic foraminifera in the water column was 

DVVHVVHG�XVLQJ�D�+\GURELRV�0LGL�PXOWLSOH�RSHQLQJ�FORVLQJ�SODQNWRQ�QHW��061���7KH�061�

KDG�DQ�DSHUWXUH�RI����[����FP�DQG�ZDV� HTXLSSHG�ZLWK�¿YH�QHW�EDJV�ZLWK� D�PHVK� VL]H�RI�

����ȝP�� 7KLV� GHYLFH� ZDV� GHSOR\HG� DW� ¿YH� VWDWLRQV� DQG� WKH� VDPSOHV� ZHUH� WDNHQ� LQ� ¿YH�

GLIIHUHQW�GHSWK�LQWHUYDOV�EHWZHHQ�WKH�VXUIDFH�DQG�D�PD[LPXP�RI�����P��1HW�KDXO�LQWHUYDOV�

were chosen according to the water mass boundaries obtained from previous hydrocasts 

GXULQJ�FUXLVH�0������$GGLWLRQDO� VDPSOHV�ZHUH� WDNHQ� LQ� WKH�<XFDWDQ�6WUDLWV� DQG�6DQWDUHQ�

&KDQQHO�XVLQJ�DQ�$SVWHLQ�1HW� �$1��ZLWK�D����FP�DSHUWXUH�GLDPHWHU�DQG�D�QHW�PHVK�VL]H�

RI�����ȝP��WR�JDLQ�D�EHWWHU�UHVROXWLRQ�RI� WKH�KDELWDW�GHSWK�LQ�WKH�¿UVW�����P�RI�WKH�ZDWHU�

column. In total four stations with intervals of 0–20, 20–40, 40–60 and 60–100 m water 

GHSWK�ZHUH� VDPSOHG�ZLWK� WKH�$1��$�.&�'HQPDUN�SODQNWRQ�SXPS� �33��ZDV�GHSOR\HG� DW�

D� ¿[HG� GHSWK� UDQJLQJ� IURP� ��� WR� ����P� DW� WKUHH� VWDWLRQV�� WR� REWDLQ� IRUDPLQLIHUD� IURP� D�

VSHFL¿F� GHSWK��7KH� SXPS� ¿OWHUHG� VHDZDWHU� WKURXJK� D� ����P�PHVK�� DQG� WKH� YROXPH�ZDV�

PHDVXUHG�ZLWK�D�GLJLWDO�ÀRZ�PHWHU��7KH�VKLS�V�SXPS�ZDV�XVHG� WR�GHWHUPLQH� WKH�UHJLRQDO�

distribution of foraminiferal populations in surface waters. The pump collected seawater 

IURP�����P�ZDWHU�GHSWK��ZKLFK�ZDV�¿OWHUHG�WKURXJK�D�VLHYH�ZLWK�D�QHW�PHVK�VL]H�RI����ȝP��

An average 2 m3 RI� VHDZDWHU�ZDV� SXPSHG� IRU� HDFK� ¿OWHUHG� VDPSOH� �3)��� ,Q� WRWDO� ��� 3)�

VDPSOHV� IURP�FUXLVH�0�����DQG����3)�VDPSOHV� IURP�FUXLVH�0���0���ZHUH�DQDO\VHG�IRU�

IDXQDO�GLVWULEXWLRQ�SDWWHUQV��7KH�3)� VDPSOHV�RI� FUXLVH�0�����ZHUH� VSOLW�RQ�ERDUG�ZLWK�D�

Motodo plankton splitter and half was available for the present study. Each plankton sample 

was preserved immediately after sampling with a 1:1 mixture of ethanol and seawater. 

$GGLWLRQDOO\�� WKH�061� VDPSOHV� RI� FUXLVH�0����� ZHUH� VWDLQHG� ZLWK� 5RVH� %HQJDO� ���J�O��

in order to distinguish between living specimens and empty tests. However, this step was 

later found to be unnecessary for plankton samples, as the cytoplasm in living planktonic 

IRUDPLQLIHUD�ZDV�UHFRJQL]DEOH�ZLWKRXW�VWDLQLQJ��)XUWKHUPRUH��VWDLQHG�VDPSOHV�LPSHGHG�WKH�

discrimination between reddish and white foraminiferal tests. In the laboratory, the samples 

were rinsed with tap water and all foraminifera were wet picked with a glass pipette. 
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6RPH� IRUDPLQLIHUD� ZHUH� WDQJOHG� ZLWK� RUJDQLF� ÀRFV� RU� RWKHU� SODQNWRQLF� RUJDQLVPV� �H�J��

&KDHWRJQDWKD��DQG�WKHUHIRUH�FDUHIXOO\�UHPRYHG�XVLQJ�D�¿QH�EUXVK�DQG�QHHGOH��7KH�VDPSOHV�

ZHUH�GULHG�RQ�¿OWHU�SDSHU�DW�URRP�WHPSHUDWXUH�

In order to ensure compatibility with all plankton net samples, the dried foraminifera 

ZHUH� VLHYHG� XVLQJ� D� PHVK� VL]H� RI� �����P�� $GGLWLRQDOO\�� WKH� 061� DQG� 33� VDPSOHV�

were fractionated into 100–125, 125–150, 150–250, 250–300, 300–400, 400–500 and 

!�����P� XVLQJ� VWDFNHG� VLHYHV�� /LYLQJ� �F\WRSODVP�EHDULQJ�� DQG� GHDG� �HPSW\�� WHVWV� ZHUH�

differentiated. The specimens were collected in Plummer or Fema cells, counted and 

LGHQWL¿HG� DW� VSHFLHV�OHYHO� IROORZLQJ� WKH� WD[RQRP\� RI� %p� ������� DQG� +HPOHEHQ� HW� DO��

(1989). Additionally, we followed the new concepts of molecular phylogenetic analyses, 

which showed the relationship within morphotypes and genotypes of different species 

�H�J��'DUOLQJ� HW� DO��� ������'DUOLQJ� HW� DO��� ������$XUDKV� HW� DO��� ������$QGUp� HW� DO��� �������

We separated Globigerinoides ruber (white), G. ruber (pink) and G. elongatus following 

Aurahs et al. (2011). Species of the family Globigerinella were distinguished according 

to Weiner (2014). Furthermore, we distinguished between two different morphotypes of 
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Figure 2.1:�/RFDWLRQ�PDS��3ODQNWRQ�¿OWHU�VDPSOHV��3)��IROORZ�WKH�VKLS�WUDFNV��UHG�OLQHV�DQG�GRWV�FUXLVH�
0������RUDQJH� OLQHV�DQG�GRWV� FUXLVHV�0���DQG�0�����$SVWHLQ�QHW� VDPSOHV� �$1�� �EOXH� VTXDUHV�� WDNHQ�
during cruises M94 and M95. Plankton pump samples (PP) (light blue triangles), stations of multi-
FORVXUH�QHW�VDPSOHV��061��DQG�&7'��JUHHQ�VWDUV��WDNHQ�GXULQJ�FUXLVH�0������6HGLPHQW�VDPSOHV��\HOORZ�
GRWV��REWDLQHG�GXULQJ�FUXLVHV�62����DQG�0�����UHVSHFWLYHO\�
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Globigerinoides sacculifer (= Trilobatus sacculifer): The trilobus-morphotype (Plate 1-f; 

3-f) with a regular and spherical last chamber and the sacculifer-morphotype (referred in 

this study as G. sacculifer ws, Plate 1-e) with a sac-like last chamber. The two morphotypes 

DUH�RQH�JHQRW\SH��$QGUp�HW�DO���������DQG�WKH�VDF�OLNH�PRUSKRORJLFDO�IHDWXUH�LQGLFDWHV�WKDW�

WKH� VSHFLPHQV�ZRXOG�XQGHUJR�JDPHWRJHQHVLV�ZLWKLQ� WKH�QH[W���� WR����KRXUV� �%p���������

We also noted the different ontogenetic stages of Orbulina universa, the juvenile multi-

chambered trochospiral stage (Plate 1-m) and the single chamber spherical stage (Plate 1-o; 

��L��DV�GHVFULEHG�E\�%p�HW�DO���������

Meroplanktonic species such as Tretomphalus bulloides were very frequent in some 

PF samples. This group of foraminifera has a benthic and also a planktonic stage in their 

OLIH�F\FOH��5�FNHUW�+LOELJ��������'DUOLQJ�HW�DO����������7KH�QXPEHU�RI�PHURSODQNWRQLFV�LQ�

the PF samples was recorded, but they were not distinguished at the species-level because it 

is beyond the scope of the present study.

Surface sediment samples ZHUH�REWDLQHG�GXULQJ� FUXLVHV�62����DQG�0�����XVLQJ� D�

PXOWLFRUHU�RU�DQ�861(/�JLDQW�ER[�FRUHU� �1�UQEHUJ�HW�DO���������6FK|QIHOG�HW�DO����������

7KH� VHGLPHQW� VDPSOHV� KDYH� EHHQ� WDNHQ� DW� DSSUR[LPDWHO\� WKH� VDPH� SRVLWLRQ� DV� WKH�061�

samples (Fig. 2.1; Appendix A). Only the uppermost centimetre of the surface sediment 

ZDV�VDPSOHG�IRU�IDXQDO�DQDO\VLV��7KH�VDPSOHV�ZHUH�IUHH]H�GULHG��ZDVKHG�WKURXJK�D�����P�

screen, and dried at 40°C. The dry samples were split using an Otto microsplitter to obtain 

an aliquot with at least 300 planktonic specimens per sample. The splits were fractionated 

XVLQJ� WKH� VDPH� VLHYH�PHVK� VL]HV� DV� IRU� WKH�061�VDPSOHV� ����±����� ���±����� ���±�����

���±��������±��������±����DQG�!�����P���7KH�SODQNWRQLF�IRUDPLQLIHUD�ZHUH�LGHQWL¿HG�LQ�

these fractions and counted in the same way as for the plankton samples.

The salinity and temperature of the sea surface water was recorded by the shipboard 

WKHUPRVDOLQRJUDSK� RI�59�0HWHRU� GXULQJ� DOPRVW� HYHU\� 3)� VDPSOLQJ� SHULRG��$W� WKH�061�

VWDWLRQV��D�5%5�;5�����&RQGXFWLYLW\�7HPSHUDWXUH�'HSWK��&7'��SUR¿OHU�UHFRUGHG�VDOLQLW\�

and temperature. The chlorophyll-a concentrations in the water column were measured 

with a bbe Moldaenke FluoroProbe.

7KH� SRSXODWLRQ� GHQVLW\�� EDVHG� RQ� WKH� 061�� $1� DQG� 3)� VDPSOHV�� LV� JLYHQ� DV�

individuals per cubic meter seawater (ind. m-3���)RU� HDFK� VSHFLHV� IRXQG� LQ�061�DQG�$1�

samples, the weighted average of the living depth (m), temperature (°C) and salinity (psu) 

during the time of sampling was calculated. Statistical analyses were performed in order 

to compare the regional surface distribution pattern between different species (paired 

sample t-test for PF samples). Additionally, the relationship between environmental factors 



Habitats of living planktonic foraminifera in the Caribbean CHAPTER 2

15

(temperature and salinity) and the living population was determined (multivariate multiple 

UHJUHVVLRQ� DQDO\VLV� IRU�061�DQG�3)� VDPSOHV��� )RU� WKH�061� VDPSOHV�� RQO\� VSHFLHV�ZLWK�

abundances more than 4% of the total assemblage, in at least 3 samples, were taken for the 

latter analysis. A hierarchical cluster analysis using the Unweighted Pair Group Method 

with Arithmetic mean (UPGMA) was performed with the software PAST (Hammer et 

DO��������� WR�FRPSDUH� WKH�VLPLODULW\�EHWZHHQ�061�DQG�VHGLPHQW�VDPSOHV��)RU� WKH�FOXVWHU�

DQDO\VLV�WKH�%UD\�&XUWLV�VLPLODULW\�LQGH[��YDOXHV�IURP���WR����ZDV�DSSOLHG��ZKHUH���LQGLFDWHV�

that the two samples have the same faunal composition (highest similarity between two 

populations).

2.4 Results

2.4.1 Hydrographical conditions during the sampling campaign
The CTD-data showed a deepening of the CW from the east to the west (26.1–26.5°C; 35.5–

�����SVX���UHDFKLQJ�D�GHSWK�RI�a����P�LQ�WKH�ZHVWHUQ�&DULEEHDQ�6HD��)LJ�����%��6FK|QIHOG�

HW�DO����������+LJK�VDOLQLW\��!���SVX�� LQGLFDWHG�WKH�SUHVHQFH�RI� WKH�68:�EHWZHHQ����DQG�

����P�ZDWHU�GHSWK��EHORZ�WKH�&:��%HWZHHQ�WKH�ORZHU�ERXQGDU\�RI�WKH�VXUIDFH�PL[HG�OD\HU�

DQG�WKH�ORZHU�SDUW�RI�WKH�68:��a���&���WKH�XSSHU�WKHUPRFOLQH�LV�GH¿QHG��$�ORZHU�VDOLQLW\�

������SVX��LQGLFDWHG�WKH�SUREDEOH�LQÀXHQFH�RI�WKH�*&:�LQ�WKH�)ORULGD�6WUDLWV�EHWZHHQ�����

and 150 m water depth. The deep chlorophyll maxima was present above the thermocline 

�68:�� DW� HYHU\� VWDWLRQ�� ZLWK� WKH� KLJKHVW� YDOXHV� RI� a�����J�O� DW� VWDWLRQ� ���� �)LJ�����%���

Surface water measurements (3.5 m water depth; Appendix A) during March 2009 showed 

ORZ�VDOLQLW\��a���SVX��FORVH�WR�WKH�*XOI�RI�3DULD�DQG�WKH�2ULQRFR�5LYHU��)LJ�����$���OLNHO\�

due to continental river runoff. A slightly higher salinity (>36 psu) was recorded in the Gulf 

of Mexico as compared to the surface of the Caribbean Sea. There was a large range of sea 

surface temperatures in the sampling area. The warmest surface waters were found in the 

ZHVWHUQ�&DULEEHDQ�6HD�ZLWK�YDOXHV�RI�XS�WR����&��FRPSDUHG�WR�PXFK�ORZHU�VXUIDFH�ZDWHU�

temperatures of ~20°C in the Gulf of Mexico, indicating winter conditions during sampling 

time (Locarnini et al., 2010).
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Figure 2.2: Hydrographical data during the sampling campaigns. A: Overview of salinity (psu) and 
WHPSHUDWXUH� ��&�� DW� ���� P� ZDWHU� GHSWK� �GDWD� UHFRUGHG� ZLWK� WKH� VKLSERDUG� WKHUPRVDOLQRJUDSK� RI� 59�
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GXULQJ�FUXLVH�0�������FKORURSK\OO�a�FRQFHQWUDWLRQ���J�O���VDOLQLW\��SVX��DQG�WHPSHUDWXUH���&���6FK|QIHOG�
et al., 2011). The water mass is marked as CW (Caribbean Water), SUW (Subtropical Under Water) and 
*&:��*XOI�&RPPRQ�:DWHU���1RWH�WKH�GHHSHQLQJ�RI�WKH�WKHUPRFOLQH�IURP�HDVW�WR�ZHVW�LQ�WKH�&DULEEHDQ�
Sea. C: Satellite images of the chlorophyll distribution in February and March 2009. Maps are derived 
IURP� &&$5� �&RORUDGR� &HQWHU� IRU� $VWURG\QDPLFV� 5HVHDUFK�� KWWS���HGG\�FRORUDGR�HGX�FFDU�VVK�KLVWB
JOREDOBJULGBYLHZHU���*UH\�GRWV�LOOXVWUDWH�WKH�061�VWDWLRQV�RI�59�0HWHRU�FUXLVH�0�����
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2.4.2 Plankton faunal analysis
,Q� WRWDO�� ��� GLIIHUHQW� OLYLQJ� VSHFLHV� ZHUH� LGHQWL¿HG� IURP� DOO� SODQNWRQ� VDPSOHV� WRJHWKHU�

�7DE������� $SSHQGL[� $��� 7KH� VSHFLHV� FKDUDFWHUL]HG� D� W\SLFDO� WURSLFDO� DQG� VXEWURSLFDO�

IDXQD��%p���������7KH�UHVXOWV�RI�D�PXOWLYDULDWH�PXOWLSOH�UHJUHVVLRQ�DQDO\VLV�LQGLFDWHG�WKDW�

the vertical distribution of the foraminiferal species composition in the water column 

ZDV� VLJQL¿FDQWO\� UHODWHG� WR� WHPSHUDWXUH� �U2 = 0.81, p<0.05). Distribution patterns in the 

surface waters were even more strongly related to temperature (r2 = 0.91, p<0.05). Salinity 

VKRZHG�QR�VLJQL¿FDQW��S!������UHODWLRQVKLS�WR�WKH�GLVWULEXWLRQ�SDWWHUQV�RI�WKH�IRUDPLQLIHUDO�

SRSXODWLRQ��$SSHQGL[�$���%DVHG�RQ�WKHVH�¿QGLQJV�DQG�DFFRUGLQJ�WR�WKHLU�ZHLJKWHG�DYHUDJH�

living depth, we grouped the main habitats of the species into either the surface mixed 

layer, the SUW, or below the upper thermocline. However, some species did not show a 

GLVWLQFW�GHSWK�SUHIHUHQFH��7DE�������7DE�������)LJ��������Globigerinoides sacculifer (average 

percentage 25.4%) and Globigerinita glutinata (24.0%) showed the highest abundance 

of the total living fauna, followed by Globigerinoides ruber (14.9%), Neogloboquadrina 

dutertrei (6.9%), Globigerinella calida (6.2%) and Globorotalia ungulata (4.9%). These 

species were also reported as common foraminifera in the planktonic assemblage around 

WKH�&DULEEHDQ�6HD�LQ�HDUOLHU�SXEOLFDWLRQV��-RQHV��������6FKPXNHU�DQG�6FKLHEHO�������6SHDU�

et al., 2011). The highest population density was recorded in the eastern Caribbean Sea. 

Up to 250 living specimens per cubic metre seawater were present in the surface waters 

(3.5 m water depth) and 160 ind. m-3 in the entire mixed layer (at station 221 in 0–40 m 

ZDWHU�GHSWK���7KH�KLJKHVW�VWDQGLQJ�VWRFNV�ZHUH�PDLQO\�IRXQG�LQ�WKH�¿UVW�VDPSOLQJ�LQWHUYDO�

above the thermocline. However, some species (G. glutinata, Turborotalita quinqueloba, 

Pulleniatina obliquiloculata, G. sacculifer with sac-like chamber, Hastigerina pelagica 

and Neogloboquadrina incompta) showed an abundance maximum in the deep chlorophyll 

maximum at station 221 in the southeastern Caribbean Sea.

Meroplanktonic species were particularly frequent in the surface waters of the 

Santaren Channel (after 10th of April, 2013). They accounted for up to 80% of the total 

foraminiferal population with Tretomphalus bulloides as the dominant species.

2.4.2.1 Distribution of dominant planktonic species
The spinose species G. sacculifer had the highest standing stock in the eastern Caribbean 

Sea and close to Tobago (43 ind. m-3 at station 221; Fig. 2.3). The highest density of this 

species in the water column was always found above the chlorophyll maximum. In the 

Caribbean Sea, the population density of G. sacculifer showed a deepening from the east 
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WR� WKH� ZHVW� LQ� SDUDOOHO� WR� WKH� GHHSHQLQJ� RI� WKH� WKHUPRFOLQH� �)LJ�����%��� 7KH� sacculifer-

morphotype had a larger mean living depth (66 ± 25 m) than the trilobus-morphotype 

(41 ± 9 m). 

The highest density of the small, non-spinose species G. glutinata was found 

LQ� WKH� XSSHU� ZDWHU� FROXPQ� DW� VWDWLRQ� ���� ����LQG��P-3�� )LJ�����%��� 7KHLU� GLVWULEXWLRQ� LQ�

surface waters showed a similar pattern to that of G. sacculifer��7KHUH�ZHUH�QR�VLJQL¿FDQW�

differences between the species (paired samples t-test, p<0.05), with the highest abundance 

of both in the southeastern part of the study area (Fig. 2.3A).

The maximum abundance of G. ruber was recorded in the upper water column of the 

Florida Straits (26 ind. m-3, station 211) and eastern Caribbean Sea (23 ind. m-3, station 221) 

(Fig. 2.3). The proportion of G. ruber decreased from the eastern to the central Caribbean 

6HD�DQG�WKH�KLJKHVW�SHUFHQWDJH�ZDV�IRXQG�LQ� WKH�)ORULGD�6WUDLWV� ������)LJ��������7KH� WZR�

species, G. ruber pink and white, showed highly similar distributions in the surface water 

�QR� VLJQL¿FDQW�GLIIHUHQFHV�� SDLUHG� VDPSOHV� W�WHVW�� S��������1RQHWKHOHVV�� WKH�ZKLWH�YDULHW\�

had a slightly deeper living habitat than the pink variety (Tab. 2.1). The pink variety was 

more frequent in the Caribbean Sea close to Tobago (up to 50 ind. m-3), whereas the white 

variety had a higher proportion in the Santaren Channel. 

The distribution of N. dutertrei indicated a habitat in the mixed layer, with the highest 

abundance in the eastern Caribbean Sea (12 ind. m-3�� VWDWLRQ� ������ 7KH� 061� VDPSOHV�

recorded the highest abundance of G. calida in the upper water column of the Florida 

Straits (9 ind. m-3), although the species was abundant in surface waters of the eastern 

Caribbean Sea as well. The species G. ungulata was only present in large numbers in the 

)ORULGD�6WUDLWV������LQG��P-3��LQ�WKH�¿UVW�VDPSOLQJ�LQWHUYDO���LQ�VXUIDFH�ZDWHUV�RI�WKH�*XOI�RI�

Mexico (Fig. 2.3A), and in PP samples of the western Caribbean Sea. At all other stations, 

the species was rare or even absent.

2.4.2.2 Distribution of common planktonic species
Globorotalia menardii, Pulleniatina obliquiloculata and Globoturborotalita rubescens 

VKRZHG�D�YHU\� VLPLODU�GLVWULEXWLRQ� LQ� VXUIDFH�ZDWHUV��7KHUH�ZDV�QR� VLJQL¿FDQW�GLIIHUHQFH�

between the species as indicated by paired samples t-test (p<0.05). The depth habitat 

structure of G. menardii varied between the stations. In the Florida Straits, the species 

was most abundant below the SUW, whereas in the Caribbean Sea, the highest abundance 

was found at station 221 in 0–40 m water depth. The highest density of P. obliquiloculata 

ZDV� UHFRJQL]HG�DW� VWDWLRQ����� �����LQG��P-3) in the chlorophyll maximum. In general, the 
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habitat of G. rubescens� ZDV� FRQ¿QHG� WR� WKH� VXUIDFH� ZDWHU�� EXW� PDQ\� HPSW\� WHVWV� ZHUH�

caught with the plankton net in the central Caribbean Sea and Florida Straits. Indeed, at 

station 220 the highest abundance of empty tests (3.4 ind. m-3�� LQ� 061� VDPSOHV� ZDV�

observed in the depth interval of 110–150 m and amounted to a higher density than for 

WKH� OLYLQJ� VSHFLPHQV� �)LJ�����%��� ,Q� WKH� *XOI� RI� 0H[LFR��Globorotalia truncatulinoides 

(dextral), Hastigerina pelagica, Orbulina universa and Globigerinella siphonifera had their 

highest standing stock in the surface water and they showed a similar distribution pattern 

(paired samples t-test, p<0.05). The habitat structure of G. truncatulinoides (dextral) 

UHYHDOHG� D� KDELWDW� GHSWK� FORVH� WR� WKH� XSSHU� WKHUPRFOLQH� ����������P� ZDWHU� GHSWK��� HYHQ�

WKRXJK� VPDOO� VSHFLPHQV�ZHUH� IRXQG� LQ�061� VDPSOHV� IURP� WKH� XSSHU�ZDWHU� FROXPQ� DQG�

in PF samples (Fig. 2.3A; Fig. 2.6). The fragile species H. pelagica was most abundant in 

the Florida Straits and eastern Caribbean (station 221), and generally showed a bimodal 

depth distribution. However, at stations 219, 220 and 221 the highest population density 

of H. pelagica was found in the SUW. At station 221, O. universa was most common 

(2.4 ind. m-3�� LQ�061� VDPSOHV�� -XYHQLOH� VSHFLPHQV� ZLWKRXW� WKH� VSKHULFDO� FKDPEHU� ZHUH�

exclusively observed in the upper sampling intervals. A deep habitat (201 ± 42 m water 

depth) was calculated for the species Globorotalia crassaformis. This species showed a 

strong increase in the standing stock with depth at station 222, where it was most abundant. 

Single small specimens of G. crassaformis were also recorded in surface water samples 

(PF) (Fig. 2.3A). Sphaeroidinella dehiscens was only found within and below the upper 

thermocline and had an average living depth of 201 ± 6 m, with the highest standing 

stock in the Florida Straits (1 ind. m-3). In the eastern Caribbean, this species was absent. 

+RZHYHU��LW�KDV�WR�EH�HPSKDVL]HG�WKDW�MXYHQLOH�S. dehiscens�DUH�GLI¿FXOW�WR�GLVWLQJXLVK�IURP�

G. sacculifer. As long as the smooth crust of S. dehiscens has not developed (Plate 1-l),  

the specimens still carry spines (Plate 1 j-k) and look similar to G. sacculifer��%p��������

even described S. dehiscens as a terminal morphotype of G. sacculifer.
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Figure 2.3: Surface (A) and depth (B) distribution of Globigerinoides sacculifer 
(both morphotypes), Globigerinita glutinata, Globigerinoides ruber (pink and white 
variety), Neogloboquadrina dutertrei, Globigerinella calida, Globorotalia ungulata, 
Globoturborotalita rubescens, Globorotalia menardii, Pulleniatina obliquiloculata, 
Globorotalia crassaformis, Orbulina universa, Globigerinella siphonifera, 
Globorotalia truncatulinoides dextral, Sphaeroidinella dehiscens, Hastigerina 
pelagica A: The surface distribution shows the standing stock of living foraminifera 
(ind. m-3) in 3.5 m water depth (data of PF samples). The foraminiferal distribution is 
LOOXVWUDWHG�ZLWK� WKH�2'9�SURJUDP� �6FKOLW]HU�� �������B:�7KH�GHSWK�SUR¿OHV� VKRZ� WKH�
standing stock of living foraminifera (ind. m-3) marked as black bars and the abundance 
of empty tests (ind. m-3��PDUNHG� DV� GDVKHG� JUHHQ� OLQHV� �GDWD� RI�061� VDPSOHV���7KH�
grey bars indicate the surface mixed layer.
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column from surface to max. 400 m water depth) compared to the corresponding surface sediment 
VDPSOHV��2QO\�WKH�¿YH�PRVW�GRPLQDQW�VSHFLHV�DUH�GHSLFWHG�IRU�HDFK�DVVHPEODJH.

2.4.2.3 Sediment faunal analysis
Overall, the species composition of the surface sediment assemblages showed a similar 

fauna compared to the plankton tows (Fig. 2.4, Fig. 2.5, Appendix A). Only Globorotalia 

LQÀDWD was found in the dead assemblage of the sediment surface and not in the plankton 

samples. Six rare species (Globorotalia hirsuta, Globigerinita minuta, Globigerinita uvula, 

Tenuitella iota, Tenuitella parkerae and Turborotalita humilis) were found only in the 

plankton samples and not in the sediment. Moreover, the tests of the sacculifer-morphotype 

constituted a higher proportion of the total planktonic fauna in the sediment (20%) than 

in the plankton tows (2%). In the Florida Straits in particular, G. glutinata, G. ruber and 

G. sacculifer had the same proportion in the plankton and sediment assemblages and the two 

SRSXODWLRQV�VKRZHG�D�%UD\�&XUWLV�VLPLODULW\�LQGH[�RI�������)LJ��������+RZHYHU��G. ungulata 

was common with up to 13% in the plankton net tows, but was rare with 0.8% in the 

VHGLPHQW��DQG�ZLWK�D�VPDOOHU�WHVW�VL]H�RQ�DYHUDJH��)LJ��������,Q�FRQWUDVW�WR�WKLV��WKH�VSHFLHV�

N. dutertrei and G. elongatus had a higher proportion in the sediment (6.8% and 8.6%) 

than in the plankton net (2.5% and 0.3%). In the central Caribbean Sea, at stations 219 

and 220, G. sacculifer was the dominant species in the water column with up to 50%. The 
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Figure 2.5: Dendrogram resulting from a hierarchical cluster analysis showing the similarity of plankton 
�061��DQG�VHGLPHQW� VDPSOHV�QHDUE\� WKH�061�VWDWLRQV� �FI��)LJ��������&OXVWHU�DQDO\VLV�ZDV�SHUIRUPHG�
XVLQJ� WKH�8QZHLJKWHG�3DLU�*URXS�0HWKRG�ZLWK�$ULWKPHWLF�PHDQ��83*0$��EDVHG�RQ� WKH�%UD\�&XUWLV�
similarity index (values from 0 to 1). 1 indicates the highest similarity between two populations.

plankton samples of the two stations showed a high similarity index of 0.89 (Fig. 2.5). The 

surface sediment at those locations showed a lower similarity to the plankton net samples 

(0.41 at station 219 and 0.58 at station 220) and the assemblage was composed primarily 

of G. ruber and G. glutinata. The species G. rubescens was frequent in the sediments, even 

WKRXJK�WKHLU�VWDQGLQJ�VWRFN�ZDV�ORZ�DW�WKH�UHVSHFWLYH�ORFDWLRQV��1RQHWKHOHVV��D�KLJK�QXPEHU�

of empty tests of G. rubescens�ZHUH�FROOHFWHG�LQ�WKH�ZDWHU�FROXPQ��)LJ�����%���$W�VWDWLRQ�

219 the small species T. quinqueloba was more abundant in the sediment (4.5%) than in 

the plankton net (0.3%) and G. calida showed a slightly higher proportion in the plankton 

VDPSOHV�RI�VWDWLRQ����������DQG������������������������FRPSDUHG�WR�WKH�VHGLPHQW��������

3.4%, 2.4%). However, the sediment samples of station 219, 220 and 221 showed a high 

similarity between each other (Fig. 2.5). In the eastern Caribbean Sea, at station 222, a 

similar proportion of G. ruber, G. glutinata, G. sacculifer and N. dutertrei was observed in 

061� DQG� VXUIDFH� VHGLPHQW� VDPSOHV� DQG� WKH� WZR� SRSXODWLRQV� LQGLFDWHG� D� KLJK� VLPLODULW\�

(Fig. 2.5). However, there was a lower abundance of G. calida in the plankton net (1.5%) 

than in the sediment (9%). Furthermore the species G. crassaformis showed a higher 

SURSRUWLRQ� LQ� WKH� SODQNWRQ� QHW� ������� DV� FRPSDUHG� WR� WKH� XQGHUO\LQJ� VXUIDFH� VHGLPHQW�

(4.5%) at station 222, although the specimens were larger in the sediment (Fig. 2.6).
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2.5 Discussion

2.5.1 Distribution pattern of planktonic foraminifera in relationship to 
environmental parameters
Overall, we observed a similar faunal composition as described in previous studies of the 

investigated area, with G. sacculifer, G. glutinata and G. ruber the dominant species of the 

SODQNWRQLF�IRUDPLQLIHUDO�DVVHPEODJH��H�J��-RQHV��������0LUy��������6FKPXNHU�DQG�6FKLHEHO��

2002; Spear et al., 2011). Our plankton net samples had a very similar species composition 

WKDQ�WKH�VXUIDFH�VHGLPHQW�VDPSOHV��)LJ�������)LJ��������5HJHQEHUJ�HW�DO���������GHWHUPLQHG�

an age range of ~2 to 3 kyrs for the surface sediments in the Caribbean Sea. This may be 

evidence that the planktonic foraminiferal faunas have not experienced a substantial change 

GXULQJ� WKH�SDVW�PLOOHQQLD��7KH�GLIIHUHQW�SURSRUWLRQV�RI�VLQJOH�VSHFLHV�RI� WKH� WRWDO�ÀRDWLQJ�

assemblage can be related to variable seasonal occurrences in response to different water 

PDVV�SURSHUWLHV�WKURXJKRXW�WKH�\HDU��H�J��6FKPXNHU������E��7HGHVFR�HW�DO���������
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Figure 2.6:�'LVWULEXWLRQ�RI�GLIIHUHQW�WHVW�VL]H�IUDFWLRQV�����±��������±��������±��������±��������±�����
���±����DQG�!�����P��RI�FRPPRQ�VSHFLHV��7KH�GDWD�DUH�DYHUDJHV�RI�WKH�OLYLQJ�VSHFLPHQV�IURP�DOO�061�
stations. Five different depth intervals from surface to max. 400 m water depth are shown, according to 
WKH�VDPSOLQJ��$GGLWLRQDOO\��WKH�GLVWULEXWLRQ�RI�WKH�WHVW�VL]H�IUDFWLRQV�LQ�WKH�VHGLPHQW�VDPSOHV�LV�JLYHQ�
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Chlorophyll concentration

The dominant species in the Caribbean Sea are typical for oceans with oligotrophic and 

PHVRWURSKLF� FRQGLWLRQV� �äDULü� HW� DO��� ������ 0RUHO� HW� DO��� ������� 8QGHU� ROLJRWURSKLF�

conditions, the light intensity is high and this favours photosynthetic symbionts. Most 

IRUDPLQLIHUD��IRXQG�LQ�WKLV�VWXG\�KRVW�SKRWRV\QWKHWLF�V\PELRQWV��*DVWULFK��������+HPOHEHQ�

HW� DO��� ������� 7KHVH� V\PELRQWV� UHVWULFW� WKH� KDELWDW� DQG� LQÀXHQFH� WKH� OLIH� VSDQ� RI� VLQJOH�

IRUDPLQLIHUD��%p�HW�DO���������%LMPD�HW�DO���������2UWL]�HW�DO����������7KH�ORZ�WXUELGLW\�WKDW�

prevails offshore in the Caribbean Sea, favours the life conditions for species hosting algal 

symbionts (e.g. G. sacculifer). The species are rare in murky waters close to the Orinoco 

�%DKU�HW�DO���������

The highest standing stock was recorded in the uppermost sampling intervals in the 

HXSKRWLF�]RQH��SUREDEO\�UHODWHG�WR�WKH�KLJKHU�OLJKW�DQG�IRRG�DYDLODELOLW\��H�J��%HUJHU������D��

+HPOHEHQ�HW� DO��� �������$W� WKH�061�VWDWLRQ�����DQG� LQ�3)� VDPSOHV� IURP� WKH�$WODQWLF�� D�

distinct higher standing stock was recorded compared to the other stations (Fig. 2.3). 

Furthermore, some species (e.g. G. glutinata, P. obliquiloculata) showed a density peak in 

the deep chlorophyll maximum at station 221. During sample processing, these samples 

VKRZHG� D� KLJK� FRQWHQW� RI� SK\WR�� DQG� VPDOO� ]RRSODQNWRQ� VXFK� DV� GLDWRPV�� FRSHSRGV��

¿VKHV��MHOO\¿VKHV�DQG�DOJDH��,Q�WKLV�FDVH�ZH�FRQFOXGH�WKDW�D�KLJKHU�QXWULHQW�LQSXW�DQG�IRRG�

availability probably promoted foraminiferal reproduction and increased their standing 

stock at this location. A locally restricted and high standing stock was linked in a previous 

study to the occurrence of eddies, resulting in a high nutrient concentration (Schmuker and 

Schiebel, 2002). Images of satellite data of sea surface height anomaly (SSHA), generated 

E\�WKH�&&$5��&RORUDGR�&HQWHU�IRU�$VWURG\QDPLFV�5HVHDUFK���JLYH�QR�HYLGHQFH�RI�DQ�HGG\�

passing the area at station 221 during or some days before the sampling time. However, 

satellite data of chlorophyll concentrations show that during February and March 2009, 

station 221 was adjacent to a high chlorophyll patch, that extended across the southeastern 

Caribbean Sea (Fig. 2.2C). The southern Caribbean Sea is generally affected by coastal 

upwelling and river plumes, which lead to higher chlorophyll concentrations (Corredor 

DQG� 0RUHOO�� ������ 5XHGD�5RD� DQG� 0�OOHU�.DUJHU�� ������� :H� VSHFXODWH� WKDW� WKLV� ORFDO�

hydrographical situation increased the food availability for the planktonic foraminifera, 

resulting in their higher density at station 221.

A very low standing stock (<5 ind. m-3) was observed at single stations in the 

6DQWDUHQ�&KDQQHO��WKH�*XOI�RI�3DULD�DQG�FORVH�WR�WKH�2ULQRFR�5LYHU�SOXPH��$W�WKH�ODWWHU�WZR�

ORFDWLRQV��QXWULHQW�ULFK�ZDWHUV�IHUWLOL]HG�E\�ULYHU�UXQRII�PLJKW�FDXVH�D�KLJK�WXUELGLW\��LQKLELW�
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WKH�SKRWRV\QWKHWLF� FDSDELOLWLHV� RI� WKH� DOJDO� V\PELRQWV�� DQG�PLJKW� LQÀXHQFH� DOVR� WKH� IRRG�

composition for the foraminiferal population. The stations in the Santaren Channel were 

close to the coast, and the high number of meroplanktonic foraminifera (up to thousand 

individuals per sample) might diminish the genuine planktonic population by competition 

for food at this site.

Temperature and Salinity

As described in previous studies, planktonic foraminifera are sensitive to temperature and 

VDOLQLW\�� EXW� VKRZ�D�ZLGH� UDQJH� IRU�PD[LPXP�JURZWK� DQG� DEXQGDQFHV� �7DE�� ����� �%LMPD�

HW�DO���������äDULü�HW�DO��������/RPEDUG�HW�DO����������7URSLFDO�DUHDV�JHQHUDOO\�KDYH�D�ORZ�

seasonal temperature and salinity variability, and thus these may not be the only controlling 

IDFWRUV� DIIHFWLQJ� WKH� IRUDPLQLIHUDO� SRSXODWLRQV� �-RQNHUV� DQG�.XþHUD�� �������+RZHYHU�� LQ� 

our study, the faunal composition of the surface and vertical distribution in the water  

FROXPQ� VKRZHG� D� VLJQL¿FDQW� �S������� UHODWLRQVKLS� WR� WHPSHUDWXUH� �7DE�� ����� )LJ�� ������
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Figure 2.7: Temperature versus� VDOLQLW\� RI� WKH� 061�&7'� VWDWLRQV� FRPSDUHG� WR� FRPPRQ� VSHFLHV�
habitat. The species habitat indicates the weighted average of temperature and salinity (cf. Tab. 2.1). 
7KH� GDWD� ZHUH� PHDVXUHG� GXULQJ� FUXLVH� 0����� �6FK|QIHOG� HW� DO��� ������� &:�  � &DULEEHDQ� :DWHU��
SUW = Subtropical Under Water; GCW = Gulf Common Water; EDW = 18°C Sargasso Sea Water; 
TACW = Tropical Atlantic Central Water.
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9pQHF�3H\Up�HW�DO���������DOVR�FRQFOXGHG�IURP�VHGLPHQW�VDPSOHV�LQ�WKH�6RPDOL�%DVLQ��WKDW�

temperature and hydrographical structure of the upper water masses controlled the depth 

distribution of the foraminiferal fauna. Salinity by itself, on the other hand, showed no 

VLJQL¿FDQW��S!������UHODWLRQ�WR�WKH�IDXQDO�FRPSRVLWLRQ��8INHV�HW�DO���������VLPLODUO\�IRXQG�

no correlation between salinity and the geographical distribution of species in the eastern 

South Atlantic. However, low salinity lenses with high turbidity close to the coast restrict 

WKH� RFFXUUHQFH� RI� SODQNWRQLF� IRUDPLQLIHUD� �6FKPXNHU� DQG� 6FKLHEHO�� ������ 5HWDLOOHDX�

HW�DO���������%DKU�HW�DO����������%DVHG�RQ� WKLV�REVHUYDWLRQ��ZH�VSHFXODWH� WKDW��EHVLGHV� WKH�

KLJK�WXUELGLW\�LQ�WKH�*XOI�RI�3DULD�DQG�LQ�WKH�YLFLQLW\�RI�WKH�2ULQRFR�5LYHU�GHERXFKPHQW��

IRUDPLQLIHUD�ZHUH� DOVR� LQÀXHQFHG� E\� ORZ� VDOLQLW\� ����� SVX�� DW� WKHVH� VLWHV� UHVXOWLQJ� LQ� D�

lower standing stock.

2.5.2 Species specific habitat and life cycle 
2.5.2.1 Surface dwellers (above the thermocline)

Globigerinoides sacculifer

The highest global abundance of the spinose species G. sacculifer was recorded between 

���1�DQG����6�DQG�FRPSULVHV�RYHU�����RI�WKH�WRWDO�DVVHPEODJH�LQ�VXUIDFH�VHGLPHQWV�RI�WKH�

$WODQWLF�DQG�&DULEEHDQ�6HD��%p����������2XU�SODQNWRQ�QHW�VWDWLRQV�LQ�WKH�FHQWUDO�&DULEEHDQ�

6HD� DUH� FKDUDFWHUL]HG� E\� D� YHU\� KLJK� VWDQGLQJ� VWRFN� RI� WKLV� VSHFLHV�� XS� WR� ���� RI� WKH�

foraminiferal assemblage in March 2009 (Fig. 2.4). Such high numbers were also observed 

LQ�WKH�ZHVWHUQ�&DULEEHDQ�6HD�LQ�0D\�DQG�-XQH�������-RQHV���������%RWK�WKH�KLJKHVW�QXPEHU�

and the largest specimens were caught in the uppermost sampling intervals (Fig. 2.6) from 

WKH� HXSKRWLF� ]RQH� ZLWK� WKH� KLJKHVW� OLJKW� LQWHQVLW\�� 1HYHUWKHOHVV�� WKH� SRSXODWLRQ� GHQVLW\�

VRPHZKDW�IROORZV�WKH�GHHSHQLQJ�RI�WKH�WKHUPRFOLQH��)LJ�����%��DQG�D�KLJKHU�VWDQGLQJ�VWRFN�

ZDV�IRXQG�LQ�GHHSHU�]RQHV�RI�WKH�PL[HG�OD\HU�LQ�WKH�FHQWUDO�&DULEEHDQ�6HD�FRPSDUHG�WR�WKH�

HDVWHUQ�&DULEEHDQ�6HD��)LJ�����%���7KH�V\PELRQWV�RI�G. sacculifer��H�J��GLQRÀDJHOODWHV��DQG�

their favoured prey of calanoid copepods might particularly control this preferred depth 

KDELWDW� �%p�HW�DO���������6SLQGOHU�HW� DO���������+RZHYHU��ZH�DOVR� UHFRJQL]HG�D�GLIIHUHQFH�

in the habitat depth of the two morphotypes of G. sacculifer. Even though the sacculifer-

morphotype (Plate 1-e) was rare in plankton tows, it dwelled deeper on average (~66 m) 

than the trilobus�PRUSKRW\SH��a���P���7DE�������H�J��-RQHV���������7KLV�GLVWULEXWLRQ�SDWWHUQ�

corroborates the ontogenetic model, that G. sacculifer descend at a late stage of their life 
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F\FOH� LQWR� GHHSHU� ZDWHUV� WR� UHOHDVH� WKHLU� JDPHWHV� �(UH]� HW� DO��� ������� 7KH� SURSRUWLRQ� RI�

G. sacculifer was lower in surface sediments of the Caribbean Sea than in plankton tows, 

DQG�WKH�VSHFLPHQV�ZHUH�VPDOOHU��)LJ�������)LJ��������7KH�VL]H�GLIIHUHQFH�FDQ�DOVR�EH�HIIHFWHG�

by the spines on specimens collected alive in the water. In contrast, Schmuker and Schiebel 

(2002) reported a higher proportion of G. sacculifer in sediment samples than in plankton 

tows during their sampling campaign in April and May 1996. They concluded that seasonal 

variability was the main cause for these differences. Additionally, surface sediment and 

sediment-trap studies from the Gulf of Mexico associated a high abundance of G. sacculifer 

ZLWK� D� VWURQJHU� /RRS� &XUUHQW� EULQJLQJ� ZDUP� &DULEEHDQ� ZDWHU� LQWR� WKH� *XOI� �%UXQQHU��

������3RRUH�HW�DO����������+LJK�ÀX[HV�RI�G. sacculifer in the Gulf of Mexico were recorded 

during spring 2008 and 2009 (Poore et al., 2013), the same time as our sampling campaign 

took place. Combining the evidence from the Gulf of Mexico and eastern Caribbean, we 

conclude that the abundance of G. sacculifer is subject to seasonal variations and that 

during early spring large numbers of specimens thrive in the open waters of the Caribbean 

Sea.

Globigerinita glutinata

7KLV�VSHFLHV�LV�XELTXLWRXV�DQG�RFFXUV�LQ�VHYHUDO�GLIIHUHQW�ZDWHU�PDVVHV��%p�DQG�7ROGHUOXQG��

������ %p�� ������� 1XPHURXV� VWXGLHV� OLQN� G. glutinata to phytoplankton blooms, high 

chlorophyll concentrations, and thus the abundance of diatoms in the water column, which 

LV� D� IDYRXUHG� IRRG� VRXUFH� �6FKLHEHO� DQG�+HPOHEHQ��������6FKLHEHO� HW� DO��� ������6WRU]� HW�

al., 2009; Chapman, 2010). In our plankton samples, this species showed a distinctively 

high standing stock at station 221 (Fig. 2.3), which was presumably more fertile than other 

sites in the southern Caribbean during our sampling campaign (as discussed in Chapter 

2.5.1). In the northern Atlantic Ocean, seasonal variability in the abundance of G. glutinata 

was linked to the phytoplankton spring bloom (Schiebel and Hemleben, 2000). In the 

Caribbean Sea, however, Schmuker and Schiebel (2002) recorded a high population density 

of G. glutinata in relation to a high nutrient supply, probably triggered by cyclonic eddies. 

Even though we cannot link the high abundance of G. glutinata to the occurrence of an 

eddy, we assume a high phytoplankton concentration adjacent to the chlorophyll patch 

(Fig. 2.2C) as the probable reason for their high abundance during March 2009.



CHAPTER 2 Habitats of living planktonic foraminifera in the Caribbean

30

Globigerinoides ruber  

The species G. ruber is a main component of the foraminiferal assemblage. It is a spinose-

species dwelling in the upper water column and dominates the subtropical and tropical 

RFHDQV��%p�HW�DO���������6FKPXNHU�DQG�6FKLHEHO���������%DVHG�RQ�PROHFXODU�VWXGLHV�� WKLV�

species has several cryptic genotypes associated with different habitats and preferred 

WHPSHUDWXUHV��.XþHUD�DQG�'DUOLQJ��������$XUDKV�HW�DO���������$XUDKV�HW�DO����������ZKLFK�

PDNHV�D�GH¿QLWH�LQWHUSUHWDWLRQ�RI�WKH�GLVWULEXWLRQ�GLI¿FXOW��6HGLPHQW�WUDSV�LQ�WKH�(DVW�&KLQD�

6HD�� 3DFL¿F� 2FHDQ� DQG� 3DQDPD� %DVLQ� OLQNHG� WKH� ÀX[� RI�G. ruber to seasonal changes 

�7KXQHOO� DQG� 5H\QROGV�� ������ ;X� HW� DO��� ������� 1HULWLF� FRQGLWLRQV�� FORVH� WKH� VKHOI�� DUH�

IDYRXUHG� KDELWDWV�� DV� KDV� EHHQ� REVHUYHG� LQ� SODQNWRQ� VWXGLHV� RII� 3XHUWR�5LFR� �&KDSWHU� ���

6FKPXNHU������D���,Q�D�ODERUDWRU\�VWXG\��%LMPD�HW�DO���������REVHUYHG�WKDW�G. ruber reached 

VPDOOHU�WHVW�VL]H�XQGHU�W\SLFDO�RSHQ�RFHDQ�OLJKW�LUUDGLDWLRQ��³EOXH´���WKDQ�LQ�IHUWLOH�UHJLRQV�

�³\HOORZ�JUHHQ´���)XUWKHUPRUH��WKH�VSHFLHV�LV�DVVRFLDWHG�ZLWK�DQ�HQKDQFHG�IRRG�VXSSO\�DQG�

showed a decreasing abundance from the east to the west of the Caribbean Sea (Schmuker 

DQG�6FKLHEHO���������7KLV�ORQJLWXGLQDO�JUDGLHQW�ZDV�OLQNHG�WR�WKH�2ULQRFR�DQG�$PD]RQ�ULYHU�

plumes prevailing in autumn (Corredor and Morell, 2001). The distribution patterns in our 

SODQNWRQ�DQG�VHGLPHQW�VDPSOHV�VXSSRUW� WKHVH�SUHYLRXV�¿QGLQJV��)LUVW�RI�DOO��RXU�SODQNWRQ�

samples showed a decreasing proportion from the eastern to the western Caribbean Sea 

(Fig. 2.4). The highest proportion of G. ruber was found at station 222 (15%) and in the 

)ORULGD� 6WUDLWV� DW� VWDWLRQ� ���� ������� 'XULQJ� RXU� VDPSOLQJ� SHULRG� LQ�0DUFK�� D� YHU\� ORZ�

proportion of G. ruber was found in the plankton samples as compared to the surface 

sediments in the central Caribbean Sea. In April and May 1996, Schmuker and Schiebel 

(2002) found a high frequency of G. ruber along the Antilles in both sediment and plankton 

VDPSOHV�� -RQHV� ������� QRWHG� D� KLJK� SURSRUWLRQ� RI� XS� WR� ���� EHWZHHQ� 1RYHPEHU� DQG�

'HFHPEHU������LQ�KLV�SODQNWRQ�QHWV�IURP�WKH�FHQWUDO�&DULEEHDQ��%HVLGH�D�VHDVRQDO�HIIHFW��

a general decline of the species G. ruber white in the Atlantic and Caribbean Sea (coast of 

3XHUWR�5LFR��KDV�EHHQ�REVHUYHG�GXULQJ�WKH�ODVW�GHFDGHV��&KDSWHU����+DUEHUV���������ZKLFK�

may partly explain the lower population density in our plankton samples.

Neogloboquadrina dutertrei

Variable habitats have been reported for the non-spinose species N. dutertrei (Tab. 2.2) 

and no distinctive distribution pattern has been documented to date in the Caribbean Sea 

DQG�VRXWKHUQ�&DOLIRUQLD��-RQHV��������)LHOG���������$URXQG�WKH�6HD�RI�-DSDQ��.XUR\DQDJL�

DQG�.DZDKDWD���������DQG� LQ�D� VWXG\�RI� WKH� ,QGLDQ�2FHDQ�DQG�1RUWK�$WODQWLF� �+LOEUHFKW��
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�������LW�ZDV�VXJJHVWHG�WKDW�WZR�GLIIHUHQW�SRSXODWLRQV�H[LVW�IRU�WKH�VDPH�PRUSKRW\SH��2QH�

population is related to warmer temperatures, and the other population is associated with 

colder temperatures. Moreover, three genotypes of N. dutertrei have been distinguished 

DQG� UHODWHG� WR� GLIIHUHQW� IDXQDO� SURYLQFHV� �&DULEEHDQ�� &RUDO� 6HD� DQG� 6DQWD� %DUEDUD�

Channel) (Darling et al., 2003). Very often N. dutertrei has been linked to high chlorophyll 

concentrations and was considered to live in the thermocline (Fairbanks et al., 1982; 

Curry et al., 1983; Watkins et al., 1996; Steph et al., 2009). The inferred habitat depth is 

not only based on plankton tow observations, but also on geochemical studies (Mg/Ca 

and stable oxygen isotope signature) of specimens from surface sediments. For example, 

EDVHG�RQ�R[\JHQ�LVRWRSH�GDWD��7HGHVFR�HW�DO���������FRQFOXGHG�WKDW�WKH�VSHFLHV�DGMXVWV�LWV�

living depth to the thermocline and chlorophyll maximum, which vary during the year. 

7KH�VWXG\�RI�6WHSK�HW�DO���������DVVXPHG�D�FDOFL¿FDWLRQ�GHSWK�EHWZHHQ�����DQG�����P�LQ�

the Caribbean Sea. Our plankton tow observations (and others Tab. 2.2), however, located 

the main habitat of N. dutertrei higher in the water column (~50 m). We assume, based on 

these observations and the fact that N. dutertrei hosts facultative symbionts requiring light 

�*DVWULFK��������� WKDW� WKH�PDLQ�KDELWDW�PXVW�EH�LQ� WKH�XSSHU�ZDWHU�FROXPQ��+RZHYHU��RXU�

WHVW�VL]H�GLVWULEXWLRQ�VKRZHG�D�VOLJKW�LQFUHDVH�LQ�WKH�SURSRUWLRQ�RI�ODUJH�VSHFLPHQV�LQ�GHHSHU�

water masses or even in the surface sediment (Fig. 2.6). We consider this trend as evidence 

that large specimens tend to descend and calcify deeper in the water column. Our surface 

catch may therefore contain juvenile specimens that did not yet reach the adult stage and 

WHVW�VL]H�� )XUWKHUPRUH��N. dutertrei was grouped in the autumn-winter assemblage in the 

Gulf of Mexico (Spear et al., 2011) and in the Caribbean Sea (Schmuker, 2000b; Schmuker 

and Schiebel, 2002). The latter studies linked the species to a higher nutrient supply caused 

E\�HQKDQFHG�2ULQRFR�5LYHU�RXWÀRZ� LQ�DXWXPQ�� ,Q� WKH�&DULDFR�%DVLQ�DQG�3DQDPD�%DVLQ��

KRZHYHU��DQ�LQFUHDVHG�ÀX[�RI�N. dutertrei was recorded during spring and related to higher 

SULPDU\� SURGXFWLYLW\� WULJJHUHG� E\� XSZHOOLQJ� �7KXQHOO� DQG� 5H\QROGV�� ������7HGHVFR� DQG�

Thunell, 2003). The species has also been associated to upwelling conditions in the Indian 

Ocean (Duplessy et al., 1981a). Our data, with the exception of station 221, showed that 

the sediment samples had a slight higher abundance of N. dutertrei than the respective 

plankton net samples (Fig. 2.4). This probably indicates seasonal variability with a lower 

productivity during spring. At station 221, where the highest standing stock in the water 

column was observed, a high chlorophyll patch (Fig. 2.2C) affected the population during 

the sampling time resulting in a high reproduction of specimens, which in turn created an 

overestimate of their abundance in early spring.  
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Globorotalia ungulata and Globorotalia menardii

A distinctive distribution pattern was discovered for the group of G. ungulata and 

G. menardii. In the Florida Straits, G. ungulata showed a prominent high standing stock 

in the upper water column, and was a major component of the living fauna. In contrast to 

WKLV��WKH�VSHFLHV�ZDV�UDUH�RU�HYHQ�DEVHQW�DW�WKH�RWKHU�VWDWLRQV��)LJ�����%��DQG�LQ�WKH�VXUIDFH�

sediment (Fig. 2.4). With reference to all available information, such a high number and 

such large specimens have not been previously reported in plankton studies. The species 

was only mentioned as a minor component (<1%) of the total assemblage in the Caribbean 

Sea (e.g. Schmuker, 2000b). The species G. menardii was recorded more sporadically in 

the Caribbean Sea, with the highest density at station 221, close to the sea-surface. In the 

literature however, specimens of G. ungulata, G. menardii and Globorotalia tumida were 

often pooled together as one taxon, and as a consequence different habitat patterns were 

not further explored (e.g. Schmuker, 2000b; Poore et al., 2013). Even though the species 

G. ungulata and G. menardii� DUH� FORVH� PRUSKRW\SHV�� DQG� MXYHQLOH� IRUPV� DUH� GLI¿FXOW� WR�

GLVWLQJXLVK��WKH\�DUH�LQ�IDFW�GLIIHUHQW�JHQRW\SHV��6HHDUV�HW�DO����������)XUWKHUPRUH��%URZQ�

������� DVVXPHG� WKDW�G. ungulata is probably an ecophenotype of the species G. tumida 

(Plate 2-k). In general, and based on isotopic measurements, G. tumida develop a secondary 

FU\VWDOOLQH� FUXVW� DQG� WKHUHIRUH� JHRFKHPLFDOO\� UHSUHVHQWV� GHHSHU� ZDWHU� PDVVHV� �%URZQ��

������6WHSK�HW� DO��� �������2Q� WKH�RWKHU�KDQG��G. ungulata has a smooth hyaline test and 

GZHOOV� LQ�VKDOORZ�ZDWHU�GHSWKV��%URZQ���������,QGHHG��RXU�SODQNWRQ�VDPSOHV�VXSSRUW� WKH�

hypothesis of different habitats. The living depth of G. tumida was deeper (~185 m) than 

that of G. ungulata��a���P���:H�FDQQRW�HVWLPDWH�D�SHUVLVWHQW�OLYLQJ�GHSWK�IRU�G. menardii, 

but we recorded the highest standing stock in the mixed layer, which is not surprising, as 

WKH�VSHFLHV�KRVWV�IDFXOWDWLYH�V\PELRQWV��H�J��]RRFKORUHOODH�RU�FKU\VRSK\FRSK\WHV��*DVWULFK��

������+HPOHEHQ�HW�DO����������+RZHYHU��ODUJH�VSHFLPHQV��!����+m) were only found below 

the mixed layer and in the surface sediments (Fig. 2.6). Furthermore, geochemical studies 

FDWHJRUL]H�G. menardii as a deep dwelling, thermocline species (Steph et al., 2009; Tedesco 

HW� DO��� �������'LIIHUHQW�PRUSKRW\SHV�ZHUH� DOVR� GLVFXVVHG� IRU�G. menardii and associated 

ZLWK�GLIIHUHQW�KDELWDWV�UHVXOWLQJ�LQ�YDULDEOH�JHRFKHPLFDO�VLJQDOV��%URZQ��������5HJHQEHUJ�

et al., 2010). When the species (G. menardii, G. ungulata and G. tumida) were grouped 

together, the highest abundance of this group in our plankton samples was recorded in 

the Florida Straits and Gulf of Mexico and is caused by the high population density of 

G. ungulata��%HFDXVH� WKH� VSHFLHV�ZHUH� UDUH� LQ� VXUIDFH� VHGLPHQW� VDPSOHV��ZH� FRQFOXGH� D�

variable seasonal distribution with a maximum in colder months. This is supported by 
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VHGLPHQW�WUDS� VWXGLHV� �7KXQHOO� DQG�5H\QROGV��������3RRUH�HW� DO��� ������ DQG�REVHUYDWLRQV�

LQ�SODQNWRQ�QHW�VDPSOHV�WDNHQ�LQ�-DQXDU\��-RQHV���������(YHQ�WKRXJK��D�VHDVRQDO�HIIHFW�LV�

likely in the Florida Straits, the distinct high abundance of G. ungulata in the plankton nets 

leads us to speculate that this is either a unique observation, or that the species has had a 

distinct increase in its abundance over the past decades.

Globoturborotalita rubescens

A high abundance of empty tests of G. rubescens was found in the plankton tows from 

WKH� FHQWUDO�&DULEEHDQ�6HD� �)LJ�����%���:H� LQIHU� WKDW� WKH�SODQNWRQ� WRZ�FRQWDLQHG�D�ZKROH�

population after reproduction at station 220. This is only possible when the sinking speed is 

slow and the reproduction cycle is synchronised. Globoturborotalita rubescens has a small 

and light test, which is comparable to G. glutinata and therefore probably has an identical 

settling velocity of ~330 m day-1� LQ�WKH�ZDWHU�FROXPQ��%HUJHU�DQG�3LSHU��������7DNDKDVKL�

DQG�%p��������+LJK�DEXQGDQFHV�RI�G. rubescens in the surface sediment from stations of 

the central Caribbean Sea (Fig. 2.4) indicates a high turnover and a high production rate 

RI� HPSW\� WHVWV� LQ� WKLV� UHJLRQ�� ,Q� WKH� QRUWKHDVWHUQ�$WODQWLF�� 6WRU]� HW� DO�� ������� DVVRFLDWHG�

G. rubescens with warm oligotrophic environmental conditions, and as such condition also 

prevail in the central Caribbean Sea, this seems to be a preferred habitat.

 
2.5.2.2 Deep dwellers  (below the mixed layer)

Hastigerina pelagica

In previous studies, H. pelagica� ZDV� UDUH� LQ� WKH� &DULEEHDQ� �-RQHV�� ������ 6FKPXNHU��

����E���EXW�%p�DQG�+DPOLQ��������DQG�%p�DQG�7ROGHUOXQG��������IRXQG�KLJK�DEXQGDQFHV�

of the species in the western Sargasso Sea and the Gulf Stream. In our plankton tows, the 

KLJKHVW�SRSXODWLRQ�GHQVLW\�ZDV�REVHUYHG�LQ�WKH�)ORULGD�6WUDLWV��)LJ�����$�%���6SHFLPHQV�RI�

H. pelagica are very fragile, have a slow settling velocity, and are sensitive to dissolution 

�3DUNHU�DQG�%HUJHU��������%HUJHU�DQG�3LSHU���������&RQVHTXHQWO\��RQO\�RQH�VLQJOH�VSHFLPHQ�

was found in our surface sediment samples. The molecular study of Weiner et al. (2012) 

discovered two different genotypes of H. pelagica (Type IIb and Type IIa) in the Caribbean 

Sea. Type IIb was associated with shallow water masses, above 200 m water depth. Type 

IIa was only found below 100 m water depth. In the Florida Straits and at station 221, the 

GLVWULEXWLRQ� SDWWHUQ� VKRZHG� D� VKDOORZ� DQG� D� GHHS� OLYLQJ� GHSWK� �)LJ�����%�� DQG� SUREDEO\�
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indicated the habitat of the two different genotypes.

Globorotalia crassaformis

2QO\� ORZ�VWDQGLQJ�VWRFNV�KDYH�EHHQ�GHVFULEHG� LQ� WKH�VWXG\�DUHD� �-RQHV��������6FKPXNHU�

and Schiebel, 2002), though G. crassaformis� FRPSULVHG������RI� WKH� WRWDO� OLYLQJ� IDXQD�DW�

station 222 (Fig. 2.4). This species is very important for paleo-studies and often taken to 

reconstruct deep-water properties. Geochemical studies in the Caribbean Sea proposed a 

FDOFL¿FDWLRQ�GHSWK� WR�a����P�ZDWHU�GHSWK��6WHSK�HW�DO���������� ,QGHHG��SUHYLRXV�SODQNWRQ�

tows and our data recorded the highest population density in the deepest sampling intervals, 

DQG�FODVVL¿HG�WKH�VSHFLHV�DV�D�GHHS�GZHOOHU��)LJ�����%��7DE��������-RQHV��������5DYHOR�DQG�

Fairbanks, 1992; Schmuker and Schiebel, 2002). Single juvenile specimens were found 

FORVH�WR�WKH�VHD�VXUIDFH�DERYH�WKH�WKHUPRFOLQH��)LJ�������H�J��-RQHV��������%p���������%DVHG�

RQ� R[\JHQ� LVRWRSHV�� 7HGHVFR� HW� DO�� ������� OLQNHG� WKH� OLYLQJ� GHSWK� RI�G. crassaformis in 

WKH�&DULDFR�%DVLQ� WR� XSZHOOLQJ� FRQGLWLRQV��7KH� DXWKRUV� DVVXPHG� D� GHHSHU� OLYLQJ� KDELWDW�

GXULQJ�QRQ�XSZHOOLQJ�SHULRGV��:H�VHH�DQ�LQFUHDVH�LQ�WHVW�VL]H�IURP�WKH�VXUIDFH�ZDWHU�WR�WKH�

bottom sediment in our data (Fig. 2.6). The largest specimens in plankton nets were found 

LQ�WKH�VL]H�IUDFWLRQ�RI����±�����P��ZKLOH�WKH�PRGH�WHVW�VL]H�IUDFWLRQ�ZDV����±�����P��,Q�

FRQWUDVW�� WKH�ODUJHVW�VSHFLPHQV�LQ�WKH�VHGLPHQW�ZHUH�LQ�WKH����±�����P�VL]H�IUDFWLRQ�DQG�

WKH�PRGH� WHVW�VL]H� IUDFWLRQ�ZDV� ���±�����P��7KHVH� UHVXOWV� FRQ¿UP� WKDW�G. crassaformis 

lives as small juvenile specimens in near surface waters and descends to deeper water 

masses as an adult to complete its life cycle. 

Globorotalia truncatulinoides

In our samples both right-coiling (dextral) and left-coiling (sinistral) specimens of 

G. truncatulinoides were present in the foraminiferal assemblage. However, the right-

coiling variety dominated the total G. truncatulinoides�SRSXODWLRQ��������%p�HW�DO���������

found that left-coiling specimens dominated the northern Sargasso Sea and right-coiling 

specimens occurred mainly in the southern part of the Sargasso Sea and the Caribbean 

Sea. High abundances have been recorded in sediment samples of the Gulf of Mexico 

DQG�)ORULGD�6WUDLWV��-RQHV���������4XLOOpYpUp�HW�DO���������LGHQWL¿HG�GLIIHUHQW�JHQRW\SHV�RI�

G. truncatulinoides with distinguishable test morphology and related them to distinct water 

masses in the world ocean. The maximum occurrence of G. truncatulinoides (dextral) in 

GLIIHUHQW�RFHDQV�RI�WKH�1RUWKHUQ�+HPLVSKHUH�KDV�EHHQ�OLQNHG�WR�WKH�FROGHVW�PRQWKV�GXULQJ�

ZLQWHU�DQG�VSULQJ��'HFHPEHU� WR�0DUFK���%UXQQHU��������'HXVHU�HW�DO���������:LOOLDPV�HW�
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DO��� ������ 6WRU]� HW� DO��� ������ 6SHDU� HW� DO��� ������ 3RRUH� HW� DO��� ������ -RQNHUV� DQG�.XþHUD��

2015). Furthermore, the specimens migrate vertically in the water column during ontogeny 

and therefore deep mixing of the water column (down to 600 m) enhances reproduction 

�+HPOHEHQ�HW�DO���������/RKPDQQ�DQG�6FKZHLW]HU���������%DVHG�RQ�WHVW�VL]HV�DQG�R[\JHQ�

LVRWRSHV��%LUFK�HW�DO���������LQIHUUHG�WKDW�WKH�VSHFLPHQV�PLJUDWH�LQ�WKH�ZDWHU�FROXPQ�DQG�WKH�

ODUJHVW�LQGLYLGXDOV�OLYH�EHORZ�WKH�WKHUPRFOLQH��$QRWKHU�VWDEOH�R[\JHQ�LVRWRSH�VWXG\��&OpURX[�

HW�DO���������VXJJHVWHG�WKDW�G. truncatulinoides lives at the base of the seasonal thermocline 

and an increase of the temperature above 16°C causes a migration to deeper depths. Those 

previous studies offer an explanation for the population density of G. truncatulinoides 

close to the sea-surface in the Gulf of Mexico (Fig. 2.3A). Low temperature surface water 

prevailed (~20°C) when our samples were collected in early March 2009, which was the 

calculated main depth-habitat temperature for G. truncatulinoides (dextral) (Tab. 2.1). 

This cold winter temperature in the Gulf of Mexico probably caused an accumulation of 

specimens in surface waters. Although living specimens were found in the surface water, 

the vertical distribution pattern showed the maximum population density below the mixed 

OD\HU��FORVH�WR�WKH�XSSHU�WKHUPRFOLQH��)LJ�����%���6FKPXNHU�DQG�6FKLHEHO��������VXJJHVWHG�

the species as a tracer for the SUW. They concluded that specimens of G. truncatulinoides 

(dextral) were transported from the Sargasso Sea into the Caribbean Sea and, as discussed 

E\� /RKPDQQ� DQG� 6FKZHLW]HU� �������� D� VWURQJ� WKHUPRFOLQH� LQKLELWHG� WKHLU� UHSURGXFWLRQ��

,Q� IDFW�� ZH� IRXQG� VPDOO� MXYHQLOH� VSHFLPHQV� ����±�����P�� DQG� DGXOWV� ����±�����P�� DW�

WKH�VDPH�VWDWLRQV��:H�UHJDUG� WKHVH�¿QGLQJV�DV�D� VWURQJ�HYLGHQFH� WKDW�G. truncatulinoides 

(dextral) indeed reproduces in the Caribbean Sea, and juvenile specimens live near the sea-

surface before they sink to deeper water masses to continue growing (Fig. 2.6). However, 

based on our data and previous studies, this species can be linked to colder temperatures 

(~20°C), for instance during the winter seasons, and to a main habitat close to the upper 

thermocline.
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2.6 Summary and conclusion

2XU�FHQVXV�RI�SODQNWRQ�DQG�VHGLPHQW� VDPSOHV�KDV� VLJQL¿FDQWO\�DGGHG� WR� WKH�SUH�H[LVWLQJ�

database of the spatial distribution of subtropical and tropical planktonic foraminifera in the 

Caribbean. The results verify previous observations and reduce uncertainties when using 

planktonic foraminifera for paleoenvironmental reconstructions.

The vertical and spatial distribution of the planktonic foraminiferal composition 

VKRZHG� D� VLJQL¿FDQW� UHODWLRQVKLS� WR� VHDZDWHU� WHPSHUDWXUH�� 0RUHRYHU�� HQKDQFHG�

reproduction of the foraminiferal population in the eastern Caribbean Sea can be linked 

to high food availability (e.g. diatoms and copepods) sustained by a patch with high 

chlorophyll concentrations adjacent to station 221. On the other hand, high turbidity, and 

SUHVXPDEO\� ORZ�VDOLQLW\��H[SHOOHG�SODQNWRQLF� IRUDPLQLIHUD� IURP�WKH�2ULQRFR�5LYHU�SOXPH�

and from the Gulf of Paria. In the Santaren Channel, high frequencies of meroplanktonic 

specimens in the surface water indicate additional food competitors that probably reduced 

the number of planktonic foraminifera.

$V�SUHYLRXVO\�GRFXPHQWHG�LQ�WKH�OLWHUDWXUH��H�J��-RQHV��������6FKPXNHU�DQG�6FKLHEHO��

2002) G. sacculifer, G. glutinata and G. ruber� FKDUDFWHUL]H� WKH� &DULEEHDQ� IDXQD� LQ� WKH�

upper water column during spring and also represent the dominant species in surface 

sediments. Therefore no major change took place in the foraminiferal composition during 

the last decades and two millennia. However, differences between the living and the  

fossil assemblages point to a large seasonal variable abundance of some species. Large 

specimens and a high frequency of G. sacculifer can be associated with oligotrophic 

offshore conditions in the Caribbean Sea during early spring. Globigerinoides ruber, 

however, showed a lower abundance during spring than in other seasons and probably 

favours neritic conditions with an elevated nutrient supply from riverine plumes. A high 

population density of G. glutinata was found in near-surface waters in the southeastern 

Caribbean Sea adjacent to a high chlorophyll patch. The species can be linked to a high 

SK\WRSODQNWRQ�FRQFHQWUDWLRQ��DV�UHSRUWHG�IURP�RWKHU�DUHDV��6FKLHEHO�HW�DO���������6WRU]�HW�

al., 2009).

-XYHQLOH� VSHFLPHQV� RI� N. dutertrei live in surface waters and a high population 

density at station 221 is likely related to high food supply. However, an overall lower 

proportion in the water column during spring indicates that N. dutertrei is more abundant 

LQ� RWKHU� VHDVRQV�� )RU� WKH� ¿UVW� WLPH�� D� KLJK� SRSXODWLRQ� GHQVLW\� RI� ODUJH� VSHFLPHQV� RI�

G. ungulata��!�����P��ZDV�REVHUYHG�LQ�WKH�XSSHUPRVW�ZDWHU�FROXPQ�LQ�WKH�)ORULGD�6WUDLWV��
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The low abundance in the sediment probably indicates a seasonal effect, but an increased 

occurrence of G. ungulata over the past decades in this area might also be possible. 

Globoturborotalita rubescens prefers the oligotrophic conditions of the offshore Caribbean 

Sea and there was evidence for a synchronised reproduction. Small and juvenile specimens 

of G. crassaformis were found in the deepest sampling interval of the water column and 

large specimens were only observed in surface sediments. Thus large adult specimens are 

rather useful to reconstruct properties of deep-water masses below 400 m. The main habitat 

of G. truncatulinoides (dextral) is close to the upper thermocline and can be associated 

with colder temperatures (~20°C) during winter seasons. There is evidence that the species 

reproduces in the Caribbean Sea, even though a strong thermocline inhibits deep mixing of 

the water column.
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Species Sample 
Cruise: Station (Water depth)

a–b: Globigerinella calida M78/1: 211-6 (100–200 m)

c–d: Globigerinella siphonifera M78/1: 211-6 (100–200 m)
M78/1: 211-5 (200–300 m)

e: Globigerinoides sacculifer – with sac-like chamber M78/1: 211-5 (60–100 m)

f: Globigerinoides sacculifer M78/1: 211-6 (0–60 m)

g: Globigerinoides ruber M78/1: 221-8 (0–40 m)

h–i: Hastigerina pelagica M78/1: 222-6 (180–300 m)

j-l: Sphaeroidinella dehiscens  – open (j) M78/1: 211-5 (200–300 m)
M78/1: 219-7 (125–180 m)
M78/1: 220-9 (150–220 m)

m: Orbulina universa – juvenile stage M78/1: 211-5 (0–60 m)

n: Orbulina universa – open M78/1: 220-8 (0–70 m)

o: Orbulina universa M95: 531 (60–100 m)

Plate 1
Scanning electron micrographs (SEM)
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Species Sample 
Cruise: Station (Water depth)

a–b: Globorotalia crassaformis M78/1: 222-6 (180-300 m)
M78/1: 222-7 (180-300 m)

c–d: Globorotalia truncatulinoides dextral M78/1: 221-7 (210-300 m)
M78/1: 221-7 (150-210 m)

e–f: Pulleniatina obliquiloculata M78/1: 219-7 (0-60 m)
M78/1: 219-8 (180-220 m)

g–h: Globorotalia menardii M78/1: 221-7 (150-210 m)
M78/1: 220-8 (0-70 m)

i–j: Globorotalia ungulata M78/1: 211-6 (0-60 m)
M78/1: 211-6 (60-100 m)

k: Globorotalia tumida M78/1: 219-8 (220-400 m)

l: Neogloboquadrina dutertrei M78/1: 221-7 (60-150 m)

m: Globigerinita glutinata M78/1: 221-7 (0-40 m)

n: Globoturborotalita rubescens M78/1: 219-8 (220-400 m)

Plate 2
Scanning electron micrographs (SEM)
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Species Sample 
Cruise: Station (Water depth)

a: Globorotalia menardii M95: 531 (60-100 m)

b–c: Globorotalia ungulata M94: 474 (0-20 m)

d: Globorotalia truncatulinoides dextral M78/1: PF 12 (3.5 m)

e: Pulleniatina obliquiloculata M94: 474 (60-100 m)

f: Globigerinoides sacculifer M94: 474 (0-20 m)

g: Globigerinoides ruber white M95: 487 (20-40 m)

h: Globigerinoides ruber pink M95: 487 (0-20 m)

i: Orbulina universa M95: 531 (60-100 m)

j: Hastigerina pelagica M95: 531 (60-100 m)

Plate 3
Optical microscope images
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Abstract

Past ocean temperatures and salinities are successfully approximated from combined stable 

oxygen isotopes (b18O) and Mg/Ca measurements in fossil foraminifera. To further support 

this approach, we collected living planktonic foraminifera by net sampling and pumping of 

sea surface waters from the Caribbean Sea, the eastern Gulf of Mexico, and Florida Straits. 

Analyses of b18O and Mg/Ca in eight living planktonic species (Globigerinoides sacculifer, 

Orbulina universa, Neogloboquadrina dutertrei, Pulleniatina obliquiloculata, Globorotalia 

menardii, Globorotalia ungulata, Globorotalia truncatulinoides and Globorotalia tumida) 

were compared to measured in-situ properties of the ambient seawater (temperature, 

salinity and b18Oseawater) and fossil tests of underlying surface sediments. “Vital effects” 

such as symbiont activity and test-growth cause b18O disequilibria to the ambient seawater 

and a large scatter in foraminiferal Mg/Ca. Overall, ocean temperature excites the most 

SURPLQHQW�HQYLURQPHQWDO�LQÀXHQFH�RQ�b18Ocalcite and Mg/Ca. Enrichment of the heavier 18O 

isotope in living specimens below the mixed layer and in fossil tests are clearly related 

to lowered in-situ� WHPSHUDWXUHV� DQG� JDPHWRJHQLF� FDOFL¿FDWLRQ��0J�&D�EDVHG� WHPSHUDWXUH�

estimates of G. sacculifer�LQGLFDWH�VHDVRQDO�PD[LPXP�DFFXPXODWLRQ�UDWHV�RQ�WKH�VHDÀRRU�LQ�

early spring (March) at stations of the Caribbean Sea and later in the year (May) in Florida 

Straits, related to the respective mixed layer temperatures of ~26°C. Notably, G. sacculifer 

reveals a positive linear relationship between foraminiferal derived b18Oseawater estimates  

and both measured in-situ b18Oseawater� DQG� VDOLQLW\�� 2XU� UHVXOWV� DI¿UP� WKH� DSSOLFDELOLW\� RI�

CHAPTER 3 
 
Mg/Ca and b18O in living planktonic 
foraminifera from the Caribbean, 
Gulf of Mexico and Florida Straits 
 
 
A. Jentzen, D. Nürnberg, E.C. Hathorne, J. Schönfeld 
This chapter is in preparation for submission
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existing b18O and Mg/Ca calibrations for the reconstruction of past ocean temperatures and 

b18Oseawater�UHÀHFWLQJ�VDOLQLW\�GXH�WR�WKH�FRQYLQFLQJ�DFFRUGDQFH�RI�SUR[\�GDWD�LQ�ERWK�OLYLQJ�

and fossil foraminifera, and in-situ environmental parameters. Large “vital effects” and 

seasonally varying proxy signals, however, need to be taken into account.

 
3.1 Introduction

Calcite tests of planktonic foraminifera are precipitated from the surrounding seawater 

and their stable oxygen isotope compositions (b18Ocalcite) and Mg/Ca ratios are established 

proxies to reconstruct past ocean conditions (e.g. Erez and Luz, 1983; Nürnberg et al., 

2000). The b18Ocalcite signature depends on the ambient seawater temperatures and oxygen 

isotopic compositions (b18Oseawater) the planktonic organism is thriving in. Their relationship 

ZDV�GH¿QHG�LQ�VHYHUDO�b18O-paleotemperature equations (e.g. Erez and Luz, 1983; Bouvier-

Soumagnac and Duplessy, 1985; Bemis et al., 1998). Earlier studies showed that b18Ocalcite 

reveals an offset to the equilibrium of the seawater, caused by environmental factors 

(e.g. salinity, carbonate ion concentration [CO3
2-], ocean pH) and/or biological controlled 

processes, so-called “vital-effects” (Weiner and Dove, 2003) (e.g. symbiont photosynthesis, 

UHVSLUDWLRQ��DV� LQÀXHQFLQJ�IDFWRUV��6SHUR�DQG�/HD��������6SHUR�HW�DO���������%HPLV�HW�DO���

1998; Bijma et al., 1999).

Mg/Ca ratios in foraminiferal tests are predominantly controlled by ocean 

WHPSHUDWXUH��0HDQZKLOH�� UREXVW�EHQWKLF�DQG�SODQNWRQLF� VSHFLHV�VSHFL¿F�FDOLEUDWLRQV�H[LVW�

(e.g. Nürnberg, 1995; Nürnberg et al., 1996; Lea et al., 1999; Anand et al., 2003; Regenberg 

et al., 2009), which allow to reconstruct the thermal structure of the entire water column, 

HYHQ�RQ�WLPHVFDOHV�RI�PLOOLRQ�RI�\HDUV��7KH�LQFRUSRUDWLRQ�RI�PDJQHVLXP�GXULQJ�FDOFL¿FDWLRQ�

is largely driven by physiological processes (e.g. Mg2+ uptake by mitochondria, Spero et al. 

2015), which may cause Mg/Ca heterogeneity in single tests with diurnal bandings in some 

species (e.g. Orbulina universa) (Erez, 2003; Sadekov et al., 2005; Bentov and Erez, 2006; 

Spero et al., 2015). Further, environmental parameters (e.g. salinity, [CO3
2-], ocean pH) 

may affect foraminiferal Mg/Ca (Nürnberg et al., 1996; Lea et al., 1999; Russel et al., 2004; 

Kisakürek et al., 2008). Most critical are carbonate dissolution processes that considerably 

ORZHU�0J�&D� LQ� IRUDPLQLIHUDO� WHVWV� �%URZQ� DQG�(OGHU¿HOG�� ������5RVHQWKDO� HW� DO��� ������

Regenberg et al., 2006).



from the Caribbean, Gulf of Mexico and Florida Straits CHAPTER 3

49

Mg/Ca and b18O in living planktonic foraminifera 

Only few (isotope) geochemical studies were accomplished on recent/living planktonic 

foraminifera, either collected from the water column or cultured under controlled laboratory 

conditions. These studies are an important addition to a multitude of core-top and downcore 

studies, allowing us to assess the different steering factors on b18Ocalcite and Mg/Ca during 

ELRPLQHUDOL]DWLRQ��H�J��.DKQ��������(UH]�DQG�+RQMR��������1�UQEHUJ�HW�DO���������/HD�HW�

al., 1999; Russel et al., 2004; Kisakürek et al., 2008; Spero et al., 2015).

We here systematically sampled the upper water column of the Caribbean, 

the eastern Gulf of Mexico, and Florida Straits for living tropical and subtropical 

planktonic foraminifera using plankton nets and on board pumping devices. b18Ocalcite and 

Mg/Ca analyses within bulk calcite and single chambers of living specimens collected  

from different depth-intervals were i) related to ocean parameters (temperature, salinity, 

b18Oseawater) measured in water samples from CTD sampling stations nearby, and ii) 

compared to fossil counterparts from underlying or nearby surface sediments. Our 

integrated approach aims to evaluate (i) “vital-effects” under natural conditions, (ii) the 

ontogenetic development in particular test growth and (iii) the impact of environmental 

conditions on foraminiferal b18Ocalcite and Mg/Ca to further substantiate their potential as 

paleoceanographic proxies.

 
3.2 Material and Methods

3.2.1 Sampling and preparation of planktonic foraminifera
Light stable isotope and geochemical analyses were performed on living and fossil 

foraminiferal tests sampled from plankton nets, pumping from below the ship, and surface 

sediments obtained during cruises SO164 (RV Sonne) in May/June 2002 (Nürnberg et al., 

������DQG�0������59�0HWHRU��LQ�)HEUXDU\�0DUFK�������6FK|QIHOG�HW�DO����������)LJ�������

Tab. 3.1). To collect living planktonic foraminifera, the Hydrobios Midi multiple opening-

FORVLQJ�SODQNWRQ�QHW��061��ZLWK�D�PHVK�VL]H�RI������P�ZDV�GHSOR\HG�DW�¿YH�VWDWLRQV�LQ�

different water depth intervals (surface to max. 400 m) (Tab. 3.1). Further sampling of 

living specimens was accomplished by pumping seawater from 3.5 m water depth during 

VKLS�V�WUDQVLW�DQG�VXEVHTXHQW�¿OWHULQJ�RYHU�D�����P�VLHYH��3)�VDPSOHV���,PPHGLDWHO\�DIWHU�

sampling, the plankton samples (MSN and PF) were preserved in a mix of 50% ethanol 

and seawater. The MSN samples were stained with Rose Bengal (2 g/l). Surface sediment 

samples were recovered by Multicorer and USNEL giant box corer at positions close to the 
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061�VWDWLRQV��7DE��������'XULQJ�FUXLVH�0������VDOLQLW\�DQG�WHPSHUDWXUH�ZHUH�UHFRUGHG�E\�

WKH�5%5�;5�����&RQGXFWLYLW\�7HPSHUDWXUH�'HSWK� �&7'�� SUR¿OHU� DQG� E\� WKH� VKLSERDUG�

thermosalinograph. For stable isotope analyses in seawater (b18Oseawater), water samples 

were collected at different water depths (Tab. 3.1) with the shipboard rosette Niskin bottle 

V\VWHP�FRQQHFWHG� WR� WKH�&7'�SUR¿OHU��¿OOHG� LQ�JODVV�ERWWOHV� �����PO�� DQG�SRLVRQHG�ZLWK�

0.2 ml HgCl2 to prevent biological activity.

,Q�WKH�KRPH�ODERUDWRU\��WKH�SODQNWRQ�QHW�VDPSOHV�ZHUH�ULQVHG�ZLWK�WDS�ZDWHU�DQG�DOO�

foraminifera were picked wet with a glass pipette. The picked foraminifera were dried on a 

¿OWHU�SDSHU�DW�URRP�WHPSHUDWXUH��IUDFWLRQDWHG�LQWR�GLIIHUHQW�PHVK�VL]HV�����±��������±�����

���±��������±��������±��������±����DQG�!�����P��DQG�LGHQWL¿HG�RQ�VSHFLHV�OHYHO�DIWHU�

%p��������DQG�+HPOHEHQ�HW�DO����������)RU��LVRWRSH��JHRFKHPLFDO�DQDO\VHV��LQGLYLGXDO�WHVWV�

from eight different species were selected including: Globigerinoides sacculifer “without 

sac” (spherical last chamber; recently termed Trilobatus sacculifer; Spezzaferri et al., 2015), 

Orbulina universa, Neogloboquadrina dutertrei, Pulleniatina obliquiloculata, Globorotalia 

menardii, Globorotalia ungulata, Globorotalia truncatulinoides (dextral), and Globorotalia 

tumida (Appendix B). Only cytoplasm-bearing specimens with an intact calcite test were 

considered for analyses, indicating that the foraminifera were still alive when collected. For 

all species, the weighted average living depth (m) and habitat (=living) temperature (°C) 

(temperature at the weighted average living depth) was calculated based on standing stocks 

(individual m-3) in the water column (Tab. 3.3; cf. Chapter 2).

6XUIDFH�VHGLPHQW�VDPSOHV�ZHUH�IUHH]H�GULHG��ZHW�VLHYHG�XVLQJ�WDS�ZDWHU�RYHU�D����ȝP�

VLHYH��DQG�GULHG�DW����&��6LQJOH�LQWDFW�IRUDPLQLIHUDO�WHVWV�ZHUH�SLFNHG�IURP�WKH����±�����P�

size fraction, in order to stay compatible with published data from similar Caribbean station 

sites (existing b18Ocalcite data from Steph et al., 2009 and Mg/Ca data from Regenberg et al., 

2006).
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Figure 3.1: Sea surface temperature chart (SST) of the Caribbean Sea, Gulf of Mexico and Florida 
Straits showing sampling locations (Tab. 3.1). Brown stars: Multiclosure net samples (MSN) and CTD 
VWDWLRQV� �59�0HWHRU� FUXLVH�0������� %ODFN� GRWV� DQG� OLQHV�� 3ODQNWRQ� ¿OWHU� VDPSOHV� �3)��0������� %OXH�
VTXDUHV�� 6XUIDFH� VHGLPHQW� VDPSOHV� �0����� DQG�59�6RQQH� FUXLVH� 62����� FI��5HJHQEHUJ� HW� DO��� ������
Steph et al., 2009). Green lines and grey dots: World Ocean Circulation Experiment (WOCE) transect 
OLQH� $��� �VWDWLRQV� ��±���� DQG� 1RUWK�$PHULFDQ� &DUERQ� 3URJUDP� �1$&3�� OLQH� 1$&3(&&� �VWDWLRQV�
20-28) (cchdo.ucsd.edu). Coloured shading: SST illustrated with ODV (Schlitzer, 2009) using World 
Ocean Atlas 2013 (WOA13) data from January-March (Locarnini et al., 2013). Coloured dots with white 
RXWOLQH��667������P�ZDWHU�GHSWK��UHFRUGHG�GXULQJ�FUXLVH�0�����ZLWK�WKH�VKLSERDUG�WKHUPRVDOLQRJUDSK�
�6FK|QIHOG� HW� DO��� ������$SSHQGL[�$���*UH\� GDVKHG� OLQH��&UXLVH� WUDFN� RI�59�0HWHRU� FUXLVH�0����� LQ�
February and March 2009.
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Cruise Date Device Station 
No.

Latitude N 
(Start-End)

Longitude W 
(Start-End)

Water 
depth 
(m)

Sampling 
intervals/depth

SO164 27.05.2002 MUC 02-3 *(1) 15°18.29 72°47.06 2977 0–1 cm 
SO164 07.06.2002 MUC 22-2 *(2) 15°24.00 68°12 4506 0–1 cm 
SO164 09.06.2002 MUC 24-3 *(3) 14°11.89 63°25.43 1545 0–1 cm 
M78/1 10.03.2009 MUC 212-1 *(4) 24°11.10 81°15.74 723 0–1 cm 
M78/1 19.03.2009 GKG 222-8 12°1.48 64°28.50 1019 surface 
M78/1 10.03.2009 CTD 210-13 24°14.88 80°55.10 452 40, 85, 100, 150, 

190, 275, 400 m
M78/1 10.03.2009 CTD 211 24°15.50 80°54.81 456 -
M78/1 15.03.2009 CTD 219-1 15°18.27 72°47.08 2956 50, 100, 220, 600 m
M78/1 16.03.2009 CTD 220-1

220-2
15°23.99
15°23.99

68°12.01
68°11.99

4480
4480

10, 61, 91, 136, 196, 
485 m

M78/1 18.03.2009 CTD 221-1
221-2

14°11.89
14°11.98

63°25.45
63°25.41

1534
1534

10, 30, 60, 100, 150, 
200, 500 m

M78/1 19.03.2009 CTD 222-1 12°1.49 64°28.55 1023 10, 30, 55, 75, 140, 
229 m

M78/1 10.03.2009 MSN 211-5
211-6

24°15.50
24°15.30

80°54.81
80°54.69

456
453

0–60, 60–100, 
100–200, 200–300, 
300–400 m

M78/1 15.03.2009 MSN 219-7
219-8

15°18.30
15°18.30

72°47.06
72°47.06

2960
2960

0–60, 60–125, 
125–180, 180–220, 
220–400 m

M78/1 17.03.2009 MSN 220-8
220-9

15°23.99
15°23.99

68°12.00
68°12.00

4481
4482

0–70, 70–110, 
110–150, 150–220, 
220–300 m

M78/1 18.03.2009 MSN 221-7
221-8

14°11.89
14°11.89

63°25.43
63°25.43

1533
1535

0–40, 40–60, 
60–150, 150–210, 
210–300 m

M78/1 19.03.2009 MSN 222-6
222-7

12°1.57
12°1.55

64°28.80
64°28.80

1031
1028

0–40, 40–80, 
80–120, 120–180, 
180–300 m

M78/1 03.03.2009 PF 7 26°31.38–
27°39.86

87°5.32–
88°16.23

- 3.5 m

M78/1 06.03.2009 PF 11 26°18.35–
26°12.21

84°44.97–
84°41.92

- 3.5 m

M78/1 06.03.2009 PF 12 26°10.7–
26°12.48

84°44.08–
84°43.40

- 3.5 m

M78/1 07.03.2009 PF 19 26°12.18–
26°12.18

84°43.87–
84°43.87

- 3.5 m

Table 3.1: Station list of sediment, water and plankton samples obtained during cruises SO164 and 
0������1�UQEHUJ�HW�DO���������6FK|QIHOG�HW�DO����������08&��0XOWLFRUHU��*.*��*LDQW�ER[�FRUHU��&7'��
&RQGXFWLYLW\�7HPSHUDWXUH�'HSWK�SUR¿OHU��061��+\GURELRV�0LGL�PXOWLSOH�RSHQLQJ�FORVLQJ�SODQNWRQ�QHW��
3)��3ODQNWRQ�¿OWHU��LQGLFDWHV�VXUIDFH�VHGLPHQW�VLWHV�FORVH�WR�061�VWDWLRQ���������������������������DQG�
(4) 211 (Fig. 3.1).
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3.2.2 Stable isotope analyses
Depending on the selected species and size fraction, a varying number of specimens were 

analysed for stable isotopes (b18Ocalcite) (Appendix B). Prior to the measurements, the 

foraminiferal tests were cracked and the remaining cytoplasm was removed with a needle. 

7KH�PHDVXUHPHQWV�ZHUH�UXQ�RQ�D�7KHUPR6FLHQWL¿F�0$7�����PDVV�VSHFWURPHWHU�FRQQHFWHG�

WR� DQ� DXWRPDWLF� FDUERQDWH� SUHSDUDWLRQ�GHYLFH�.LHO�&$5%2� ,9�DW�*(20$5��7KH� VWDEOH�

isotope results are reported relative to the Vienna Pee Dee Belemnite (VPDB) in per  

mil (‰) and calibrated versus the National Bureau of Standards (NBS) 19. The in-house 

standard (Solnhofen limestone) indicate a long-term analytic precision of <0.06‰ (± 1m).

Stable oxygen isotopes in seawater (b18Oseawater��ZHUH�DQDO\VHG�E\�WKH�,VRWRSH�5DWLR�,QIUDUHG�

6SHFWURVFRS\� �,5,6�� DQDO\VHU� �0RGHO� /�����L� &5'6�� DW� WKH� ODERUDWRU\� RI� *HR=HQWUXP�

Nordbayern (Erlangen). The measurements are expressed in per mil (‰) versus the  

Vienna Standard Mean Ocean Water (VSMOW). The analytical precision is better than 

0.05‰ (± 1m) (Appendix B).

Figure 3.2: 7HPSHUDWXUH� ��&�� DQG� VDOLQLW\� �SVX��GHSWK�SUR¿OHV� LQ� WKH�ZRUNLQJ�DUHD�� In-situ CTD-data 
PHDVXUHG�GXULQJ�FUXLVH�0������0DUFK�������WKLFN�EURZQ�DQG�EODFN�OLQHV��DUH�SUHVHQWHG�LQ�FRPSDULVRQ�
WR�WKH�VHDVRQDOO\�GLIIHUHQWLDWHG�:RUOG�2FHDQ�$WODV�������:2$����GDWD��/RFDUQLQL�HW�DO���������=ZHQJ�
et al., 2013; coloured thin lines). GCW: Gulf Common Water; CW: Caribbean Water; SUW: Subtropical 
Under Water; EDW: 18°C Sargasso Sea Water. Black double arrows indicate the seasonal ranges of 
WHPSHUDWXUH��ERWWRP��DQG�VDOLQLW\��WRS��LQ�WKH�XSSHUPRVW�ZDWHU�FROXPQ���±���P�ZDWHU�GHSWK��
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The difference between the predicted inorganic calcite b18O signal of the seawater 

(calcite formed in thermodynamic equilibrium, b18Oequilibrium) and the b18Ocalcite value of the 

foraminiferal test is commonly termed as “vital effect” (b18Odisequilibrium) (Tab. 3.3). 

�����������������������������������������b18Odisequilibrium  �  b18Ocalcite - b18Oequilibrium                                     (3.1)

To determine b18Oequilibrium��)LJ�����$���WKH�WHPSHUDWXUH�HTXDWLRQ�RI�.LP�DQG�2�1HLO��������

for inorganic precipitation was applied:

                                b18Oequilibrium  �  25.��8 -  3.333 43.�04
T 
 b
18Oseawater                         (3.2)

with in-situ� WHPSHUDWXUHV� ��&�� PHDVXUHG� GXULQJ� FUXLVH� 0����� E\� &7'� DQG� PHDVXUHG�

seawater (b18Oseawater��YDOXHV��6FK|QIHOG�HW�DO���������$SSHQGL[�%���b18Oseawater was corrected 

WR�WKH�3'%�VFDOH�E\�VXEWUDFWLQJ�����Å�DIWHU�+XW��������
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Figure 3.3: A) b18Oseawater (‰ VSMOW) and colour-coded b18Oequilibrium� �Å�3'%��GHSWK�SUR¿OHV� DW� WKH�
CTD stations 210/211, 219, 220, 221, and 222 (see Fig. 3.1). Red shading: Salinity envelope (psu) of 
WKH�DPELHQW�VHDZDWHU�IURP�)ORULGD�6WUDLWV�DQG�&DULEEHDQ�6HD�PHDVXUHG�GXULQJ�FUXLVH�0�����PDWFKLQJ�
b18Oseawater.�B) Brown crosses: Measured in-situ salinity vs. b18Oseawater in the Caribbean Sea and Florida 
Straits in the upper 600 meter of the water column (cf. Appendix B for data); blue squares: Salinity vs. 
b18Oseawater from Schmidt et al. (1999; Global Seawater Oxygen-18 Database) in the upper 600 meter of 
the water column in the Caribbean Sea.
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,Q�DGGLWLRQ�WR�HTXDWLRQ��������ZH�IXUWKHU�HODERUDWHG�RWKHU�b18O-paleotemperature equations  

to test which one is consistent with our in-situ data, and can be used for further  

FDOFXODWLRQV�FRQVLGHULQJ� WKH�VSHFLHV�VSHFL¿F�³YLWDO�HIIHFW´� �(UH]�DQG�/X]��������%RXYLHU�

Soumagnac and Duplessy, 1985; Bemis et al., 1998; Mulitza et al., 2003; Spero et al., 

������ )DUPHU� HW� DO��� ������ 7DE������� )LJ�������� :H� DSSOLHG� GLIIHUHQW� FRQYHUVLRQ� IDFWRUV�

correcting SMOW to PDB for the different b18O-paleotemperature equations according to 

the corresponding studies (Tab. 3.2) to estimate b18Oseawater from foraminiferal b18Ocalcite.
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Figure 3.4: &DOFLWH�VDWXUDWLRQ�VWDWH�LQGLFDWHG�E\�¨>&23
2-@�GHSWK�SUR¿OHV�RI�WKH�&DULEEHDQ�6HD�DQG�*XOI�

of Mexico. Grey dots and green crosses: Transect A22 (station 10-15) and NACPECC (station 20-28) 
�)LJ�� ����� ZLWK� ¨>&23

2-] being the difference between [CO3
2-]in-situ and [CO3

2-]saturation. Alkalinity and 
TCO2� ZDV� WDNHQ� IURP�:2&(� DQG� 1$&3� �FFKGR�XFVG�HGX�� FUXLVH� 59�.QRUU� LQ� ������ (;32&2'(�� 
���1���B�� DQG� FUXLVH� 59� 5RQDOG� +�� %URZQ� LQ� ������ (;32&2'(�� ��52���������� WR� FDOFXODWH� 
[CO3

2-]in-situ using the program CO2SYS (Pierrot et al., 2006; taking the constants (K1 and K2) of 
0HKUEDFK� HW� DO�� ������� UH¿WWHG� E\� 'LFNVRQ� DQG� 0LOOHUR� ������� DQG� �KSO4) from Dickson (1990)). 
[CO3

2-]saturation�ZDV�FDOFXODWHG�DIWHU�-DQVHQ�HW�DO�� ��������5HG�YHUWLFDO� OLQH� LQGLFDWHV� WKH�FULWLFDO�¨>&23
2-] 

YDOXH�RI������ȝPRO�NJ-1 below which selective Mg2+-ion removal starts (Regenberg et al., 2014); black 
GDVKHG�OLQH�PDUNV�WKH�FDOFLWH�VDWXUDWLRQ�KRUL]RQ��&6+���ZKLFK�LV�GH¿QHG�WR����PRO�NJ-1 and represents 
the top of the lysocline at ~4600 m water depth; brown dashed line indicates the maximum plankton-tow 
sampling depth.
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T= a + b*(b18Ocalcite- b18Oseawater) + c*(b18Ocalcite- b18Oseawater)2

Nr. Reference Species Material a b c
SMOW to PDB 

conversion

1 Kim and O´Neil 1997 Inorganic Experiment 16.1 -4.64 0.09 -0.27
2 Shackleton 1974 Uvigerina Sediment 16.9 -4.38 0.1 -0.20
3 Erez and Luz 1983 G. sacculifer Culture experiment 17.0 -4.52 0.03 -0.22
4 Bouvier-Soumagnac 

and Duplessy 1985
O. universa Culture experiment 16.4 -4.67 -0.20

5 Bouvier-Soumagnac 
and Duplessy 1985

O. universa Plankton tow 15.4 -4.81 -0.20

6 Bouvier-Soumagnac 
and Duplessy 1985

G. menardii Plankton tow 14.6 -5.03 -0.20

7 Bouvier-Soumagnac 
and Duplessy 1985

N. dutertrei Plankton tow 10.5 -6.58 -0.20

8 Bemis et al. 1998 O. universa Culture experiment, 
high-light conditions

14.9 -4.8 -0.27

9 Bemis et al. 1998 O. universa Culture experiment, 
low-light conditions

16.5 -4.8 -0.27

10 Mulitza et al. 2003 G. sacculifer Surface pump 
samples

14.91 -4.35 -0.27

11 Spero et al. 2003 G. sacculifer A Culture experiment,
high-light conditions

12.0 -5.67 -0.27

12 Farmer et al. 2007 G. sacculifer Surface sediment 16.2 -4.94 -0.27
13 Farmer et al. 2007 O. universa Surface sediment 16.5 -5.11 -0.27
14 Farmer et al. 2007 N. dutertrei Surface sediment 14.6 -5.09 -0.27
15 Farmer et al. 2007 G. menardii Surface sediment 16.6 -5.20 -0.27
16 Farmer et al. 2007 P. obliquiloculata Surface sediment 16.8 -5.22 -0.27
17 Farmer et al. 2007 G. tumida Surface sediment 13.1 -4.95 -0.27

Table 3.2: Temperature: b18O relationship from different studies including different conversion factors 
�602:�WR�3'%��FI��%HPLV�HW�DO����������$� �VSHFLHV�VSHFL¿F�HTXDWLRQ�XVHG�WR�HVWLPDWH�b18Oseawater for 
G. sacculifer (Fig. 3.10).
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Erez & Luz G. sacculifer

Bemis LL O. universa
Bemis HL O. universa

Bouv.-Sou. & Dupl. O. universa
Bouv.-Sou.& Dupl. O. universa

Mulitza G. sacculifer
Spero G. sacculifer

Bouv.-Sou. & Dupl. G. menardii
Bouv.-Sou. & Dupl. N. dutertrei 

Kim & O´Neil Inorganic
Shackleton Uvigerina

Farmer G. sacculifer
Farmer O. universa

Farmer G. menardii
Farmer P. obliquiloculata

Farmer N. dutertrei

Farmer G. tumida
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Figure 3.5: Assessment of existing b18O-paleotemperature relationships. Grey dots: Difference between 
the measured b18Ocalcite and the measured b18Oseawater, depicted at the average in-situ temperature of the 
SODQNWRQ�QHW�LQWHUYDOV�PHDVXUHG�GXULQJ�FUXLVH�0������%ODFN�HUURU�EDUV�GHQRWH�WKH�WHPSHUDWXUH�UDQJHV�RI�
the sampling intervals. Coloured-coded lines labelled by numbers are published b18O-paleotemperature 
equations (cf. Tab. 3.2).
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3.2.3 Mg/Ca analyses
Mg/Ca ratios in foraminiferal calcite were analysed from both bulk samples comprising 

numerous of tests of a single species, and single specimens, depending on their abundances 

(Appendix B). Prior to analyses, the samples were cleaned with a hydrogen peroxide-

FOHDQLQJ�VWHS��IROORZLQJ�%DUNHU�HW�DO����������ZKLFK�LV�VXJJHVWHG�WR�EH�DQ�HI¿FLHQW�PHWKRG�

to remove the high amount of cytoplasm in live foraminifera (Pak et al., 2004). We omitted 

a reductive hydrazine cleaning step. This step is unnecessary for plankton samples and we 

avoid further chemical treatment, which preferential dissolution of foraminiferal calcite 

�H�J��5RVHQWKDO� HW� DO��� ������<X�HW� DO��� �������)XUWKHUPRUH�� HPSOR\LQJ�RQO\� WKH�R[LGDWLYH�

cleaning step allows for direct comparison to foraminiferal Mg/Ca from surface sediments, 

which are treated similarly (Regenberg et al., 2006). For each bulk sample (plankton net and 

sediment), ~400-800 µg of G. sacculifer, N. dutertrei and G. ungulata from different size 

fractions were used for analyses (Appendix B). The tests were gently crushed between two 

glass plates, in order to open the chambers, and transferred into a vial. The samples were 

¿UVW�ULQVHG�ZLWK�XOWUDSXUH�ZDWHU�������01/cm) and ethanol. Then, 250 µl of a NaOH/H2O2 

solution (100 µl 30% H2O2 and 10 ml NaOH) were added to each vial and placed for 20 

PLQXWHV�LQ�D�KRW�ZDWHU�EDWK�����&���)RU�WKH�SODQNWRQ�VDPSOHV�WKHVH�VWHSV�ZHUH�UHSHDWHG��±��

times in order to completely remove the cytoplasm. The samples were subsequently rinsed 

with ultrapure water. Finally, the tests were leached with 250 µl of HNO3 (0.001 M). Prior 

to the element analyses, the samples were dissolved in HNO3��������0���7KH�PHDVXUHPHQWV�

ZHUH�SHUIRUPHG�ZLWK�DQ�D[LDO�YLHZLQJ�9$5,$1�����,QGXFWLYHO\�&RXSOHG�3ODVPD�2SWLFDO�

(PLVVLRQ� 6SHFWURPHWHU� �,&3�2(6�� DW� *(20$5�� 7KH� GDWD� RI� WKH� PHDVXUHPHQWV� ZHUH�

QRUPDOL]HG�DQG�WUHQG�FRUUHFWHG�XVLQJ�WKH�(&50�������VWDQGDUG��������PPRO�PRO-1 Mg/Ca; 

Greaves et al., 2008). The analytic precision is 0.1 mmol mol-1 (± 2m).

Single chambers of living foraminifera were analysed with an Excimer ArF 193 nm 

ODVHU� DEODWLRQ� V\VWHP�� FRXSOHG� WR� DQ� ,QGXFWLYHO\� &RXSOHG� 3ODVPD�0DVV� 6SHFWURPHWHU�

�,&3�06�$JLOHQW�����F[��DW�*(20$5��7KH�VLQJOH�IRUDPLQLIHUDO�WHVWV�ZHUH�FOHDQHG�ZLWK�

a buffered hydrogen peroxide solution, in a similar way as the bulk samples. Only one 

specimen was put into a vial to avoid crashing and breaking the test during the cleaning 

process. Each foraminiferal test was rinsed with ultrapure water and ethanol before adding 

250 µl of NaOH/H2O2 solution. The samples were then placed in a hot water tub (92°C) 

for 20 minutes and rinsed with ultrapure water and ethanol afterwards. Subsequently, 

the samples were dried at room temperature. The laser ablation technique allowed us to 

DEODWH� WKURXJK� WKH� WHVW�ZDOO� IURP� WKH� RXWHU� WHVW� VXUIDFH� WRZDUGV� WKH� LQQHU� VLGH�� ,WV� VSRW�
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VL]H� GLDPHWHU� ZDV� IRFXVHG� WR� ��� DQG� ����P��$EODWLRQ� SUR¿OHV� ZHUH� FDUULHG� RXW� RQ� WKH�

¿QDO� IRXU� FKDPEHUV� �)� WR� )���� �$SSHQGL[�%��� 7KH� HQHUJ\� GHQVLW\� RI� WKH� ODVHU� ZDV� ���± 

2.6 J/cm2� DQG� D� ODVHU� UHSHWLWLRQ� UDWH� RI� �� DQG� ��+]�ZDV� VHOHFWHG��7KH� IROORZLQJ� LVRWRSHV�

were measured: �Li, 11B, 23Na, 24Mg, 26Mg, ��Al, 39K, 43Ca, 44Ca, 55Mn, 66=Q��88Sr, 111Cd, ���Ba, 
139La, 232Th and 238U. The ablation was stopped when the test wall was penetrated. Analyses 

ZHUH� FDOLEUDWHG� XVLQJ� VWDQGDUG� JODVVHV� ���� DQG� ���� RI� 1DWLRQDO� ,QVWLWXWH� RI� 6WDQGDUGV�

DQG�7HFKQRORJ\� �1,67�� DQG� QRUPDOL]HG� WR� UHSRUWHG� YDOXHV� RI� -RFKXP�HW� DO�� ��������7KH�

1,67�����DQG�1,67�����ZHUH�DEODWHG�ZLWK�DQ�HQHUJ\�GHQVLW\�RI��±��-�FP2 after every ten 

PHDVXUHPHQWV�RI� IRUDPLQLIHUDO� WHVWV��5DZ�FRXQWV�RI�HOHPHQWV�ZHUH�SURFHVVHG�RIÀLQH�DQG�
43Ca was used as internal standard to determine the element/Ca ratios. Outliers (± 2m) were 

rejected from the results. A powder pellet of JCt-1 (giant clam shell) was used as internal 

reference and repeatedly analysed (n=15) during the ablation sessions revealing an average 

Mg/Ca ratio of 1.21 ± 0.13 mmol mol-1 (standard deviation of 10.6%, 1m) being consistent 

with Hathorne et al. (2013) (Mg/Ca = 1.289 mmol mol-1).

In-situ�WHPSHUDWXUH���&��PHDVXUHG�GXULQJ�FUXLVH�0������6FK|QIHOG�HW�DO���������ZHUH�

compared to derived Mg/Ca-temperature estimates. We applied different calibrations for 

HDFK�VSHFLHV�WR�DFFRXQW�IRU�VSHFLHV�VSHFL¿F�YDULDELOLWLHV��H�J��5XVVHO�HW�DO���������&OpURX[�HW�

al., 2008; Regenberg et al., 2009; Tab. 3.4; Fig. 3.8).

3.2.4 Calculation of b18Oseawater

The combination of b18Ocalcite and Mg/Ca in foraminiferal tests allows us to estimate b18O 

signals of the ambient seawater, which is used as a proxy for surface seawater salinity 

(Craig and Gordon, 1965; Schmidt, 1999; Fig. 3.3B). We compared our measured in-situ 

b18Oseawater to b18Oseawater estimates derived from combined foraminiferal b18Ocalcite and 

Mg/Ca-temperatures of G. sacculifer�� )RU� WKH� FDOFXODWLRQ� ZH� XVHG� WKH� VSHFLHV�VSHFL¿F�

b18O-paleotemperature equation for G. sacculifer of Spero et al. (2003) (Tab. 3.2) with 

WKH� VSHFLHV�VSHFL¿F�0J�&D�WHPSHUDWXUH� FDOLEUDWLRQ� IRU�G. sacculifer of Regenberg et al. 

(2009) (Tab. 3.4). Both calibrations are broadly consistent with the analysed calcite and the 

measured in-situ seawater properties (Fig. 3.5; Fig. 3.8A).
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3.2.5 Calcite dissolution
Calcite dissolutions strongly affect foraminiferal Mg/Ca, which are mainly a function of the 

regionally different calcite saturation state in the oceans and the sensitivity of the species-

VSHFL¿F� IRUDPLQLIHUDO� WHVW� VWUXFWXUH� �%URZQ�DQG�(OGHU¿HOG��������5HJHQEHUJ�HW�DO���������

�������7KH�FDOFLWH�VDWXUDWLRQ�VWDWH�¨>&23
2-@�LV�GH¿QHG�DV�

��������������������������������������������¨>&23
2-] = [CO3

2-]in-situ - [CO3
2-]saturation                      (3.3)

DQG� GHFUHDVHV� IURP� WKH� VXUIDFH� �a���±�����PRO�NJ-1) to ~5000 m water depth 

(<0 µmol kg-1�� LQ� WKH� HDVWHUQ�&DULEEHDQ�6HD� DQG�*XOI� RI�0H[LFR� �)LJ�������� �¨>&23
2-] of 

~21 µmol kg-1, which is a critical threshold for the onset of selective Mg2+ ion removal 

IURP�SODQNWRQLF� IRUDPLQLIHUDO�FDOFLWH�� LV� DW�a����±�����P�ZDWHU�GHSWK� LQ� WKH� VWXG\�DUHD��

Below, the undersaturated waters will lower foraminiferal Mg/Ca substantially (Regenberg 

et al., 2006; 2014). As all plankton net samples of this study were taken from shallower 

than 400 m water depth, we assume that the studied foraminiferal tests originate from 

VXSHUVDWXUDWHG�VHDZDWHU�ZLWK�UHVSHFW�WR�FDOFLWH��¨>&23
2-@�!����PRO�NJ-1) and that substantial 

Mg2+-ion removal is not to be expected.

3.3 Results and Discussion

3.3.1 Hydrographical setting during sampling
,Q�RUGHU�WR�EH�DEOH�WR�GLUHFWO\�UHODWH�RXU�UHVXOWV�RQ�YHUWLFDO�IRUDPLQLIHUDO�GLVWULEXWLRQ�SDWWHUQV�

DQG� VSHFLHV�VSHFL¿F� �LVRWRSH�� JHRFKHPLFDO� VLJQDWXUHV� WR� WKH� PRGHUQ� K\GURJUDSKLFDO�

conditions in the study area, we systematically accomplished temperature, salinity 

and b18Oseawater measurements. The CTD and thermosalinograph data gathered during 

FUXLVH�0����� �)HEUXDU\±0DUFK������� ORZ�VHD�VXUIDFH� WHPSHUDWXUHV� �667�� LQ� WKH�*XOI�RI�

Mexico (~20°C) and Florida Straits (~24°C) (Fig. 3.1; Fig. 3.2) comparable to the boreal 

ZLQWHU� VLWXDWLRQ�� DV� UHÀHFWHG� LQ� WKH� :2$����� GDWD� �)LJ������� /RFDUQLQL� HW� DO��� �������

Hydrographical conditions in the Caribbean vary seasonally with a large range of SSTs 

(range in the Florida Straits up to 5°C) and salinities (SSS; range in the Caribbean Sea 

XS�WR����SVX����)LJ�������DQG�DUH�FORVHO\�OLQNHG�WR�WKH�PLJUDWLQJ�,QWHUWURSLFDO�&RQYHUJHQFH�

=RQH� �,7&=���ZKLFK� LV� DW� LWV� QRUWKHUQPRVW� SRVLWLRQ� ������1�� GXULQJ� VXPPHU� �/RFDUQLQL�
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HW� DO��� ������=ZHQJ� HW� DO��� �������7KH� VXUIDFH�PL[HG� OD\HU� H[WHQGV� WR�PD[�� ����P�ZDWHU�

depth in the Caribbean, and it is characterized by the relatively fresh Caribbean Water (CW; 

<36 psu). The lowest salinity is recorded in the southeastern Caribbean during summer and 

autumn when the Amazon and Orinoco river discharges are most intense and freshwater 

plumes arrive the Caribbean Sea (Wüst, 1964; Müller-Karger et al., 1989; Chérubin and 

5LFKDUGVRQ�� ������� 0RGL¿HG� &:� LV� WUDQVSRUWHG� YLD� DQWLF\FORQLF� HGGLHV� �/RRS� &XUUHQW��

WRZDUGV�WKH�*XOI�RI�0H[LFR�DQG�)ORULGD�6WUDLWV��9XNRYLFK���������,Q�WKH�XSSHU�WKHUPRFOLQH��

WKH� KLJKO\� VDOLQH� 6XEWURSLFDO� 8QGHU�:DWHU� �68:�� !��� �SVX��� SUHYDLOV�� 7KLV� ZDWHU�PDVV�

originates in tropical and subtropical regions (Gallegos, 1996; Blanke et al., 2002) and 

UHVLGHV�LQ�a��±����P�ZDWHU�GHSWK��7KH����&�6DUJDVVR�6HD�:DWHU��(LJKWHHQ�'HJUHH�:DWHU�

 �(':��SUHYDLOV�LQ�a���±����P�ZDWHU�GHSWK�HQWHULQJ�WKH�&DULEEHDQ�6HD�YLD�WKH�SDVVDJHV�

of the Greater Antilles (Morrison and Nowlin, 1982). The Gulf Common Water (~23°C and 

a������SVX���9LGDO�HW�DO���������SRVVLEO\�LQÀXHQFHV�WKH�)ORULGD�6WUDLWV�K\GURJUDSK\��6WDWLRQ�

���������LQ�WKH�XSSHU�WKHUPRFOLQH�DW����±����P��FKDUDFWHUL]HG�E\�ORZ�VDOLQLW\��������SVX���

In-situ b18Oseawater averages to ~0.9‰ (VSMOW) in the uppermost 400 m water depth 

(Fig. 3.3A). Highest b18Oseawater�YDOXHV�FDQ�EH�IRXQG�LQ�WKH�VDOLQLW\�PD[LPXP�DW�a��±����P�

water depth, whereas the lowest value is measured in the deepest sampling interval at the 

lowest salinity. Additionally, the in-situ b18Oseawater�DQG�VDOLQLW\�UHFRUGHG�GXULQJ�0�����VKRZ�

a positive correlation (linear regression, r=0.81) and yield similar values as earlier data 

sets from the Caribbean Sea (Schmidt et al., 1999) (Fig. 3.3B). The b18Oequilibrium increases 

with depth from ~-1.5 to 1‰ in dependence of the decreasing ocean temperature (Fig. 3.2; 

Fig. 3.3A).
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3.3.2 Vital e!ects on foraminiferal b18Ocalcite

,n order to address the effects of symbiont activity and life cycle on foraminiferal oxygen 

isotopes, b18Ocalcite values of living foraminifera were compared to the calculated b18Oequilibrium 

of the ambient seawater and b18Ocalcite estimates of fossil tests from underlying surface 

VHGLPHQWV��)LJ�������

3.3.2.1 Symbionts and life cycle e!ect on foraminiferal b18O
Specimens of G. sacculifer and O. universa from the mixed layer are characterized by 

large negative b18Odisequilibrium values of -0.35‰ and -0.32‰, (=vital effects), respectively  

�7DE�������)LJ��������7KHVH� WZR�VSHFLHV�KRVW�GLQRÀDJHOODWHV�DV� V\PELRQWV� �*DVWULFK�������� 

and similarly negative b18Odisequilibrium values were reported in spinose, symbiont-bearing 

species caught in plankton tows from various ocean areas (Tab. 3.3 and references  

therein). Laboratory experiments (Spero, 1992; Spero and Lea, 1993; Bemis et al., 1998) 

revealed a depletion of 0.3 to 0.6‰ in b18Ocalcite of O. universa and G. sacculifer under  

KLJK� LUUDGLDQFH� OHYHOV� UHODWHG� WR� DOJDH� SKRWRV\PELRQW� DFWLYLW\�� ,Q� SDUWLFXODU�� D� KLJK�

LUUDGLDQFH� LQ� WKH� HXSKRWLF� ]RQH� LQWHQVL¿HV� WKH� SKRWRV\QWKHWLF� UDWH� LQ� WKH� &DULEEHDQ� 6HD�

under its prevailing oligotrophic conditions (Spero and Parker, 1985; Morel et al., 2010). 

Enhanced photosymbiont activity increases the O2 concentration and fosters CO2�¿[DWLRQ��

resulting in an elevated pH within the microenvironment around the living foraminifera 

(Jørgensen et al., 1985; Rink et al., 1998). Both, increasing pH and increasing carbonate ion 

concentration [CO3
2-] apparently cause a depletion of b18Ocalcite��6SHUR�HW�DO���������%LMPD�HW�

al., 1999).

Among all species studied, only G. sacculifer and N. dutertrei� UHYHDO� D� VLJQL¿FDQW�

positive correlation (Spearman rank correlation, p<0.05) between test-size and b18Ocalcite 

(Fig. 3.6, Appendix B), suggesting that ontogeny affects b18Ocalcite fractionation processes. 

The species G. ungulata shows lower b18Ocalcite values in the test-size fraction <300 µm 

and G. menardii� LQGLFDWH� QR� VLJQL¿FDQW� RQWRJHQHWLF� HIIHFW� �S!����� )LJ�������� ,W� VKRXOG� EH�

noted that for some species we did not have enough sample materials in all test-size classes. 

+RZHYHU��RXU�UHVXOWV�DUH�FRQVLVWHQW�WR�.DKQ���������.DKQ�DQG�:LOOLDPV���������6SHUR�DQG�

Lea (1996) and Bemis et al. (1998), who postulated that juvenile foraminifera reveal a 

larger “vital-effect” than adult individuals, with their tests being depleted of the heavy 18O 

isotope due to a higher metabolic rate (incorporation of respired CO2) and/or rapid growth 

rate. Rapidly growing calcitic skeletons result in a stronger kinetic isotope fractionation and 

cause the enrichment of the lighter 16O isotope (McConnaughey, 1989).
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Vertical migration of planktonic species to deeper and colder water masses during their 

life cycle may additionally affect b18Ocalcite, leading to commonly higher values in adult 

VSHFLPHQV� �.URRQ�DQG�'DUOLQJ��������/RQþDULü�HW�DO���������%LUFK�HW�DO����������6DPSOHV�

from the same test-size fraction of all species exhibit the enrichment of heavier 18O isotopes 

DW� GHHSHU� ZDWHU� OHYHOV� �)LJ������� 7DE�������� :H� VSHFXODWH� WKDW� WKH� LQFUHDVLQJ� b18Ocalcite 

at deeper water levels is a function of increasing b18Oequilibrium of the ambient seawater, 

rather than ontogenetic effects itself. The surface dweller G. sacculifer reveals the largest 

b18Odisequilibrium value (~1‰) in the thermocline (Tab. 3.3). As a higher rate of photosynthetic 

processes in deeper water depths can be excluded and specimens were still alive when 

sampled, we suggest that G. sacculifer completed calcifying in the thermocline before 

UHSURGXFWLRQ��2XU�REVHUYDWLRQ�FRUURERUDWHV�6RXWK�$WODQWLF�SODQNWRQ�QHW�VWXGLHV�RI�/RQþDULü�

et al. (2006), who noted that G. sacculifer b18Ocalcite increased with depth in the upper 60 m 

water depth and remained constant below the surface mixed layer, even though b18Oequilibrium 

increased continuously.
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Figure 3.6: Stable oxygen isotopes (average b18Ocalcite and ± standard deviations) 
compared to different test-size fractions of living planktonic foraminifera (only 
species with more than two analysed test-size fractions are depicted).
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3.3.2.2 The b18O o!set between living and fossil foraminiferal  
specimens
,W�EHFRPHV�HYLGHQW�WKDW�DOPRVW�DOO�IRVVLO�WHVWV�IURP�VXUIDFH�VHGLPHQW�VDPSOHV��LQ�SDUWLFXODU�

N. dutertrei, P. obliquiloculata, G. truncatulinoides (dextral) and G. tumida are enriched in 

b18Ocalcite� �!���Å��FRPSDUHG� WR� WKHLU� OLYLQJ�FRXQWHUSDUWV� IURP�WKH�ZDWHU�FROXPQ��)LJ�������

Tab. 3.5). b18Ocalcite of fossil shallow-dweller G. sacculifer and O. universa are rather close 

to those values of specimens caught in the thermocline (average difference of 0.14‰ and 

0.02‰ respectively) (Tab. 3.5). Yet, the overall discrepancy in b18Ocalcite between fossil 

DQG� OLYLQJ� VSHFLPHQV� PD\� EH� EHVW� H[SODLQHG� E\� JDPHWRJHQHWLF� FDOFL¿FDWLRQ� SURFHVVHV��

which take place during the vertical migration through the water column. At the end of 

the life cycle and prior to gametogenesis, various planktonic foraminiferal species (e.g. 

G. sacculifer, O. universa, P. obliquiloculata, G. truncatulinoides, G. tumida) add a 

calcitic crust of variable thickness on the outer surface of the test. Based on calculations 

of Bouvier-Soumagnac and Duplessy (1985) and Hamilton et al. (2008) up to 25% (~4 µg) 

gametogenic calcite is added by O. universa, which is mainly secreted in colder waters prior 

to reproduction. The tests thereby lose their glassy and transparent look, grow thicker and 

become more opaque (Bé, 1980; Deuser et al., 1981; Duplessy et al., 1981b; Hemleben et 

DO���������6FKZHLW]HU�DQG�/RKPDQQ���������6SHFL¿FDOO\��VSLQRVH�VSHFLHV�UHVRUE�WKHLU�VSLQHV�

EHIRUH� UHOHDVLQJ� WKHLU� JDPHWHV� �%p� DQG�$QGHUVRQ�� ������ 6SHUR�� ������� 7KHVH� SURFHVVHV�

result in heavier b18Ocalcite compositions of fossil tests from surface sediments (and even 

individual foraminifera from sediment traps) (Duplessy et al., 1981b; Bouvier-Soumagnac 

and Duplessy, 1985; Bouvier-Soumagnac et al., 1986; Lin et al., 2011). Consistently, the 

heavy b18Ocalcite values in adult specimens of G. truncatulinoides (dextral) and G. tumida 

may be best explained by vertical migration into colder water masses at a late ontogenetic 

VWDJH��)UDQFR�)UDJXDV�HW�DO���������%LUFK�HW�DO����������9HUJQDXG�*UD]]LQL��������UHFRJQL]HG�

that living individuals of G. truncatulinoides (dextral) with a thick test and pustules on the 

test surface are more likely to be found in deeper water masses than non-ornamented, thin-

shelled specimens. As expected, such tests had b18Ocalcite values close to those observed 

in surface sediments. Overall, our proxy database supports the notion that specimens of 

P. obliquiloculata, G. tumida and G. truncatulinoides (dextral) add a thick opaque calcite 

layer or cortex at deeper water depths than 400 m. Hence, the fossil tests are enriched in 

b18Ocalcite�UHODWLYH�WR�WKH�OLYLQJ�IRUDPLQLIHUD��XS�WR�����Å���)LJ�������7DE�������

During the sampling campaign in February/March 2009, mainly juvenile specimens 

of N. dutertrei� ZHUH� IRXQG� LQ� SODQNWRQ� QHWV� �PRGH� WHVW�VL]H� IUDFWLRQ� ���±�����P��



CHAPTER 3 from the Caribbean, Gulf of Mexico and Florida Straits

66

 Mg/Ca and b18O in living planktonic foraminifera

&KDSWHU� ���� 7KLV� ¿QGLQJ� PD\� DGGLWLRQDOO\� H[SODLQ� WKH� ODUJH� b18Ocalcite offset between 

OLYLQJ� IRUDPLQLIHUD�DQG� IRVVLO� WHVWV� �a�Å�� �)LJ�������7DE��������.URRQ�DQG�'DUOLQJ� �������

recognized that small specimens of N. dutertrei have similar b18Ocalcite values as surface 

dwellers and lower values than large specimens, supporting the notion on the ontogenetic-

related migration to deeper waters. Fairbanks et al. (1982) and Bouvier-Soumagnac and 

Duplessy (1985) also noted increasing b18Ocalcite values of N. dutertrei with increasing water 

GHSWK�LQ�WKH�3DQDPD�%DVLQ�DQG�,QGLDQ�2FHDQ��VXJJHVWLQJ�WKDW�WKLV�VSHFLHV�VHFUHWH�LPSRUWDQW�

proportions of their tests below the mixed layer. Furthermore, living N. dutertrei from the 

South China Sea were depleted in b18Ocalcite compared to individuals from sediment traps 

�/LQ� HW� DO��� �������2XU�GDWD� FRQ¿UP� WKHVH� DVVXPSWLRQV� DV�ZH� UHFRJQL]HG�KLJKHU�b18Ocalcite 

values and larger individuals of N. dutertrei in surface sediments compared to the mixed 

OD\HU��)LJ�������7DE�������&KDSWHU����

The species G. menardii shows increasing b18Ocalcite values from the mixed layer 

to the thermocline (+0.3‰), and from the thermocline to the surface sediments (+0.2‰)  

pointing to decreasing ambient seawater temperatures at deeper water levels and migration 

ZLWKLQ� WKH� ZDWHU� FROXPQ� �)LJ������� )LJ�� ����� 7DE�������� $SSDUHQWO\�� G. ungulata is an 

exception to the rule, as this species does not show the enrichment of b18Ocalcite in fossil tests 

FRPSDUHG� WR� OLYLQJ� VSHFLPHQV� �)LJ������� 7DE��������<HW�� WKH� VSHFLHV� VHFUHWHG� WKHLU� FDOFLWH�

WHVWV�FORVH�WR�WKH�HTXLOLEULXP�ZLWK�WKH�DPELHQW�VHDZDWHU������±����Å��WKURXJKRXW�WKH�ZDWHU�

column (Tab. 3.3). The average surface sediment b18Ocalcite value corresponds well with the 

depth where the highest standing stock was observed during the sampling campaign in 

)HEUXDU\�0DUFK�������)LJ�������FI��&KDSWHU����
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Figure 3.7: Stable oxygen isotopes of living planktonic foraminifers from Florida Straits and the 
Caribbean Sea plotted versus water depth (m) in comparison to calculated b18Oequilibrium and surface 
sediment data (illustrating the “vital effect”). The foraminiferal dataset was differentiated into symbiont-
bearing, facultative symbiont-bearing, and non-symbiontic species from top to bottom (Tab. 3.3; see 
Appendix B for data). Grey dots: Foraminiferal b18Ocalcite from MSN samples, plotted at the mean 
sampling depth intervals. Blue shading: b18Oequilibrium envelope of the ambient seawater from Florida 
Straits and the Caribbean Sea (cf. Fig. 3.3A). Green bars: Range of b18Ocalcite of fossil tests from surface 
sediments (green signs = average values of single stations; cf. Appendix B). Red dashed lines: Average 
weighted living depths of single species during the sampling campaign in February/March 2009 (red 
shaded bars = the standard deviations; Tab. 3.3). Note, all test-size fractions are included.
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3.3.3 Mg/Ca-based ocean temperature assessment from living  
foraminifera
,Q� RUGHU� WR� HYDOXDWH� 0J�&D� DV� SUR[\� IRU� VHDZDWHU� WHPSHUDWXUH�� ZH� FRPSDUHG� 0J�&D�

temperature estimates of living specimens to (i) measured in-situ temperatures and (ii) 

Mg/Ca-temperature estimates of fossil tests from surface sediments. Within this study, 

0J�&D� DQDO\VHV� ZHUH� SHUIRUPHG� RQ� EXON� IRUDPLQLIHUDO� VDPSOHV� PHDVXUHG� E\� ,&3�2(6�

DQG�VLQJOH�WHVWV�PHDVXUHG�E\�/$�,&3�06��,&3�2(6�VDPSOHV�RI�G. sacculifer, N. dutertrei 

and G. ungulata�\LHOG�KLJKHU�0J�&D�UDWLRV�RQ�DYHUDJH�FRPSDUHG�WR�/$�,&3�06�VDPSOHV�

from the same MSN samples (Tab. 3.5; Appendix B). The data indicate a difference of 

0.5 (�0.5 mmol mol-1 for G. sacculifer (average value of eight MSN sampling intervals), 

1.2 mmol mol-1 for N. dutertrei� �RQH�061� VDPSOLQJ� LQWHUYDO�� DQG� �����(�0.05 mmol mol-1 

for G. ungulata (three MSN sampling intervals). We compare the results of both methods 

to each other (Fig. 3.9) having in mind the data discrepancy originating from the different 

analytical techniques.

2XU� 0J�&D� UDWLRV� RI� HLJKW� VSHFLHV� FROOHFWHG� DW� VSHFL¿F� RFHDQ� WHPSHUDWXUH�UDQJHV�

(corresponding to different water depth intervals) are in good agreement with established 

VSHFLHV�VSHFL¿F� 0J�&D�WHPSHUDWXUH� FDOLEUDWLRQV� �)LJ�����$�%��� DQG� IXUWKHU� VXSSRUW� WKH�

foraminiferal Mg/Ca-dependency on ambient water temperature.  Hence, we estimate 

0J�&D�WHPSHUDWXUHV� DSSO\LQJ� WKH� EHVW� ¿WWLQJ� FDOLEUDWLRQ� IRU� HDFK� VSHFLHV� �7DE��������

Overall, all specimens collected in the surface waters of the eastern Gulf of Mexico 

(PF samples) yield low Mg/Ca-temperature estimates (averaged ~20.6°C) according 

WR� WKH� ORZ� HDUO\� VSULQJ� WHPSHUDWXUHV� RI� a���&�SUHYDLOLQJ� GXULQJ� FUXLVH�0����� �)LJ�������

Fig. 3.9). Higher Mg/Ca-temperature estimates (~25°C) of shallow-dwellers (symbiont 

and facultative symbiont-bearing species) in the Florida Straits and Caribbean Sea (MSN 

VDPSOHV��SRLQW� WR�KLJKHU� WHPSHUDWXUHV� LQ� WKH�PL[HG� OD\HU� �!���&���/RZ�0J�&D� UDWLRV�RI�

deep-dwellers (G. truncatulinoides dextral and G. tumida) in the thermocline follow the 

decreasing ambient seawater temperatures (Fig. 3.9).
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Mg/Ca = b * exp(a * T)

Nr. Reference Species Material/Method b a

1 Regenberg et al. 2009 G. sacculifer A Surface sediment/ICP-OES 0.596 0.075

2 Nürnberg et al. 2000 G. sacculifer ICP-OES 0.491 0.076

3 Regenberg et al. 2009 N. dutertrei C Surface sediment/ICP-OES 0.65 0.065
4 Regenberg et al. 2009 G. tumida H Surface sediment/ICP-OES 1.23 0.041

5 Regenberg et al. 2009 G. menardii E Surface sediment/ICP-OES 0.36 0.091

6 Regenberg et al. 2009 G. truncatulinoides d. Surface sediment/ICP-OES 1.32 0.05

7 Regenberg et al. 2009 Shallow-Dweller F Surface sediment/ICP-OES 0.29 0.101

8 Regenberg et al. 2009 Deep-Dweller Surface sediment/ICP-OES 0.84 0.083
9 Russel et al. 2004 O. universa B Culture experiments/ICP-MS 0.85 0.096
10 Lea et al. 1999 O. universa Culture experiments/ICP-MS 1.36 0.085
11 Anand et al. 2003 N. dutertrei Sediment-Trap/ICP-OES 0.342 0.09
12 Anand et al. 2003 G. sacculifer Sediment-Trap/ICP-OES 1.06 0.048
13 Anand et al. 2003 P. obliquiloculata Sediment-Trap/ICP-OES 0.18 0.12
14 Anand et al. 2003 P. obliquiloculata Sediment-Trap/ICP-OES 0.328 0.09
15 Anand et al. 2003 G. truncatulinoides d. Sediment-Trap/ICP-OES 0.359 0.09
16 Anand et al. 2003 O. universa Sediment-Trap/ICP-OES 0.595 0.09
17 Anand et al. 2003 Multi-species Sediment-Trap/ICP-OES 0.38 0.09
18 Elderfield and 

Ganssen 2000
Multi-species Surface sediment/ICP-OES 0.52 0.1

19 Nürnberg et al. 1996 G. sacculifer Culture experiment/EPMA 0.39 0.09
20 Dekens et al. 2002 G. sacculifer Surface sediment/ICP-MS 0.37 0.09
21 Cléroux et al. 2008 G. truncatulinoides d. G Surface sediment/ICP-AES 0.62 0.074
22 Cléroux et al. 2008 P. obliquiloculata D Surface sediment/ICP-AES 1.02 0.039
23 McKenna and Prell 

2004
G. truncatulinoides d. Surface sediment/EPMA 0.355 0.098

Table 3.4: Relationship between temperature and Mg/Ca ratios from different authors, species and 
PDWHULDO�� $±+� LQGLFDWH� VSHFLHV�VSHFL¿F� FDOLEUDWLRQV� XVHG� WR� HVWLPDWH� FDOFL¿FDWLRQ� WHPSHUDWXUH� IURP�
Mg/Ca for A=G. sacculifer; B=O. universa; C=N. dutertrei; D=P. obliquiloculata; E=G. menardii; 
F=G. ungulata; G=G. truncatulinoides dextral; H=G. tumida (Fig. 3.9).
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Figure 3.8: A)�0J�&D�YDOXHV�RI� ,&3�2(6�EXON�VDPSOHV�YV�� WHPSHUDWXUH��*UH\�GRWV��0J�&D�YDOXHV�RI�
living specimens (G. sacculifer, N. dutertrei and G. ungulata), depicted at the average in-situ temperature 
of the plankton net intervals (MSN) in the Florida Straits and Caribbean Sea recorded during cruise 
0������%ODFN�HUURU�EDUV��0RGHUQ� WHPSHUDWXUH� UDQJHV�RI� WKH� VDPSOLQJ� LQWHUYDOV��*UH\�VTXDUHV��0J�&D�
ratios of fossil tests vs. b182� FDOFL¿FDWLRQ� WHPSHUDWXUH� IURP� WKH� &DULEEHDQ� 6HD� DQG� WURSLFDO�$WODQWLF�
PRGL¿HG� DIWHU�5HJHQEHUJ� HW� DO�� ��������2UDQJH� FXUYH��0J�&D� FDOLEUDWLRQ� RI�5HJHQEHUJ� HW� DO�� �������
(surface sediments) for G. sacculifer. Black curve: Mg/Ca calibration of Regenberg et al. (2009) for 
N. dutertrei. Dashed black curve: Mg/Ca calibration of Regenberg et al. (2009) for shallow species.

b18Ocalcite (‰) Mg/Ca (mmol mol-1)

Species Mixed layer Thermocline Sediment Mixed layer Thermocline Sediment

G. sacculifer -1.62 -1.52 -1.38 3.87*/ 3.51 3.52 4.20*

P. obliquiloculata -1.15 -1.07 -0.55 2.84 2.86

O. universa -1.53 -1.13 -1.15 8.33 7.61

N. dutertrei -1.51 -1.37 -0.40 3.59*/ 2.36 2.88*

G. ungulata -0.95 -0.26 -0.67 3.30*/ 3.20 3.32*/ 3.10

G. menardii -1.01 -0.73 -0.54 3.10 3.19 3.27*

G. tumida -0.58 -0.11 2.45 1.80 2.68*

G. truncatulinoides d. 0.28 1.13 2.50 2.52*

*Bulk foraminiferal samples (measured on ICP-OES)

Table 3.5: Average values of b18Ocalcite�DQG�0J�&D��PHDVXUHG�RQ�,&3�2(6�DQG�/$�,&3�06��IURP�WKH�
mixed layer, thermocline and surface sediment (cf. Appendix B for data). PF samples are not included in 
the calculations.
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Figure 3.8: B)� $YHUDJH� 0J�&D� YDOXHV� ���VWDQGDUG� GHYLDWLRQV�� RI� /$�,&3�06� PHDVXUHPHQWV� RI�
single tests vs. in-situ� WHPSHUDWXUH� �UHFRUGHG�GXULQJ�0�������%URZQ� WULDQJOHV��0J�&D�YDOXHV�RI� OLYLQJ�
specimens depicted at the average in-situ temperature of the plankton net intervals (MSN and PF) during 
FUXLVH�0������%ODFN�HUURU�EDUV�LQGLFDWH�WKH�VWDQGDUG�GHYLDWLRQV�RI�VLQJOH�IRUDPLQLIHUDO�WHVWV��$SSHQGL[�%��
Appendix C). The various published Mg/Ca calibration curves are colour-coded and labelled by numbers 
(cf. Tab. 3.4).
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3.3.3.1 (Facultative) symbiont bearing species
Our dataset is most complete for G. sacculifer, allowing for a detailed comparison between 

0J�&D�EDVHG�WHPSHUDWXUH�HVWLPDWHV�IURP�SODQNWRQ�QHW�DQG�VXUIDFH�VHGLPHQW�VDPSOHV��,Q�WKH�

Caribbean Sea, the estimated Mg/Ca-temperatures for G. sacculifer (~26°C) are consistent 

with in-situ temperatures of the mixed layer (~26.2°C), the average habitat temperature 

(~26°C, derived from the standing stock, see Chapter 2) and Mg/Ca-temperatures derived 

from fossil tests (~26°C) (Fig. 3.8A; Fig. 3.9). Below 150 m water depth, the deviation 

between Mg/Ca-temperature and the ambient seawater temperature increases (Fig. 3.9), 

which support the former conclusion based on b18Ocalcite that G. sacculifer completed 

calcifying above or within the thermocline (Chapter 3.3.2.1). Lower temperature 

estimates of ~24°C in the Florida Straits (Station 211) (Fig. 3.8A) mirror the generally 

ORZHU� VHD� VXUIDFH� WHPSHUDWXUHV�RI�a�����&�DW� WKLV� VWDWLRQ�GXULQJ�FUXLVH�0����� �)LJ��������

+HUH� WKH�IRVVLO� WHVWV� IURP�VXUIDFH�VHGLPHQWV�\LHOG�KLJKHU�0J�&D�UDWLRV�������PPRO�PRO-1; 

Appendix B) than the living specimens. The Mg/Ca-temperature of fossil specimens 

indicates ¾26.5°C, which is rather comparable to temperatures in the Florida Straits of the 

mixed layer in May (Locarnini et al., 2013, Fig. 3.2). Foraminiferal census data from the 

MSN samples (Chapter 2) suppose that the highest population density of G. sacculifer, 

WKHUHIRUH�DOVR�WKH�KLJKHVW�ÀX[�DQG�DFFXPXODWLRQ�UDWH�RI�HPSW\�WHVWV�RQ�WKH�VHDÀRRU��DSSHDUV�

during early spring in the Caribbean Sea, linking this species to the warm and oligotrophic 

Caribbean Water (CW) (~26°C). Furthermore, high frequencies of G. sacculifer are related 

with the strength of the Loop Current transporting warm Caribbean Water into the Gulf 

RI�0H[LFR��3RRUH�HW�DO����������7KHUHIRUH��ZH�SUHVXPH�WKDW�D�KLJKHU�ÀX[�RI�G. sacculifer 

in Florida Straits is likely to occur later in the year, presumably in May, hence after our 

sampling, and the fossil tests of G. sacculifer from the Caribbean Sea and Florida Straits 

WKHUHE\�UHÀHFW�GLIIHUHQW�VHDVRQDO�VLJQDOV�

Beside the seasonal effect, millennial-scale variabilities also affect the Mg/Ca-

signal of fossil tests in surface sediments. Regenberg et al. (2006) assumed an age range 

RI� �±��N\UV� LQ� VXUIDFH� VHGLPHQWV� �a�±��FP�� RI� WKH� &DULEEHDQ� 6HD��$V� VXFK�� WKH� VXUIDFH�

VHGLPHQWV� LQFOXGH� WKH� UHFRUG� RI� HDUOLHU� FOLPDWH� YDULDWLRQV�� OLNH� WKH� /LWWOH� ,FH�$JH��ZKHQ�

sea surface temperatures were cooler by ~2°C (Watanabe et al., 2001). A large scatter of 

~0.9 mmol mol-1 Mg/Ca of fossil tests from surface sediments in the Caribbean Sea was 

therefore partly linked to past environmental variabilities (Regenberg et al., 2006). Our 

study, however, shows a similarly large Mg/Ca scatter in living specimens collected from 

WKH� VDPH�SODQNWRQ�QHWV� �061�VDPSOHV��0J�&D� UDQJH�XS� WR�a�����PPRO�PRO-1; Fig. 3.8A; 
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$SSHQGL[�%���)XUWKHUPRUH��/$�,&3�06�SUR¿OHV�DFURVV�VLQJOH�FKDPEHU�ZDOOV�UHYHDO�D�ODUJH�

0J�&D�YDULDELOLW\� �)LJ�����%��� ZLWK� GHFUHDVLQJ�0J�&D� YDOXHV� WRZDUGV� WKH� ¿QDO� FKDPEHU�

(F) (Appendix C) and is implying “vital-effects” driving Mg2+ incorporation. Earlier 

studies on surface sediments and culture experiments indicate an ontogenetic effect on the 

incorporation of Mg2+ during test growth of G. sacculifer, with lowest Mg/Ca ratios in the 

¿QDO��QHZO\�SUHFLSLWDWHG�FKDPEHUV��6DGHNRY�HW�DO���������'XHxDV�%RKyUTXH]�HW�DO����������

Although lower average Mg/Ca ratios were measured in living planktonic specimens than 

in fossil test, the bulk foraminiferal samples of living G. sacculifer from the mixed layer 

VKRZ�D� VLJQL¿FDQW�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�0J�&D�DQG� in-situ temperatures (Pearson 

linear, r=0.8, p<0.05) (Fig. 3.8A), with an overall Mg/Ca scatter comparable to that of fossil 

specimens from surface sediments. 

Our database for the other species is rather limited. Nonetheless, we can derive the 

following information. The symbiont-bearing species O. universa characteristically yields 

very high Mg/Ca ratios in single tests (up to ~10 mmol mol-1 on average) (Fig. 3.8B) (cf. 

Lea et al., 1999; Russel et al., 2004). Mg/Ca-temperature estimates of O. universa are on 

average ~1°C lower than the measured in-situ temperature, but show decreasing values in 

larger depths according to lower in-situ temperatures (Tab.3.5; Fig. 3.2; Fig. 3.9). The offset 

between Mg/Ca-temperatures of P. obliquiloculata and in-situ temperatures vary from -3°C 

to 9°C. Both, O. universa and P. obliquiloculata show low and high Mg2+ bands across 

single chambers of the tests (Appendix C). Those bands are likely caused by physiological 

processes (Eggins et al., 2004; Kunioka et al., 2006; Sadekov et al., 2009; Spero et al., 

������ DQG� UHYHDO� D� ODUJH� 0J�&D� YDULDELOLW\� LQ� VLQJOH� FKDPEHUV�� 6LQJOH� /$�,&3�06�

measurements of N. dutertrei� \LHOG� ORZHU�0J�&D� UDWLRV� WKDQ� WKH� ,&3�2(6�PHDVXUHPHQWV�

(Tab. 3.5). Here, probably a high “vital-effect” may cause a large offset between the two 

measuring techniques. However, the average derived Mg/Ca-temperature of plankton bulk 

samples (~26.3°C) at station 221 is in good agreement with the in-situ temperature of the 

VHDZDWHU� DW� WKLV� VWDWLRQ� �a�����&�� �)LJ������� )LJ��������7KH� GLIIHUHQFH� RI� �����PPRO�PRO-1 

Mg/Ca between the living and fossil bulk samples (Tab. 3.5) support the assumption that 

adult specimens of N. dutertrei dwell at larger depths continuing calcifying, as indicated 

by the lower b18Ocalcite values and smaller specimens collected in the upper mixed layer 

(Chapter 3.3.2.2; Chapter 2). Living specimens of G. menardii yield a Mg/Ca-temperature 

range between ~18 and 26.5°C, which is larger but covering the temperature range of fossil 

WHVWV� �a����±���&�� DQG�FDOFXODWHG�DYHUDJH�KDELWDW� WHPSHUDWXUH� �a�����&��7DE������� LQ� WKH�

Florida Straits and Caribbean Sea (Fig. 3.2; Fig. 3.9).
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Figure 3.9: Mg/Ca-derived temperature estimates of living planktonic foraminifers combined from 
Florida Straits, the eastern Gulf of Mexico and the Caribbean Sea in comparison to the ambient seawater 
temperature. The foraminiferal dataset was differentiated into symbiont-bearing, facultative symbiont-
bearing, and non-symbiontic species from top to bottom (Tab. 3.3; Tab. 3.4; cf. Appendix B for data). 
*UH\�GRWV��0J�&D�WHPSHUDWXUH�HVWLPDWHV�IURP�EXON�IRUDPLQLIHUDO�061�VDPSOHV�PHDVXUHG�E\�,&3�2(6��
depicted at the mean sampling depth intervals. Brown triangles and stars: Mg/Ca-temperature estimates 
GHULYHG� IURP� /$�,&3�06� PHDVXUHPHQWV� RI� VLQJOH� WHVWV� IURP� 061� VDPSOHV� �&DULEEHDQ� 6HD� DQG� 
Florida Straits) and PF samples (Gulf of Mexico), respectively (average values, cf. Appendix B). Yellow 
shading: Temperature envelope (°C) of the ambient seawater from Florida Straits and the Caribbean 
6HD�PHDVXUHG�GXULQJ�FUXLVH�0����� �)LJ�������6FK|QIHOG�HW�DO����������1RWH��3)�VDPSOHV� �EURZQ�VWDUV��
were taken in 3.5 m water depth in the eastern Gulf of Mexico at SST of ¾���&�GXULQJ�FUXLVH�0�����
(Fig. 3.1). Green bars: Mg/Ca derived temperature range of fossil bulk foraminiferal samples from 
surface sediments closest to the MSN (Green sign: Average values of single stations in the Caribbean 
Sea; Red sign: average value of G. sacculifer in the Florida Straits, cf. Appendix B). Red dashed lines: 
Average weighted living depths of single species during the sampling campaign in February/March 2009 
(red bars= standard deviation; Tab. 3.3). Note, all test-size fractions are included.
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3.3.3.2 Non-symbiont bearing species
,Q� WKH� )ORULGD� 6WUDLWV� ERWK�� EXON� DQG� VLQJOH� 0J�&D� PHDVXUHPHQWV� RI� G. ungulata 

yield temperature estimates of ~24°C in the mixed layer and thermocline (Tab. 3.5; 

Fig. 3.9) being congruent to the average habitat temperature of 23.8°C during February/

March 2009 (Tab. 3.3). The average Mg/Ca-temperature estimates of living and fossil 

G. truncatulinoides (dextral) (~19°C) mirror the average habitat temperature of ~20°C 

during February/March 2009 (Fig. 3.9; Tab. 3.3). The deep-dweller G. tumida shows a 

decreasing Mg/Ca-temperature trend from the mixed layer to the thermocline following the 

decreasing in-situ temperature (Fig. 3.9; Tab. 3.5). The fossil tests of G. tumida show higher 

average Mg/Ca ratios than the living individuals (Tab. 3.5) and yield higher temperature 

estimates. However, the Mg/Ca-temperature of fossil tests (~19°C) represents the calculated 

DYHUDJH�KDELWDW�WHPSHUDWXUH��a�����&��IDU�EHWWHU�WKDQ�WKH�OLYLQJ�IRUDPLQLIHUD��ZKLFK�VKRZ�

an offset to the prevailing in-situ�WHPSHUDWXUH�RI�a��&�WR����&��)LJ�������

3.3.4  b18Oseawater relationship 
The combination of foraminiferal b18Ocalcite and Mg/Ca-temperatures to estimate b18Oseawater 

approximating paleo-salinity is a commonly accepted approach in paleoceanography (e.g. 

Lea et al., 2000; Schmidt et al., 2004; Nürnberg et al., 2008). However, this approach 

reveals some imponderabilities (Arbuszewski et al., 2010). Support derived from living 

foraminifera collected under natural conditions is still sparse. Our unique dataset on living 

SODQNWRQLF�IRUDPLQLIHUD�LQ�WKH�PL[HG�OD\HU��!����P�ZDWHU�GHSWK��DW�OHDVW�DOORZV�XV�WR�WHVW�

the abovementioned approach for the surface-dweller G. sacculifer from the Caribbean Sea 

and Florida Straits (Fig. 3.10). As the b18Oseawater estimates are strongly depending on both 

the applied b18O-paleotemperature equation and empirical Mg/Ca-calibration (Tab. 3.2; 

Tab. 3.4; Fig. 3.5; Fig. 3.8), we decided to apply the b18O-paleotemperature equation of 

Spero et al. (2003). This equation is based on G. sacculifer cultured in laboratory, which 

takes the large disequilibrium of b18Ocalcite in living specimens to the ambient seawater into 

account (cf. Chapter 3.3.2.1). For the estimation of Mg/Ca-temperature, we applied the 

VSHFLHV�VSHFL¿F�FDOLEUDWLRQ�RI�5HJHQEHUJ�HW�DO���������IRU�G. sacculifer derived from fossil 

tests of surface sediments in the tropical Atlantic and Caribbean Sea. Our study shows that 

WKLV�FDOLEUDWLRQ�UHÀHFWV�RXU�in-situ temperatures very close (cf. Chapter 3.3.3.1). b18Oseawater 

estimates of G. sacculifer show a positive linear relationship with in-situ b18Oseawater 

�U ������DV�ZHOO�DV�ZLWK�VDOLQLW\��U �������DQG�WKXV�DUH�LQGLFDWLQJ�D�JRRG�UHODWLRQVKLS�LQ�WKH�

mixed layer of this approach (Fig. 3.10). Our study on living foraminifera hence provides 
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3.4 Conclusions
Our combined b18O and Mg/Ca analyses on living planktonic foraminifera, collected by 

MSN and PF from surface to max. 400 m water depth of the Caribbean Sea, the eastern 

Gulf of Mexico and Florida Straits, allow for the following conclusions:

(1) The large negative disequilibrium (between b18Ocalcite and b18Oequilibrium) of up to  

-0.35‰ observed for G. sacculifer and O. universa point to a strong photosynthetic 

DFWLYLW\�RI�WKH�KRVW�V\PELRQWV��GLQRÀDJHOODWHV���

(2) Ontogeny most likely controls b18Ocalcite� YDOXHV�� ,Q� WKLV� VWXG\� G. sacculifer and 

N. dutertrei�VKRZ�D�VLJQL¿FDQW�LQFUHDVH�RI�b18Ocalcite with increasing test-size. 

(3) Vertical migration in the water column and additional secretion of gametogenic 

calcite (at the end of the foraminiferal life cycle) likely cause the increase of 

b18Ocalcite with water depths and the enrichment of heavier 18O isotopes in fossil tests 

compared to living specimens.
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compelling evidence that the combination of foraminiferal b18Ocalcite and Mg/Ca-temperature 

UHÀHFWLQJ�DPELHQW�VHDZDWHU�SURSHUWLHV�UHOLDEO\�DSSUR[LPDWHV�WKH�PRGHUQ�RFHDQ�VDOLQLW\�

Figure 3.10: b18Oseawater-estimates based on foraminiferal tests from living G. sacculifer compared to 
measured b18Oseawater�DQG�VDOLQLW\�UHFRUGHG�GXULQJ�FUXLVH�0�����LQ�WKH�&DULEEHDQ�6HD�DQG�)ORULGD�6WUDLWV�
A) Red dots: Average b18Oseawater-estimates of bulk samples from different test-size fractions; brown 
crosses: in-situ b18Oseawater (‰ VSMOW); orange envelop: Salinity B) Relationship between b18Oseawater-
estimates (foraminiferal test) and measured b18Oseawater (seawater). C) Relationship between b18Oseawater-
estimates (foraminiferal test) and measured in-situ salinity. Grey dots indicate average values at a 
VSHFL¿F�ZDWHU�GHSWK��EOXH�QXPEHUV�GHQRWH�VDPSOLQJ�ZDWHU�GHSWK�LQ�P��
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(4)� 7KH�ODUJH�LQWUDVSHFL¿F�VFDWWHU�RI�0J�&D�LPSOLHV�D�VWURQJ�³YLWDO�HIIHFW´��1RQHWKHOHVV��

LW� LV� HYLGHQW� WKDW� WKH� DPELHQW� FDOFL¿FDWLRQ� WHPSHUDWXUH� GULYHV� WKH� 0J�&D�

compositions in foraminiferal tests and causes lowered Mg/Ca-derived temperature 

estimates at lowered in-situ�WHPSHUDWXUH��7KH�YDULRXV�VSHFLHV�VSHFL¿F�GDWDVHWV�DJUHH�

well to published b18O and Mg/Ca calibrations.

(5) Fossil tests of G. sacculifer from surface sediments in the Caribbean Sea and 

Florida Straits suggest that the regional Mg/Ca signatures may be seasonally biased. 

0J�&D� YDOXHV� LQGLFDWH� WKDW� WKH� KLJKHVW� ÀX[�DFFXPXODWLRQ� UDWH� RI� G. sacculifer  

occurs during spring (March) in the Caribbean Sea and is delayed by a few months  

in the Florida Straits (most likely in May) linked to prevailing seawater temperatures 

of ¾26°C in the mixed layer.

(6) Combined b18Ocalcite and Mg/Ca-temperatures of G. sacculifer yield b18Oseawater 

estimates, which show a positive linear relationship with measured in-situ b18Oseawater 

and salinity.
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Abstract

Living planktonic foraminifera were studied off southern Puerto Rico in order to assess the 

distribution, short- and long term changes in the foraminiferal assemblage. Stable oxygen 

and carbon isotope compositions of the calcite tests of Globigerinoides ruber (pink) were 

DQDO\VHG� DQG� FRPSDUHG� ZLWK� HTXLOLEULXP� YDOXHV� UHÀHFWLQJ� WKH� SUHYDLOLQJ� HQYLURQPHQWDO�

conditions. The foraminifera were collected with plankton nets at three different stations on 

the shelf and upper slope in October and November 2012. The assemblage was characterized 

by Globigerinoides ruber (pink) and Globigerinoides sacculifer. Globigerinoides ruber 

(white) was rare in 2012, which possibly indicates a decline since the late 1990s when 

it was more common in the Caribbean. The stable oxygen isotopes of G. ruber (pink) 

showed a negative disequilibrium to the ambient seawater, which probably indicates a bias 

induced by photosymbiont activity. In the deeper water column (>60 m), a change in the 

faunal composition and lower b18Ocalcite� WHPSHUDWXUHV� SURYLGHG� HYLGHQFH� IRU� WKH� LQÀXHQFH�

of the Subtropical Under Water. Hurricane “Sandy” passed the Greater Antilles during the 

sampling campaign in late October 2012 and affected the foraminiferal assemblage. A drop 

in the standing stock was observed and the biserial species Bolivina variabilis was more 

abundant in the upper water column after the storm. Additionally, stable carbon isotope 

values from specimens collected in the upper water column were lower, possibly indicating 

the response to the increased turbidity.

CHAPTER 4 
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4.1 Introduction

Planktonic foraminifera are unicellular marine organisms that live in the open ocean. They 

SUHFLSLWDWH�D�FDOFLWLF� WHVW��ZKLFK� WKH�FKHPLFDO�FRPSRVLWLRQ� LV� LQÀXHQFHG�E\� WKH�SURSHUWLHV�

of the ambient seawater. The assemblage composition and stable isotope signal in the tests 

are widely used to reconstruct water mass conditions prevailing today and in the geological 

SDVW��H�J��)LVFKHU�DQG�:HIHU��������.XþHUD��������5HJHQEHUJ�HW�DO����������,QYHVWLJDWLRQV�

on living planktonic foraminiferal faunas in the Caribbean are still sparse.

A survey in September-October 1994 and March 1995 off the southern coast of 

3XHUWR�5LFR�DVVHVVHG� WKH� LQÀXHQFH�RI�QHULWLF�HQYLURQPHQWDO�FRQGLWLRQV�DQG� WKHLU�VHDVRQDO�

changes on the living planktonic foraminiferal assemblages. The distribution pattern of 

foraminiferal species and stable isotope composition in their tests was monitored along a 

transect perpendicular to the shelf break (Schmuker 2000a; Schmuker 2000b). The studies 

UHYHDOHG�D�VHDVRQDO� LQÀXHQFH�RI� WKH�RXWÀRZ�RI� WKH�2ULQRFR�5LYHU�RQ� WKH�FRDVW�RI�3XHUWR�

5LFR� LQ� DXWXPQ��7KH� RXWÀRZ� UDLVHG� WKH� QXWULHQW� FRQWHQW� LQ� VXUIDFH�ZDWHUV� DQG� WULJJHUHG�

the composition of the planktonic fauna. In detail, a higher standing stock was observed 

in autumn with Globigerinoides ruber as dominant species. Globigerinella calida was the 

most abundant species during oligotrophic conditions in spring. The studies additionally 

revealed a faunal-gradient from neritic environments close to the coast to the offshore 

conditions with lower standing stocks close to the shelf break. Shallow water benthic 

foraminifera were found in plankton tows as well. Some of those benthic species, for 

instance Tretomphalus bulloides, have a planktonic stage during their life cycle (Rückert-

Hilbig, 1983). Others were probably brought in suspension on the shelf and transported 

further off shore (Schmuker, 2000b; Fornshell, 2005). Stable isotope measurements of 

Schmuker (2000b) showed higher b18Ocalcite values during spring than during autumn caused 

by lower temperature of the ambient seawater during spring. Low values of b13Ccalcite during 

autumn might indicate a reduced photosynthesis of the symbiont due to higher turbidity of 

the upper water column or a higher cloudiness during the rainy season. This assumption 

refers on the hypothesis of Spero and Lea (1993) that decreasing light levels lower 

PHWDEROLF�DFWLYLW\�RI�WKH�V\PELRQW�DQG�WKHUHE\�UHGXFH�WKH�SKRWRV\QWKHWLF�¿[DWLRQ�RI�12C in 

the calcifying foraminiferal microenvironment.

The results of Schmuker (2000a; 2000b) in 1994 and 1995 were used as background 

data to assess the changes in plankton communities that happened during the following 

���\HDUV��,Q�������SODQNWRQ�QHW�WRZV�ZHUH�LQYHVWLJDWHG�UHSHDWHGO\�RYHU�WZR�ZHHNV�DW�WKUHH�
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stations and two depth intervals off the southern coast of Puerto Rico. The sampling sites 

of 2012 were close to those from 1994 and 1995 to determine the dynamics and spatial 

distribution of the foraminiferal assemblage in a weekly and decadal perspective. Stable 

isotopes were also measured and related to in-situ temperature and b18Oseawater. During 

the sampling campaign in 2012, hurricane “Sandy” passed the Caribbean Sea. We used 

this unforeseen opportunity to examine the impact of such a storm on the foraminiferal 

community.

 
4.2 Regional settings

The south-western margin of Puerto Rico is characterized by a very steep slope, which 

commences at 20 m water depth on the shelf and extends to 1000 m water depth. The 

exceptionally steep southern slope of Puerto Rico is probably created by the anticlockwise 

rotation of the Puerto Rico Block and associated strike-slip movements along branches of 

WKH�*UHDW� 6RXWKHUQ� )DXOW� =RQH� �*ORYHU�� ������%\UQH� HW� DO��� ������0DVVRQ� DQG� 6FDQORQ��

1991). Different water masses impinge the slope. The uppermost water mass is the 

Caribbean Water (CW) between 0 and 50–80 m depth. The CW has a low salinity of <35.5 

SVX�DQG�LV�D�PL[WXUH�RI�WKH�$PD]RQ�DQG�2ULQRFR�ULYHU�RXWÀRZ�DQG�1RUWK�$WODQWLF�VXUIDFH�

ZDWHU��*RUGRQ��������6FKPXNHU�����E���7KH�KLJK�VDOLQH�6XEWURSLFDO�8QGHU�:DWHU��68:��

�!��� SVX�� SUHYDLOV� EHWZHHQ� ��±����P��7KH� ���&� 6DUJDVVR� 6HD�:DWHU� �(LJKWHHQ�'HJUHH�

:DWHU� �(':��DQG�WKH�7URSLFDO�$WODQWLF�&HQWUDO�:DWHU��7$&:��EHORQJ�WR�WKH�ZDWHU�PDVV�

DW�GHSWKV�EHORZ��*RUGRQ��������0RUULVRQ�DQG�1RZOLQ��������*DOOHJRV���������)URP�$XJXVW�

WR�1RYHPEHU��VXUIDFH�ZDWHUV�LQ�WKH�VRXWKHDVWHUQ�&DULEEHDQ�6HD�DUH�LQÀXHQFHG�E\�SOXPHV�RI�

WKH�$PD]RQ�DQG�2ULQRFR�ULYHUV��&KpUXELQ�DQG�5LFKDUGVRQ���������7KH\�EULQJ�VLOLFDWH�ULFK�

DQG�ORZ�VDOLQH�VXUIDFH�ZDWHUV�LQWR�WKH�&DULEEHDQ�6HD��)URHOLFK�HW�DO���������&RUUHGRU�DQG�

Morell, 2001). From June to November, the Atlantic hurricane season affects the Caribbean 

Sea. On average six hurricanes occurred in the Atlantic Ocean per year between 1981 and 

2010, and induce a thorough mixing of the upper water column (Jacob et al., 2000; Blake et 

al., 2013; NHC, 2014).
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4.3 Material and Methods

4.3.1 Sample collection
The sampling took place at three different stations off southern Puerto Rico on four days 

from October to November 2012 (Fig. 4.1; Tab. 4.1). The stations were located on the upper 

slope (850 m and 120 m water depth) and the shelf (20 m water depth). An Apstein net 

(Hydro-Bios) and an open plankton net were used to collect living planktonic foraminifera. 

At station 1 and station 2, the Apstein net with a mesh size of 100 µm and an aperture of 

���FP�LQ�GLDPHWHU�ZDV�WDNHQ�WR�VDPSOH�WKH��±���P�DQG���±����P�GHSWK�LQWHUYDOV��7KH�QHW�

ZDV�KHDYHG�WZR�WLPHV�WR�GRXEOH�WKH�YROXPH�RI�WKH�¿OWHUHG�ZDWHU�GXULQJ�HDFK�KDXO��$�WULJJHU�

weight was attached to the rope, which released the shutter and closed the aperture of the 

net afterwards. The open plankton net, which was used at station 3, also had a mesh size of 

100 µm but an aperture of 40 cm in diameter. Because of the shallow depth of about 20 m, 

YHUWLFDO�VDPSOLQJ�ZDV�QRW�SRVVLEOH��,QVWHDG��WKH�RSHQ�QHW�ZDV�SXOOHG�ZLWK�WKH�ERDW�IRU�¿YH�

minutes horizontally in the upper 5 m of the water column. The collected plankton samples 

ZHUH� WUDQVIHUUHG� WR�39&�YLDOV�� GLOXWHG�ZLWK�¿OWHUHG�DPELHQW� VHDZDWHU� DQG�EURXJKW� WR� WKH�

laboratory within two hours for further processing.

Additionally to the plankton net hauls, salinity and temperature were measured in-situ 

using a hand-held conductivity meter (LF 320/Standard-conductivity cell TetraCon 325) in 
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Figure 4.1: Location of the study area southwestern Puerto Rico (Caribbean Sea). The black crosses 
indicate the plankton net stations: Station 1 (Water depth: 850 m), Station 2 (Water depth: 150 m) and 
Station 3 (Water depth: 20 m).
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WKH�¿UVW����P�RI�WKH�ZDWHU�FROXPQ�DW�VWDWLRQV���DQG�VWDWLRQ����DQG�GRZQ�WR����P�ZDWHU�GHSWK�

at station 3. Seawater samples of the surface waters for stable oxygen isotopes were taken 

ZLWK�D�EXFNHW�DQG�¿OOHG�LQ�����PO�JODVV�ERWWOHV�

4.3.2 Preparation of the samples
In the laboratory of Isla Magueyes, the marine station of the University of Puerto Rico, 

foraminifera were immediately picked wet from the plankton net samples and collected 

in Plummer slides. Samples that could not be picked on the same day of sampling were 

SUHVHUYHG�LQ�D�����HWKDQRO�VHDZDWHU�VROXWLRQ�DQG�VWRUHG�DW���&�

$OO� WHVWV� RI� SODQNWRQLF� IRUDPLQLIHUD� ZHUH� ¿OOHG� ZLWK� \HOORZLVK�� JUHHQLVK�JUH\� 

and green cytoplasm indicating that they were alive at the time of collection. The 

VSHFLPHQV� ZHUH� LGHQWL¿HG� DW� VSHFLHV� OHYHO� IROORZLQJ� WKH� WD[RQRP\� RI� %p� ������� DQG�

Hemleben et al. (1989). We discerned two morphotypes of Globigerinoides sacculifer 

(= Trilobatus sacculifer; Spezzaferri et al., 2015): the sacculifer-morphotype with the sac-

OLNH� ¿QDO� FKDPEHU�� DQG� WKH� trilobus�PRUSKRW\SH�ZLWK� D� UHJXODU�� VSKHULFDO� ¿QDO� FKDPEHU��

Furthermore, we distinguished between G. ruber (white), G. ruber (pink) and G. elongatus 

following Aurahs et al. (2011).

Benthic foraminiferal species in the plankton net samples were sorted into 

VHSDUDWH� 3OXPPHU� FHOO� VOLGHV� E\� VSHFLHV�� ¿[HG� ZLWK� JOXH� DQG� FRXQWHG�� 6SHFLPHQV� RI�

Bolivina variabilis�ZHUH�¿OOHG�ZLWK�RUDQJH�UHG�F\WRSODVP�LQGLFDWLQJ�WKDW�WKH\�ZHUH�DOLYH�DW�

Table 4.1: Station list with longitude and latitude, water depth (m), sampling day, sampling depth (m), 
in-situ�PHDVXUHG�DYHUDJH�WHPSHUDWXUH���&��DQG�VDOLQLW\��SVX��

Station 1 2 3

Longitude (W) 66° 59.13 66° 59.49 66° 59.51

Latitude (N) 17° 51.50 17° 53.13 17° 53.25

Water depth (m) 850 150 20

Sampling date
(Day/Month/Year)

22.10.2012
29.10.2012
02.11.2012
05.11.2012

22.10.2012
29.10.2012
02.11.2012
05.11.2012

29.10.2012
02.11.2012

Sampling depth (m) 0 – 60
60 – 100

0 – 60
60 – 100

5

Temperature (°C) 29.31 29.14 29.47

Salinity (psu) 33.75 33.82 33.63
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the time of sampling (Hemleben et al., 1989). Tretomphalus bulloides contained yellowish-

brown cytoplasm as described by Cushman (1922) from living individuals. Three 

Cibicidoides pachyderma�VSHFLPHQV�FRQWDLQHG�D�JUHHQLVK�EURZQ��JUDQXODU�LQ¿OO��ZKLFK�ZDV�

interpreted as cytoplasm with food vacuoles. Other individuals and species were empty and 

the tests were dull, indicating that they were probably not alive at the time of collection. 

The standing stock of the foraminiferal assemblages was given as individuals per 

cubic metre (ind. m-3��� 7KH� ¿OWHUHG� VHDZDWHU� YROXPH� ZDV� HVWLPDWHG� E\� PXOWLSO\LQJ� WKH�

lengths of the net hauls with the opening net aperture area. Statistical analyses (paired 

sample t-test and hierarchical cluster analysis) were performed by using PAST software 

(Hammer et al., 2001).

4.3.3 Analyses of stable isotopes
Stable oxygen and carbon isotopes were analysed on calcite tests (b18Ocalcite and b13Ccalcite) 

of the species Globigerinoides ruber (pink). For each analysis, 5 to 10 specimens were 

taken of different samples (Appendix D). Prior to the measurements, the foraminifera 

were cracked to open the tests and to remove the remaining cytoplasm with a needle. 

7KH�PHDVXUHPHQWV� ZHUH� SHUIRUPHG� RQ� D� 7KHUPR6FLHQWL¿F�0$7� ����PDVV� VSHFWURPHWHU�

HTXLSSHG�ZLWK�D�FDUERQDWH�SUHSDUDWLRQ�GHYLFH�.LHO�&$5%2�,9�DW�*(20$5��7KH�VWDEOH�

isotope results were given relative to the Vienna Pee Dee Belemnite (VPDB) in per mil 

(‰) and calibrated versus the National Bureau of Standards (NBS) 19. The reproducibility 

����ı�� RI� WKH� in-house standard (Solnhofen limestone) is <0.06‰ for b18O and <0.03‰ 

for b13C. Stable oxygen isotope values of the seawater (b18Oseawater) were measured on an 

Isotope-Ratio Mass Spectrometry (IRMS) at Hydroisotop GmbH (Schweitenkirchen). The 

results were reported in per mil (‰) versus Vienna Standard Mean Ocean Water (VSMOW) 

DQG�WKH�DQDO\WLF�SUHFLVLRQ�LV�������Å���ı��

 
4.4. Results

4.4.1 Seawater properties during sampling
Temperature, salinity and stable oxygen isotopes of the upper water column were measured 

in order to determine the water mass characteristics. The near-surface waters showed a 

VDOLQLW\� RI� ����� WR� ����� SVX� DQG� WKH� WHPSHUDWXUH� UDQJHG� IURP� ����� WR� �����&� GXULQJ� WKH�

sampling period (Appendix D). In general, a very slight salinity increase of 0.2 psu with 
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depth has been recognised. However, this gradient was not consistent in depth and location, 

DQG�WKH�GLIIHUHQFHV�ZHUH�FORVH�WR�WKH�SUHFLVLRQ�RI�WKH�LQVWUXPHQW�RI�������SVX�DQG�������&��

As such, the seawater is considered as well-mixed in the upper 25 m. Stable oxygen isotope 

values of the ambient surface water (b18Oseawater�� UDQJHG� IURP� ����� WR� ����Å� 9602:�

(Appendix D). The predicted inorganic calcite value precipitated in thermodynamic 

equilibrium with the ambient seawater temperature and b18Oseawater (b18Oequilibrium) averaged 

������������Å��)LJ��������$W�WKH�PDULQH�VWDWLRQ�RI�,VOD�0DJXH\HV�DQ�LQFUHDVHG�GDLO\�DYHUDJH�

ZLQG�VSHHG��XS�WR�a���NP�K��DQG�D�KLJK�GDLO\�SUHFLSLWDWLRQ��XS�WR�a���PP��ZHUH�UHFRUGHG�

in late October 2012, which most likely indicates the impact of the heavy rainfall from the 

outer rainbands of hurricane “Sandy” (Fig. 4.2).

01
/1

0

09
/1

0

17
/1

0

25
/1

0

02
/1

1

10
/1

1

18
/1

1

26
/1

1

0 0

W
in

d 
sp

ee
d 

(k
m

/h
)

22
/1

0

29
/1

0
02

/1
1

05
/1

1

P
recipitation (m

m
)

Day/Month

10

20

30

40

50

60

70

80

2

4

6

8

10

12

Figure 4.2: Wind speed and precipitation record during October and November 2012 
IURP� WKH� ¿HOG� VWDWLRQ� DW� ,VOD� 0DJXH\HV�� /D� 3DUJXHUD� �3XHUWR� 5LFR�� �ELR�RSWLFV�XSUP�
edu). Grey dots and dashed line: Average daily wind speed (km/h); Blue bars: Daily 
precipitation (mm); Red numbers indicate the sampling date (Day/Month) in 2012.
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4.4.2 Foraminiferal assemblage in plankton net hauls

4.4.2.1 Overview
)LIWHHQ� OLYLQJ� SODQNWRQLF� IRUDPLQLIHUDO� VSHFLHV� DQG� QLQH� EHQWKLF� VSHFLHV� ZHUH� LGHQWL¿HG�

in the plankton net hauls at the different stations  (Tab. 4.2). The planktonic assemblages 

were dominated by the tropical and subtropical species Globigerinoides ruber (pink), 

Globigerinoides sacculifer (both morphotypes) and followed by Globigerinita glutinata 

(Fig. 4.3). Bolivina variabilis� ZDV� GRPLQDWLQJ� WKH� ÀRDWLQJ� EHQWKLF� DVVHPEODJH��

Tretomphalus bulloides and Trifarina bella were frequent, and Cibicidoides pachyderma 

was common (Fig. 4.3, Tab. 4.2).

The standing stock of the planktonic foraminiferal assemblage varied highly from 0.2 

to 131.6 ind. m-3 in single net hauls (Fig. 4.3). The highest standing stock was observed on 

October 22nd. On October 29th, the standing stock in the upper sampling interval (0–60 m) 

was markedly lower and rose again thereafter (Fig. 4.3A). Station 3 was sampled only 

on the 29.10.12 and 02.11.12. This station was closest to the shelf (Fig. 4.1) and showed 

the lowest standing stock of planktonic foraminifera in the upper water column (0.2 and 

1.5 ind. m-3) of all net samples.

The abundance of benthic foraminifera varied from 0.3 to ~21 ind. m-3 in single 

net hauls (Fig. 4.3). A shift to a higher abundance of benthic specimens was observed 

concomitant to a decline of planktonic foraminifera on the 29th of October at station 1 and 

2. Bolivina variabilis was still abundant at station 2 after the 29th of October (Fig. 4.3). 

(YHQ� WKRXJK� WKH� VSHFLHV� FRPSRVLWLRQ� VKRZHG� QR� VLJQL¿FDQW� GLIIHUHQFHV� EHWZHHQ� WKH�

sampling days (paired sample t-tests, p>0.05) different Bray-Curtis similarity indices can  

be observed between each sampling day (Fig. 4.4, Appendix D). The samples of the 2nd  

and the 5th of November showed the highest similarity index (0.81). The samples on the 29th  

of October showed a lower similarity (Fig. 4.4), with the lowest similarity index of  

0.36 related to the 22nd of October.

4.4.2.2 Depth distribution pattern of foraminifera
In order to test whether habitat depths of different species depended on the water masses, 

two depth intervals (0–60 m and 60–100 m) were sampled at station 1 and station 2. The 

highest average standing stock of living planktonic foraminifera was found in the upper 

interval. Differences in the assemblage composition between the upper and the lower 

interval were depicted by rare species only (Fig. 4.5A). Station 1 had a slightly higher 
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standing stock (Fig. 4.3A) in the upper interval than station 2, although both stations 

VKRZHG� D� SURIRXQG� SRSXODWLRQ� GHQVLW\� ÀXFWXDWLRQ� GXULQJ� WKH� VDPSOLQJ� WLPH�� 7KLV� KLJK�

ÀXFWXDWLRQ�ZDV�QRW�UHFRJQL]HG�LQ�WKH�GHHSHU�LQWHUYDOV��)LJ�����%���,Q�WKH�XSSHU�SDUW�RI�WKH�

water column, G. ruber (pink), G. sacculifer and G. glutinata dominated the assemblages. 

All three species showed the highest standing stock on the 22nd of October. Among the 

common species, G. ruber (white) showed the highest abundance in the upper interval 

too, as well as Globoturborotalita rubescens at both stations on the 22nd of October. In 

contrast, Neogloboquadrina dutertrei did not indicate a preference to one of the sampled 

depth intervals. Higher abundances in the deeper interval were observed for Globorotalia 

menardii, Globigerinella calida, Globigerinella siphonifera and Orbulina universa 

Species Max. abundance
Station %

Planktonic:
Globigerina bulloides d`Orbigny, 1826 0.39 Station 2 0.16
Globigerinella calida (Parker, 1962) 4.09 Station 1 1.90
Neogloboquadrina dutertrei  (d`Orbigny, 1839) 4.68 Station 2 2.54
Globigerinita glutinata (Egger, 1893) 13.67 Station 1 6.03
Globorotalia menardii  (Parker, Jones and Brady, 1865) 4.68 Station 2 1.43
Candeina nitida d`Orbigny, 1839 1.75 Station 2 0.32
Pulleniatina obliquiloculata (Parker and Jones, 1865) 0.58 Station 2 0.05
Hastigerina pelagica (d`Orbigny, 1839) 1.75 Station 2 0.42
Turborotalita quinqueloba (Natland, 1938) 2.34 Station 2 0.53
Globigerinoides ruber white (d`Orbigny, 1839) 5.47 Station 2 3.49
Globigerinoides ruber pink (d`Orbigny, 1839) 49.61 Station 2 36.95
Globoturborotalita rubescens Hofker, 1956 7.42 Station 1 2.70
Globigerinoides sacculifer (Brady, 1877)
                   = Trilobatus sacculifer (Spezzaferri et al., 2015)

53.91 Station 1 39.85

Globigerinella siphonifera (d`Orbigny, 1839) 4.68 Station 2 1.59
Orbulina universa d`Orbigny, 1839 2.92 Station 1 1.16

Benthic:
Asterigerina carinata  d`Orbigny, 1839 0.58 Station 2 0.38
Bolivina minima Phleger and Parker, 1951 0.39 Station 2 0.38
Bolivina paula Cushman and Cahill, 1932 0.58 Station 1 0.38
Bolivina striatula Cushman, 1922 0.02 Station 3 0.38
Bolivina variabilis (Williamson, 1858) 12.11 Station 2 70.99
Cibicidoides pachyderma (Rzehak, 1886) 1.17 Station 2 1.91
Cornuspira involvens (Reuss, 1850) 0.02 Station 3 0.38
Tretomphalus bulloides (d`Orbigny, 1839) 1.95 Station 2 6.87
Trifarina bella (Phleger and Parker, 1951) 19.30 Station 2 17.56

Table 4.2: Species list with maximum abundance (individual m-3) for a net haul during the sampling 
SHULRGV�DQG�SHUFHQWDJH�RI�WKH�SODQNWRQLF�DQG�EHQWKLF�DVVHPEODJH��7KH�W\SH�UHIHUHQFHV�DUH�JLYHQ�LQ�(OOLV�
and Messina (1940). They are not included in the reference list.
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(Fig. 4.3B). All the other planktonic species were very rare and thus no distinctive 

distribution pattern was recognised.

7KH� KLJKHVW� DEXQGDQFH� RI� EHQWKLF� VSHFLHV� ZDV� UHFRUGHG� DW� VWDWLRQ� �� RQ� WKH� ¿UVW�

sampling date in the lower depth interval (60–100 m) (Fig. 4.3B), mainly due to a high 

number of Trifarina bella. On the 29th of October, higher specimen densities were found 

in the upper interval at both stations. This was mainly caused by the exceptionally high 
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Figure 4.3 A: Standing stock of planktonic and benthic species at station 1 and station 2 of the upper 

sampling interval (0–60 m) in 2012. The number is given in individual m-3 for each sampling day and 

depth interval. Living planktonic species >1% of the total assemblages are depicted. Light grey bars: 

Station 1; Dark grey bars: Station 2.
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abundance of B. variabilis. On the 2nd and 5th of November, the upper interval at station 2 

also depicted a high standing stock of B. variabilis (Fig. 4.3A). Station 1 yielded benthic 

specimens in the plankton nets on the 29th and 2nd of November only. Rare Bolivina species, 

Asterigerina carinata, and Cornuspira involvens were collected on the 29th of October. 

Cibicidoides pachyderma was found in several net samples and showed no distinctive 

pattern (Appendix D).
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Figure 4.3 B: Standing stock of planktonic and benthic species at station 1 and station 2 of the deeper 
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depth interval. Living planktonic species >1% of the total assemblages are depicted. Light grey bars: 

Station 1; Dark grey bars: Station 2.
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4.4.3 Stable isotopes of Globigerinoides ruber (pink) and the ambient 
seawater
The stable oxygen isotopes (b18Ocalcite) of G. ruber (pink) averaged -2.54‰ and the stable 

carbon isotopes (b13Ccalcite) 0.49‰ respectively. However, specimens of the deeper net 

(60–100 m water depth) yielded higher b18Ocalcite and higher b13Ccalcite values than samples 

of the upper water mass (Fig. 4.6). The lowest b13Ccalcite values were measured of specimens 

collected on the 29th of October 2012. The sample of station 3 showed the lowest stable 

isotope values (-2.96‰ for b18Ocalcite and -0.4‰ for b13Ccalcite).

4.5. Discussion

4.5.1 The autumn planktonic foraminiferal assemblage
Previous studies revealed that the distribution and composition of planktonic foraminiferal 

IDXQDV�DUH�JHQHUDOO\�LQÀXHQFHG�E\�ELRORJLFDO�DQG�SK\VLFDO�IDFWRUV��DV�ZHOO�DV�JHRJUDSKLFDO�

VHWWLQJV� �H�J��7KXQHOO� DQG�5H\QROGV�� ������*XSWKD� HW� DO��� ������6FKLHEHO� DQG�+HPOHEHQ��

������6WRU]�HW�DO���������7HGHVFR�HW�DO���������

The data in autumn 2012 showed a similar species inventory as described in 1994 

(Fig. 4.5). Schmuker (2000b) reported a seasonal change in the foraminiferal assemblage 
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between autumn 1994 and spring 1995 at the locations that were revisited in this study. 

In spring 1995, G. calida, G. siphonifera, O. universa, Hastigerina pelagica and 

Globorotalia truncatulinoides were common, whereas the autumn assemblage mainly 

comprised G. ruber (pink and white), G. sacculifer, G. menardii, N. dutertrei and 

G. glutinata (Fig. 4.5B). In our survey from autumn 2012, G. sacculifer (~40% of the total 

planktonic assemblage) and G. ruber� �SLQN�� �a�����ZHUH� WKH� GRPLQDQW� VSHFLHV�� 6SHFLHV�

of Schmuker´s (2000b) spring community were, with the exception of G. truncatulinoides, 

also found in the samples but they occurred in low numbers and mainly in the deeper 

interval (Fig. 4.5A). Schmuker (2000b) sampled the upper 10 m of the water column and 

from the surface to 120 m water in one haul. Thus, a change of the habitat depths of the 

species during different seasons cannot be determined. Our data from 2012 indicated 

preferred habitats of certain species, although the dominant faunal elements G. ruber 

(pink) and G. sacculifer were found in high numbers in the entire sampled water column 

(Fig. 4.5A). Both species are common in tropical and subtropical oceans and frequent in the 

&DULEEHDQ�6HD��-RQHV��������%p�HW�DO���������6FKPXNHU�DQG�6FKLHEHO��������&KDSWHU����

The species G. ruber (pink) and G. glutinata indicate a high nutrient supply (Bé and 

7ROGHUOXQG��������6FKLHEHO�HW�DO���������5HWDLOOHDX�HW�DO����������$�KLJK�QXWULHQW�ÀX[� LQWR�

the Caribbean Sea during autumn is likely caused by the riverine plumes of the Amazon 

and Orinoco (Bidigare et al., 1993; Corredor and Morell, 2001; Chérubin and Richardson, 

������� 7KH� HIIHFW� RI� ULYHU�SOXPHV� RQ� IRUDPLQLIHUDO� FRPPXQLWLHV� KDV� EHHQ� GHVFULEHG� LQ�

earlier studies (Ufkes et al., 1998; Retailleau et al., 2009; Retailleau et al., 2011; Bahr et al., 

2013). Bahr et al. (2013) recorded a low planktonic foraminiferal standing stock in the Gulf 

of Paria and the main plume of the Orinoco River. Low salinity lenses and high turbidity 

might be an explanation for the lack of high numbers of planktonic foraminifera in this area 

(Schmuker and Schiebel, 2002). In the Bay of Biscay and the plume of the Adour River, 

foraminifera responded to different nutrient and chlorophyll supply, rather than to seasonal 

salinity changes (Retailleau et al., 2011). Schmuker (2000b) interpreted the changes in 

planktonic foraminiferal assemblages off Puerto Rico during spring as being driven by a 

change in food supply as well.
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4.5.2 Decline of Globigerinoides ruber (white) – A long term  
observation
A slight but conspicuous change of the foraminiferal assemblage composition can be 

observed between 1994 and 2012. In autumn 1994, G. ruber (white) had a substantially 

KLJKHU�SHUFHQWDJH�������WKDQ�LQ��������������)LJ��������7KLV�REVHUYDWLRQ�LV�LQ�DJUHHPHQW�

ZLWK� HDUOLHU� REVHUYDWLRQV� GXULQJ� FUXLVH� 59� 0HWHRU� 0����� LQ� VSULQJ� ������ ZKHUH� ORZ�

numbers of G. ruber (white) were found in plankton net samples all over the Caribbean 

Sea (Schönfeld et al., 2011). In the Gulf of Mexico a higher number of the pink than 

the white variety was observed in sediment traps in 2008 and 2009 (Poore et al., 2013). 

Surprisingly, the proportion of G. ruber (white) increased again in 2010 (Poore et al., 2013). 

A conceivable explanation why the proportion has changed and why G. ruber (white) was 

rare in 2008 and 2009 has not been given to date. Another study of plankton net samples 

from the tropical Atlantic, which were collected in 2008, reported a decrease in numbers 

of G. ruber (white) during the past decades as well. The decline was related to a decadal 

increase of Atlantic sea surface water temperatures (Harbers, 2011).

%DVHG� RQ� WKH� ¿QGLQJV� ZLWKLQ� WKLV� VWXG\� DQG� SUHYLRXV� LQYHVWLJDWLRQV�� WKH� GHFUHDVH�

in abundance of G. ruber (white) as compared to G. ruber (pink) in the tropical and 

subtropical Atlantic is ascertainable. It might be possible that G. ruber (white and pink) can 

live under certain conditions in a similar ecological niche. Sharing a common niche may 

increase competition between both species when the habitat gets under pressure. Thus it 

is possible that environmental changes (e.g. increase in sea surface temperature, changes 

in nutrient supply) favour the more tolerant species, which might be G. ruber (pink) in our 

case, whereas G. ruber (white) is at its niche limit (Murray and Alve, 2016).

Indeed, previous studies have shown that temperature affects the two species 

differently. While G. ruber (white) shows a worldwide distribution (Tolderlund and Bé, 

������:DWNLQV�HW�DO����������G. ruber (pink) is only found in the Atlantic and Mediterranean 

Sea today. The highest standing stocks were recorded in the central Atlantic, Gulf of  

0H[LFR� DQG�&DULEEHDQ�6HD� �%p� DQG�7ROGHUOXQG�� ������� ,Q� WKH� ,QGLDQ� DQG�3DFL¿F�2FHDQ��

G. ruber� �SLQN�� EHFDPH� H[WLQFW� DURXQG� �������� \HDUV� %3� �7KRPSVRQ� HW� DO��� ������� ,Q�

general, the modern distribution of G. ruber (pink and white) shows that the species are 

associated with warm sea surface temperatures (e.g. Cifelli, 1965; Tolderlund and Bé, 

������äDULü�HW�DO���������� ,Q�SDUWLFXODU�G. ruber (pink) is associated with a seasonal peak 

in boreal summer (Deuser et al., 1981; Tedesco et al., 2009). On the contrary, G. ruber 

�ZKLWH��ZDV�OLQNHG�WR�D�FRROHU�DQG�GHHSHU�KDELWDW��H�J��LQ�WKH�)ORULGD�6WUDLWV��-RQHV���������
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6WXGLHV� FRPSDULQJ� FDOFL¿FDWLRQ� WHPSHUDWXUH� DQG� SURGXFWLYLW\� FRUURERUDWHG� WKDW�G. ruber 

(pink) prefers seasons or water depths with a higher temperature as compared to G. ruber 

�ZKLWH���äDULü�HW�DO���������5LFKH\�HW�DO����������+RZHYHU��LW�KDV�WR�EH�QRWHG�WKDW�GLIIHUHQW�

genotypes of G. ruber��ZKLWH��H[LVWV��.XþHUD�DQG�'DUOLQJ��������$XUDKV�HW�DO���������$XUDKV�

et al., 2011). Anticipating that different genotypes have different ecological preferences, 

conclusions based on those species are yet fairly uncertain.

$�GHFDGDO� LQFUHDVH� RI� VHD� VXUIDFH� WHPSHUDWXUH� RI� �����&� KDV� EHHQ� REVHUYHG� LQ� WKH�

Caribbean in the time period from 1985–2009, even though a certain spatial variability 

has to be considered (Chollett et al., 2012). The measurements of the upper water column 

��±���P�� LQ� WKLV� VWXG\� VKRZHG� D�PHDQ� WHPSHUDWXUH� RI� �����&� �ZLWK� WKH� JLYHQ� DFFXUDF\�

RI� FXVWRPDU\� KDQG�KHOG� FRQGXFWLPHWHUV� RI� ������&���ZKLFK�ZDV� KLJKHU� E\� ����&� WKDQ� LQ�

�����������&�LQ�2FWREHU��6FKPXNHU������E���,W�LV�FRQFHLYDEOH�WKDW�D�WHPSHUDWXUH�LQFUHDVH�

might be responsible for the decline of G. ruber (white). However, other factors such as 
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Figure 4.5 A: The average assemblage composition of planktonic foraminifera at station 1 and station 

2. Percentages were calculated from the total living planktonic assemblage of the sampling interval 

0–60 m and 60–100 m water depth. B: The average assemblage composition of planktonic foraminifera 

from autumn 1994 and spring 1995, mesh size >150 µm (based on data from Schmuker, 2000b; cf. 

Appendix D).
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food competition, change of nutrient supply may also play a certain role in augmenting this 

dynamics. Therefore, no single factor being solely responsible for the decline of G. ruber 

(white) can be constrained to date.

4.5.3 Spatial distribution - The influence of the shelf and benthic  
species
The near-shore station 3 showed a distinctly lower foraminiferal standing stock (average 

1.69 ind. m-3) than the other sampling sites. The difference of station 3 to the other stations 

could partially be due to a different way of sampling (only in ± 5 meter water depth). 

In comparison with deep-water stations, however, a generally lower standing stock of 

planktonic foraminifera close to the coast has also been observed, for instance in the Bay of 

Biscay (Retailleau et al., 2009). There, the input of freshwater discharge has been involved 

DV� D� IDFWRU� LQÀXHQFLQJ� WKH� IRUDPLQLIHUDO� FRPPXQLW\��$QRWKHU� DVSHFW� RI� D� ORZ� GHQVLW\� RI�

living planktonic foraminifera in shallow water is dependent on their reproduction cycle. 

It is assumed that planktonic foraminifera need a certain water depth to complete their 

life cycle (Schiebel and Hemleben, 2005). Hence, the reproduction is inhibited in shallow 

water.

The abundance of benthic foraminifera in the water column in 2012 off Puerto Rico was 

lower than previously reported by Fornshell (2005) from plankton hauls in the vicinity of 

reefs around Puerto Rico, but yields similar numbers as reported by Schmuker (2000b) in 

autumn 1994. 

In the plankton net hauls of Puerto Rico meroplanktonic species (such as 

Tretomphalus bulloides��ZHUH�IRXQG��7KH\�EXLOW�D�ÀRDWLQJ�FKDPEHU�LQ�WKH�ODWH�VWDJH�RI�WKHLU�

life cycle to release their gametes in the upper water column (Sliter, 1965; Rückert-Hilbig, 

1983). The biserial Bolivina variabilis��FR�VSHFL¿F�WR�Streptochilus globigerus) can possibly 

grow and calcify in both: a planktonic and benthic habitat (tychopelagic lifestyle) (Darling 

et al., 2009). After October 29th, the abundance of B. variabilis increased and was higher in 

the uppermost 60 m of the water column than at depths below (Fig. 4.3). This species was 

previously found to be either absent or rare in near-shore sediments off southern Puerto 

5LFR� �%URRNV�� ������6HLJOLH�� ������� ,W� LV� FRQFHLYDEOH� WKDW� WKH� VWRUP\�ZHDWKHU� FRQGLWLRQV�

due to hurricane “Sandy” stimulated B. variabilis to ascend to the upper water column as 

part of their lifestyle and ecological advantage (Darling et al., 2009). On the other hand, 

empty benthic specimens collected in the water column have probably been eroded from 

the surface sediments or brought in suspension attached on seagrass and transported further 
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RIIVKRUH��/RRVH��������0XUUD\��������6FKPXNHU�����E��)RUQVKHOO��������

4.5.4 Stable oxygen isotope signal
In the upper water column stable oxygen isotope values of G. ruber (pink) showed an offset 

of -0.46‰ to the equilibrium values of the ambient seawater (Fig. 4.6). As the species 

G. ruber� �SLQN�� KRVW� V\PELRQWV� �H�J�� GLQRÀDJHOODWHV��*DVWULFK�� ������� WKLV� RIIVHW� SRVVLEO\�

indicates photosymbiont activity. Symbiont activity lowers the stable oxygen isotope 

composition of calcite tests (Spero and Lea 1993), and high negative disequilibrium values 

in symbiont-bearing species were recognized in the Caribbean Sea (Chapter 3).

b18Ocalcite values from autumn in 1994 (Schmuker 2000b) of G. ruber (white) yield the 

same average values than G. ruber (pink) in 2012 (-2.5‰) and indicate higher temperature 

in autumn than in spring (Fig. 4.6). On average, higher b18Ocalcite� YDOXHV� �������Å��ZHUH�

measured in deeper plankton net intervals (60–100 m) than in the upper water column 

DQG�PD\� LQGLFDWH�D�GHFUHDVH�RI� WKH�DPELHQW� VHDZDWHU� WHPSHUDWXUH��6SHFLHV�VSHFL¿F�b18O-

paleotemperature equations of Bemis et al. (1998) for O. universa, Spero et al. (2003) for 

G. sacculifer�DQG�)DUPHU�HW�DO���������IRU�G. ruber (pink) match very good to our b18Ocalcite 

and b18Oseawater data compared to the measured in-situ temperature of the upper water column 

�)LJ��������7KH�DYHUDJH�HVWLPDWHG�WHPSHUDWXUH�GHYLDWHG�IURP�WKH�in-situ surface temperature 

E\�������&��%HPLV�HW�DO���������� ������&��6SHUR�HW�DO���������DQG�������&��)DUPHU�HW�DO���

�������$SSO\LQJ�WKH�b18O-paleotemperature equations of Spero et al. (2003), specimens of 

WKH�GHHSHU�ZDWHU�FROXPQ�UHYHDO�DQ�HVWLPDWHG�WHPSHUDWXUH�RI�a�����&��7KLV�LV�����&�FROGHU�

WKDQ�HVWLPDWHG�IRU� WKH�XSSHU�ZDWHU�FROXPQ��a�����&��DQG� OLNHO\�GHSLFWV� WKH�SURSHUWLHV�RI�

the SUW below 60 m water depth.

4.5.5 Hurricane “Sandy” – A storm a!ects the foraminiferal  
assemblage
The results of this study let us speculate that hurricane “Sandy”, which passed the Greater 

Antilles on October 24th, induced higher waves and precipitation at the sampling site of 

Puerto Rico (Fig. 4.2) and thereby affected the foraminiferal assemblages. After “Sandy”, 

the planktonic foraminiferal density dropped in the upper water column on October 29th and 

at the same time, a higher number of benthic species was found in the upper water column 

�)LJ��������7KH� IDFW� WKDW� VWRUPV� FDQ� LQÀXHQFH� D� SODQNWRQLF� IRUDPLQLIHUDO� DVVHPEODJH�ZDV�

DOVR�VKRZQ�LQ�WKH�1RUWK�(DVW�$WODQWLF�2FHDQ��6FKLHEHO�HW�DO����������+RZHYHU��DQ�RSSRVLWH�

effect was observed, namely an increase of the total abundance of small specimens after two 
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storm events. These storm events raised the nutrient and chlorophyll concentrations in the 

mixed layer and thereby pushed the reproduction. An elevated chlorophyll concentration 

after hurricanes was reported from the Sargasso Sea (Babin et al., 2004) and from Puerto 

Rico (Gilbes et al., 2001). On the coast of Puerto Rico higher chlorophyll concentration 

was measured three days after the hurricane had crossed the island. Additionally, a higher 

rainfall and river runoff with terrestrial load was found, which affected neritic environments 

DIWHU�WKH�VWRUP��,QWHQVH�SUHFLSLWDWLRQ�DQG�H[WHQVLYH�ÀRRGLQJ�ZHUH�UHFRUGHG�RQ�3XHUWR�5LFR�

in late October 2012 due to hurricane “Sandy” (Fig. 4.2) (Blake et al., 2013).

A higher nutrient input in combination with terrestrial runoff might contribute to 

a higher turbidity in the water column close to the coast. If this was the case, the living 

conditions changed for a short time and affected the planktonic community observed within 

this study. On the 29th of October, lower b13Ccalcite values of G. ruber (pink) collected in the 

upper water column and at station 3 probably recorded the storm event the days before 

�)LJ�������� 6\PELRQWV� SKRWRV\QWKHWLF� DFWLYLW\� FDQ� VWURQJO\� LQÀXHQFH� WKH� LQFRUSRUDWLRQ�

of b13&�LQ� IRUDPLQLIHUDO� WHVWV� �6SHUR�DQG�'H1LUR��������6SHUR�DQG�/HD��������6SHUR�DQG�

Williams, 1988). The studies showed that during lower light irradiance the foraminiferal 

calcite is depleted in b13Ccalcite. Lin et al. (2004) and Lin et al. (2011) indicated depleted 

b13Ccalcite in foraminiferal tests in relation to high nutrient concentration and supply of 

12C rich water in the South China Sea. Based on those observations we conclude that the 

YLFLQLW\� RI� WKH� FRDVW� KDV� LQÀXHQFHG� WKH� VWDWLRQ� RQ� WKH� VKHOI� EUHDN��7KH� GDWD� VXSSRUW� WKH�

assumption of a higher terrestrial runoff and higher turbidity after the hurricane. They may 

have caused lower irradiance light levels and reduced photosymbiont activity.

4.6. Summary and conclusion

The foraminiferal assemblage in autumn 2012 was largely similar to the autumn assemblage 

in 1994, although a decline of G. ruber (white) can be observed off the coast of Puerto 

Rico. This decline might indicate a change of environmental factors such as increasing sea 

surface water temperature during the last decades. Below 60 m water depth, a different 

depth habitat was observed only for some rare species and b18Ocalcite values indicate lower 

WHPSHUDWXUHV� GXH� WR� WKH� LQÀXHQFH� RI� WKH� 68:��$� QHJDWLYH� GLVHTXLOLEULXP� RI�b18Ocalcite to 

the ambient seawater reveals likely photosymbiont activity in G. ruber (pink). Hurricane 

“Sandy” passed the Caribbean Sea during the sampling time and affected the foraminiferal 
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populations. The storm triggered a decrease of the foraminiferal standing stock and possibly 

stimulated B. variabilis to ascend to the upper water column occupying their plankton 

habitat. Depleted b13Ccalcite in the upper water column indicate likely a higher turbidity after 

the storm and the vicinity of the coast. However, the exact mechanism by which stormy 

ZHDWKHU� DQG�KHDY\� UDLQIDOO� LQÀXHQFHG� WKH�SRSXODWLRQ� FDQQRW�EH� H[SODLQHG� H[DFWO\�E\� WKH�

SUHVHQW�VWXG\��EXW�LW�VKRXOG�EH�FRQVLGHUHG�WKDW�VXFK�KXUULFDQHV�PDNH�LW�HYHQ�PRUH�GLI¿FXOW�

to understand the factors controlling living planktonic foraminifera.
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Planktonic foraminifera are exposed to natural predators, although only little is known 

about these. The remains of planktonic foraminiferal tests have been found in the guts 

of planktonic crabs and Chaetognatha (Berger, 1971b, Terazaki, 1996). In plankton 

samples, high numbers of Chaetognatha were observed sticking onto living foraminifera 

(Harbers, 2011; own observations). In plankton net samples, collected during RV Meteor 

cruises M78/1 in 2009, M94 and M95 in 2013 (cf. Chapter 2 for further description), 

single foraminifera, mainly Globigerinita glutinata, showed multiple borings in their 

empty tests (Fig. 5.1). These borings probably indicate attacks and feeding of predators 

on living specimens in the open ocean. Similar borings in planktonic foraminiferal tests 

were recognized in other studies (Nielsen, 1999; Nielsen and Nielsen, 2001; Nielsen et 

al., 2003), mainly in chambers of species with a test-size <350 µm. The authors did not 

identify any predator, but suggested, based on the repeated drilling of different chambers 

on one individual and on the position of the borings, that the predators target the cytoplasm 

from outside of the test. Studies of benthic foraminifera discussed borings possibly drilled 

by nematodes or gastropods (Sliter, 1971; Lipps, 1983; Arnold et al., 1985; Culver and 
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Figure 5.1: Photo and SEM images of borings in G. ruber (a) and G. glutinata (b-c).
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/LSSV���������,Q�D�ODERUDWRU\�FXOWXUH�VWXG\��6OLWHU��������REVHUYHG�D�QHPDWRGH�LQ�WKH�¿QDO�

chamber of a living Rosalina globularis. The author later differentiated between borings of 

nematodes and those drilled by gastropods (Sliter, 1971). Drilled holes with an irregularly 

round to oval shape and oblique angle can be attributed to attacks from nematodes (even 

though a certain attack was never observed), in contrast, the borings of gastropods show 

smooth walls, bevelled outer edges and are in general circular (Carriker and Yochelson, 

1968; Sliter, 1971). Lipps (1983) suggested small naticid gastropods, mainly of the group 

opisthobranchs, as a potential predator. Arnold et al. (1985) recognized multiple borings 

in the foraminiferal tests of Siphouvigerina auberiana from the Galapagos hydrothermal 

mounds. These holes had a size range of 10 to 125 µm and the authors suspected a naticid 

JDVWURSRG�� ZKLFK� DWWDFNV� RQO\� VSHFL¿F� VSHFLHV�� 7KH� KROHV� SUHVHQWHG� LQ� WKH� ODWWHU� VWXG\�

resemble the borings of tests found within this study (Fig. 5.1). Multiple drilled holes 

in empty tests of G. glutinata, and in single tests of juvenile Globorotalia menardii and 

Globigerinoides ruber were observed. It is probable that the highest occurrence of borings 

was found in G. glutinata because it also had the highest abundance of empty tests in the 

water column (cf. Chapter 2). However, on the basis that selective predation on foraminifera 

is well known (Shonman and Nybakken, 1978; Arnold et al., 1985), the especially small and 

smooth tests of non-spinose planktonic foraminifera, like G. glutinata, are optimal targets 

for a predator in the open ocean. Even though any attack on living planktonic foraminifera 

was directly observed, we may assume, based on the shape of the borings, that a group of 

naticid gastropods was the most likely predator.
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The focus of this study was to validate and improve the application of planktonic 

foraminifera for studies in paleoceanography based on their ecology and geochemical 

signatures. Therefore, habitat patterns, stable isotopes (b18O and b13C) and Mg/Ca 

compositions in tests of living tropical and subtropical planktonic foraminifera in the 

Caribbean were determined and compared to in-situ measurements of the seawater 

(temperature, salinity, b18Oseawater) and to fossil tests from surface sediments.

The study indicates a strong relationship between the living planktonic faunal 

composition and seawater temperature, particularly in their vertical distribution but 

also in their horizontal distribution patterns. Chlorophyll concentrations, turbidity and 

VDOLQLW\� DUH� DOVR� SRWHQWLDO� IDFWRUV� LQÀXHQFLQJ� WKH� VWDQGLQJ� VWRFNV� RI� WKH� IRUDPLQLIHUDO�

assemblages in different ways. In the eastern Caribbean Sea, a high standing stock of 

planktonic foraminifera was observed close to a transient mega-patch of high chlorophyll 

concentrations in early spring 2009, with a high population density of Globigerinita 

glutinata. High turbidity and concomitant low salinity, on the other hand, probably expelled 

planktonic foraminifera from the Gulf of Paria and close from the Orinoco river plume. 

6LQJOH�VSHFLHV�ZHUH�UHODWHG�WR�VSHFL¿F�OLYLQJ�KDELWDWV��H�J��WKH�PL[HG�OD\HU��WKHUPRFOLQH��DQG�

some species (e.g. Globorotalia truncatulinoides dextral and Globorotalia crassaformis) 

point to an ontogenetic variability in their depth habitat. Predators probably attack living 

planktonic foraminifera, mainly Globigerinita glutinata, in the open ocean and target the 

cytoplasm.

No major change was observed between the living and fossil assemblage 

compositions over the last millennia. However, the standing stock of Globigerinoides ruber 

(white) in 2012 off the coast of Puerto Rico reveals a decline since the late 1900s. A large 

number of Globorotalia ungulata in the Florida Straits in spring 2009 indicate an increasing 

standing stock of the assemblage or a unique seasonal occurrence. Furthermore, different 

VSHFLHV�SURSRUWLRQ�LQ�WKH�OLYLQJ�DQG�IRVVLO�DVVHPEODJHV�UHYHDO�VHDVRQDO�ÀXFWXDWLRQV�LQ�WKHLU�

DEXQGDQFHV�WKDW�DUH�SUREDEO\�OLQNHG�WR�WHPSHUDWXUH�YDULDELOLW\�RU�ULYHULQH�RXWÀRZ��
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After hurricane “Sandy” (October 2012), lower numbers of living planktonic 

foraminifera dwelled in the upper water column. The stormy weather probably stimulated 

the benthic stages of Bolivina variabilis to buoy upwards into surface waters off the 

southern coast of Puerto Rico and additionally, lower b13Ccalcite values most likely point to 

higher turbidity of the ambient seawater.

Isotopic compositions and Mg/Ca ratios indicate large “vital effects” (e.g. 

symbiont activity, ontogenetic development). Photosynthetic processes might cause 

negative disequilibrium values (up to ¾0.5‰) between b18Ocalcite in foraminiferal tests of 

Globigerinoides sacculifer, Orbulina universa and Globigerinoides ruber (pink) and 

the ambient seawater in the euphotic zone. The large scatter of Mg/Ca ratios in living 

planktonic foraminifera collected from the same sample, and heterogeneity of Mg/Ca in 

single chambers (low and high Mg2+ bands) point to large variable Mg2+ incorporation 

GXULQJ� FDOFL¿FDWLRQ� SURFHVVHV� Mg/Ca and stable oxygen isotopic compositions in living 

foraminiferal tests are broadly consistent with the measured in-situ seawater properties 

and fossil tests in surface sediments. Higher b18Ocalcite values in specimens below the mixed 

layer and fossil tests are linked to lower in-situ�WHPSHUDWXUHV�DQG�JDPHWRJHQLF�FDOFL¿FDWLRQ��

Mg/Ca values of G. sacculifer indicate that the maximum accumulation rates on the 

VHDÀRRU� RFFXUV� GXULQJ� HDUO\� VSULQJ� LQ� WKH�&DULEEHDQ� 6HD� DQG�PRVW� OLNHO\� LQ�0D\� LQ� WKH�

Florida Straits linked to seawater temperatures of ¾26°C. b18Oseawater estimates of living 

G. sacculifer indicate a positive linear relationship between measured in-situ b18Oseawater and 

salinity.

This study added further insights into the habitat patterns, trace elemental and isotopic 

compositions of living planktonic foraminifera in the open ocean, which are important for 

studies based on foraminiferal census and proxy data. Yet, plankton net samples generally 

SUHVHQW� RQO\� D� ³VQDS�VKRW´� RI� D� VKRUW� VDPSOLQJ� SHULRG�� UHÀHFWLQJ� D� VHDVRQDO� HIIHFW��7KLV�

limits the interpretations in a long-term perspectives and application for sediment samples 

FRPSULVLQJ� VHYHUDO� KXQGUHGV� RU� WKRXVDQGV� RI� \HDUV��7R� LGHQWLI\� VSHFLHV�VSHFL¿F� VHDVRQDO�

distribution patterns in the water column, and to test if seasonal assemblage variations 

have a yearly repetition at the same site, further surveys are required covering different 

seasons over the year. Especially a seasonal migration of single species in the water column 

in relation to different environmental parameters would elucidate the habitat dynamics of 

foraminiferal populations and would be helpful for the interpretation of paleoenvironmental 
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records. Shortly spaced time series over several months are needed to address this 

problem. Furthermore, only a sparse number of foraminifera can be collected in plankton 

net samples thus limiting the material available for geochemical analyses. This restricts 

WKH� LQWHUSUHWDWLRQ� DQG� SRWHQWLDO� VLJQL¿FDQW� VWDWLVWLFDO� DQDO\VHV� RI� WKH� UHVXOWV�� +RZHYHU��

studies on living planktonic foraminifera collected with plankton nets are indispensible to 

XQGHUVWDQG� FDOFL¿FDWLRQ� SURFHVVHV� XQGHU� QDWXUDO� FRQGLWLRQV�� )XUWKHU� LQYHVWLJDWLRQV�ZRXOG�

provide even better and more detailed signals assessing those processes within the water 

column with higher accuracy.
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+���:X��+�&���<RX��&��)���������,QWHUODERUDWRU\�VWXG\�IRU�FRUDO�6U�&D�DQG�RWKHU�HOHPHQW�&D�
UDWLR�PHDVXUHPHQWV��*HRFKHPLVWU\��*HRSK\VLFV��*HRV\VWHPV���������������

+HPOHEHQ�� &��� 6SLQGOHU�� 0���$QGHUVRQ�� 2�5��� ������0RGHUQ� 3ODQNWRQLF� )RUDPLQLIHUD�� 6SULQJHU�
9HUODJ��%HUOLQ��+HLGHOEHUJ��1HZ�<RUN��S������
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+HPOHEHQ��&���6SLQGOHU��0���%UHLWLQJHU��,���'HXVHU��:�*���������)LHOG�DQG�ODERUDWRU\�VWXGLHV�RQ�WKH�
RQWRJHQ\�DQG�HFRORJ\�RI�VRPH�*ORERURWDOLLG�VSHFLHV�IURP�WKH�6DUJDVVR�6HD�RII�%HUPXGD��
-RXUQDO�RI�)RUDPLQLIHUDO�5HVHDUFK�������������

+LOEUHFKW�� +��� ������0RUSKRORJLF� JUDGDWLRQ� DQG� HFRORJ\� LQ�Neogloboquadrina pachyderma and 
N. dutertrei �SODQNWLF�IRUDPLQLIHUD��IURP�FRUH�WRS�VHGLPHQWV��0DULQH�0LFURSDOHRQWRORJ\�
����������

+�EVFKHU��&���1�UQEHUJ��'���$O�+VHLQDW��0���$OYDUH]�*DUFLD��0���(UGHP��=���*HKUH��1��� -HQW]HQ��
$���.DYHODJH��&���.DUDV��&���.LPPHO��%���0LOGQHU��7���2UWL]��$�2���3DUNHU��$�2���3HWHUVHQ��
$���5DHNH��$���5HLFKH��6���6FKPLGW��0���:HLVV��%���:ROI��'���������<XFDWDQ�7KURXJKÀRZ�
��&UXLVH�1R��0�����0DUFK������0DUFK������������%DOERD��3DQDPD����.LQJVWRQ��-DPDLFD���
0(7(25�%HULFKWH��0���������

+XW��*���������6WDEOH� LVRWRSH�UHIHUHQFH�VDPSOHV� IRU�JHRFKHPLFDO�DQG�K\GURORJLFDO� LQYHVWLJDWLRQV��
&RQVXOWDQWV� *URXS� PHHWLQJ� ��������������� ,QWHUQDWLRQDO� $WRPLF� (QHUJ\� $JHQF\�
�,�$�(�$����9LHQQD��$XVWULD��S�����

-DFRE��6�'���6KD\��/�.���0DULDQR��$�-���%ODFN��3�*���������7KH��'�RFHDQLF�PL[HG�OD\HU�UHVSRQVH�WR�
+XUULFDQH�*LOEHUW��-RXUQDO�RI�3K\VLFDO�2FHDQRJUDSK\���������������

-DQVHQ��+���=HHEH��5�(���:ROI�*ODGURZ��'�$���������0RGHOLQJ�WKH�GLVVROXWLRQ�RI�VHWWOLQJ�&D&2��LQ�
WKH�RFHDQ��*OREDO�%LRJHRFKHPLFDO�&\FOHV����������

-RFKXP�� .�3���:HLV�� 8��� 6WROO�� %��� .X]PLQ�� '��� <DQJ�� 4��� 5DF]HN�� ,��� -DFRE�� '�(��� 6WUDFNH��$���
%LUEDXP��.��� )ULFN��'�$���*�QWKHU��'���(Q]ZHLOHU�� -��� ������'HWHUPLQDWLRQ�RI� UHIHUHQFH�
YDOXHV� IRU� 1,67� 650� ���±���� JODVVHV� IROORZLQJ� ,62� *XLGHOLQHV�� *HRVWDQGDUGV� DQG�
*HRDQDO\WLFDO�5HVHDUFK��������������

-RQHV�� -�,���������7KH� UHODWLRQVKLS�RI�SODQNWRQLF� IRUDPLQLIHUDO�SRSXODWLRQV� WR�ZDWHU�PDVVHV� LQ� WKH�
ZHVWHUQ�&DULEEHDQ�DQG�ORZHU�*XOI�RI�0H[LFR��%XOOHWLQ�RI�0DULQH�6FLHQFH�������������

-RQHV�� -�,��� ������7KH� HFRORJ\� DQG�GLVWULEXWLRQ�RI� OLYLQJ�SODQNWRQLF� IRUDPLQLIHUD� LQ� WKH�6WUDLWV� RI�
)ORULGD�� ,Q�� -RQHV�� -�,�� DQG� %RFN��:�'�� �(GV���$� 6\PSRVLXP� RI� 5HFHQW� 6RXWK� )ORULGD�
)RUDPLQLIHUD��0HPRLU����0LDPL�*HRORJLFDO�6RFLHW\����������

-RQNHUV��/���.XþHUD��0���������*OREDO�DQDO\VLV�RI�VHDVRQDOLW\�LQ�WKH�VKHOO�ÀX[�RI�H[WDQW�SODQNWRQLF�
IRUDPLQLIHUD��%LRJHRVFLHQFHV���������������

-¡UJHQVHQ��%�%���(UH]��-���5HYVEHFK��1�3���&RKHQ��<���������6\PELRWLF�SKRWRV\QWKHVLV�LQ�D�SODQNWRQLF�
IRUDPLQLIHUDQ�� Globigerinoides sacculifer� �%UDG\��� VWXGLHG� ZLWK� PLFURHOHFWURGHV��
/LPQRORJ\�DQG�2FHDQRJUDSK\���������������

.DKQ�� 0�,��� ������ 1RQ�HTXLOLEULXP� R[\JHQ� DQG� FDUERQ� LVRWRSLF� IUDFWLRQDWLRQ� LQ� WHVWV� RI� OLYLQJ�
SODQNWRQLF�IRUDPLQLIHUD��2FHDQRORJLFD�$FWD������������

.DKQ��0�,���:LOOLDPV��'�)��� ������2[\JHQ� DQG� FDUERQ� LVRWRSLF� FRPSRVLWLRQ� RI� OLYLQJ� SODQNWRQLF�
IRUDPLQLIHUD� IURP� WKH� QRUWKHDVW� 3DFL¿F� 2FHDQ�� 3DODHRJHRJUDSK\�� 3DODHRFOLPDWRORJ\��
3DODHRHFRORJ\�����������

.LP��6��7���2�1HLO��-�5���������(TXLOLEULXP�DQG�QRQHTXLOLEULXP�R[\JHQ�LVRWRSH�HIIHFWV�LQ�V\QWKHWLF�
FDUERQDWHV��*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD���������������

.LVDN�UHN��%���(LVHQKDXHU��$���%|KP��)���*DUEH�6FK|QEHUJ��'���(UH]�� -��� ������&RQWUROV� RQ� VKHOO�
0J�&D� DQG� 6U�&D� LQ� FXOWXUHG� SODQNWRQLF� IRUDPLQLIHUDQ��Globigerinoides ruber� �ZKLWH���
(DUWK�DQG�3ODQHWDU\�6FLHQFH�/HWWHUV��������������
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.URRQ�� '��� 'DUOLQJ�� .��� ������ 6L]H� DQG� XSZHOOLQJ� FRQWURO� RI� WKH� VWDEOH� LVRWRSH� FRPSRVLWLRQ� RI�
Neogloboquadrina dutertrei� �G�2UELJQ\��� Globigerinoides ruber� �G�2UELJQ\�� DQG�
Globigerina bulloides� G�2UELJQ\�� ([DPSOHV� IURP� WKH� 3DQDPD� %DVLQ� DQG�$UDELDQ� 6HD��
-RXUQDO�RI�)RUDPLQLIHUDO�5HVHDUFK�����������

.XþHUD��0��� ������ 3ODQNWRQLF� IRUDPLQLIHUD� DV� WUDFHUV� RI� SDVW� RFHDQLF� HQYLURQPHQWV�� ,Q��+LOODLUH�
0DUFHO�� &��� 'H� 9HUQDO�� $�� �(GV���� 'HYHORSPHQWV� LQ� 0DULQH� *HRORJ\�� 3UR[LHV� LQ� /DWH�
&HQR]RLF�3DOHRFHDQRJUDSK\��(OVHYLHU��1HZ�<RUN����������

.XþHUD�� 0��� 'DUOLQJ�� .�)��� ������ &U\SWLF� VSHFLHV� RI� SODQNWRQLF� IRUDPLQLIHUD�� WKHLU� HIIHFW� RQ�
SDODHRFHDQRJUDSKLF� UHFRQVWUXFWLRQV��3KLORVRSKLFDO�7UDQVDFWLRQV�RI� WKH�5R\DO�6RFLHW\�RI�
/RQGRQ�$��0DWKHPDWLFDO��3K\VLFDO�DQG�(QJLQHHULQJ�6FLHQFHV��������������

.XQLRND��'���6KLUDL��.��7DNDKDWD��1���6DQR��<���7R\RIXNX��7���8MLLH��<��������0LFURGLVWULEXWLRQ�RI�
0J�&D��6U�&D��DQG�%D�&D�UDWLRV�LQ�Pulleniatina obliquiloculata�WHVW�E\�XVLQJ�D�1DQR6,06��
,PSOLFDWLRQ� IRU� WKH� YLWDO� HIIHFW� PHFKDQLVP�� *HRFKHPLVWU\�� *HRSK\VLFV�� *HRV\VWHPV� ���
4��3���

.XUR\DQDJL��$���.DZDKDWD��+���������9HUWLFDO�GLVWULEXWLRQ�RI�OLYLQJ�SODQNWRQLF�IRUDPLQLIHUD�LQ�WKH�
-DSDQ�6HD�DQG�QRUWKZHVWHUQ�1RUWK�3DFL¿F�2FHDQ��0DULQH�0LFURSDOHRQWRORJ\�������������

/HD��'�:���0DVKLRWWD��7�$��� 6SHUR��+�-��� ������ &RQWUROV� RQ�PDJQHVLXP� DQG� VWURQWLXP� XSWDNH� LQ�
SODQNWRQLF�IRUDPLQLIHUD�GHWHUPLQHG�E\�OLYH�FXOWXULQJ��*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD�
��������������

/HD��'�:���3DN��'�.���6SHUR��+�-���������&OLPDWH�LPSDFW�RI�ODWH�4XDWHUQDU\�HTXDWRULDO�3DFL¿F�VHD�
VXUIDFH�WHPSHUDWXUH�YDULDWLRQV��6FLHQFH����������������

/LQ��+��/���:DQJ��:��&���+XQJ��*��:���������6HDVRQDO�YDULDWLRQ�RI�SODQNWRQLF�IRUDPLQLIHUDO�LVRWRSLF�
FRPSRVLWLRQ�IURP�VHGLPHQW�WUDSV�LQ�WKH�6RXWK�&KLQD�6HD��0DULQH�0LFURSDOHRQWRORJ\�����
��������

/LQ��+��/���6KHX��'�'��'���<DQJ��<���&KRX��:��&���+XQJ��*��:���������6WDEOH� LVRWRSHV� LQ�PRGHUQ�
SODQNWRQLF� IRUDPLQLIHUD�� 6HGLPHQW� WUDS� DQG� SODQNWRQ� WRZ� UHVXOWV� IURP� WKH� 6RXWK�&KLQD�
6HD��0DULQH�0LFURSDOHRQWRORJ\�����������

/LSSV�� -�+��� ������ %LRWLF� LQWHUDFWLRQV� LQ� EHQWKLF� IRUDPLQLIHUD�� ,Q�� 7UHYHV]��0�-�6��� 0F&DOO�� 3�/��
�(GV���%LRWLF�,QWHUDFWLRQV�LQ�5HFHQW�DQG�)RVVLO�%HQWKLF�&RPPXQLWLHV��1HZ�<RUN��3OHQXP��
��������

/RFDUQLQL��5�$���0LVKRQRY��$�9���$QWRQRY��-�,���%R\HU��7�3���*DUFLD��+�(���%DUDQRYD��2�.���=ZHQJ��
0�0���-RKQVRQ��'�5���������:RUOG�2FHDQ�$WODV��������9ROXPH����7HPSHUDWXUH��,Q��/HYLWXV�
6���(G����12$$�$WODV�1(6',6�����8�6��*RYHUQPHQW�3ULQWLQJ�2I¿FH��:DVKLQJWRQ��'�&���
S������

/RFDUQLQL��5�$���0LVKRQRY��$�9���$QWRQRY��-�,���%R\HU��7�3���*DUFLD��+�(���%DUDQRYD��2�.���=ZHQJ��
0�0���3DYHU��&�5���5HDJDQ��-�5���-RKQVRQ��'�5���+DPLOWRQ��0���6HLGRY��'���������:RUOG�
2FHDQ�$WODV�������9ROXPH����7HPSHUDWXUH�� ,Q��/HYLWXV��6���0LVKRQRY��$�� �(GV���12$$�
$WODV�1(6',6�����S�����

/RKPDQQ�� *�3��� 6FKZHLW]HU�� 3�1��� ������Globorotalia truncatulinoides� *URZWK� DQG� FKHPLVWU\� DV�
SUREHV�RI�WKH�SDVW�WKHUPRFOLQH�����6KHOO�VL]H��3DOHRFHDQRJUDSK\����������

/RPEDUG�� )��� /DEH\ULH�� /���0LFKHO�� (��� 6SHUR��+�-��� /HD��'�:��� ������0RGHOOLQJ� WKH� WHPSHUDWXUH�
GHSHQGHQW�JURZWK�UDWHV�RI�SODQNWLF�IRUDPLQLIHUD��0DULQH�0LFURSDOHRQWRORJ\���������

/RQþDULü��1���3HHWHUV��)�-�&���.URRQ��'���%UXPPHU��*��-�$���������2[\JHQ�LVRWRSH�HFRORJ\�RI�UHFHQW�
SODQNWLF� IRUDPLQLIHUD� DW� WKH� FHQWUDO�:DOYLV� 5LGJH� �6(�$WODQWLF��� 3DOHRFHDQRJUDSK\� ����
3$�����
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/RRVH��7�/���������7XUEXOHQW�WUDQVSRUW�RI�EHQWKRQLF�IRUDPLQLIHUD��&RQWULEXWLRQV�IURP�WKH�&XVKPDQ�
)RXQGDWLRQ�IRU�)RUDPLQLIHUDO�5HVHDUFK�������������

0DVVRQ��'�*���6FDQORQ��.�0���������7KH�QHRWHFWRQLF�VHWWLQJ�RI�3XHUWR�5LFR��*HRORJLFDO�6RFLHW\�RI�
$PHULFD�%XOOHWLQ��������������

0F&RQQDXJKH\��7�����������&�DQG���2�LVRWRSLF�GLVHTXLOLEULXP�LQ�ELRORJLFDO�FDUERQDWHV��,��3DWWHUQV��
*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD�������������

0F&UHD��-��0���������2Q� WKH� LVRWRSLF�FKHPLVWU\�RI�FDUERQDWHV�DQG�D�SDOHRWHPSHUDWXUH�VFDOH��7KH�
-RXUQDO�RI�&KHPLFDO�3K\VLFV�������������

0F.HQQD�� 9�6��� 3UHOO�� :�/��� ������ &DOLEUDWLRQ� RI� Globorotalia truncatulinoides� �5�� IRU� WKH�
UHFRQVWUXFWLRQ�RI�PDULQH�WHPSHUDWXUH�JUDGLHQWV��3DOHRFHDQRJUDSK\�����3$�����

0HKUEDFK��&���&XOEHUVRQ��&�+���+DZOH\��-�(���3\WNRZLF]��5�0���������0HDVXUHPHQW�RI�WKH�DSSDUHQW�
GLVVRFLDWLRQ�FRQVWDQWV� RI� FDUERQLF�DFLG� LQ� VHDZDWHU� DW� DWPRVSKHULF� SUHVVXUH��/LPQRORJ\�
DQG�2FHDQRJUDSK\��������±����

0LUy��0�'�'���������/RV�IRUDPLQLIHURV�SODQFWyQLFRV�YLYRV�\�VHGLPHQWDGRV�GHO�PDUJHQ�FRQWLQHQWDO�
GH�9HQH]XHOD��UHVXPHQ���$FWD�*HROyJLFD�+LVSiQLFD������������

0RUHO��$���&ODXVWUH��+���*HQWLOL��%��� ������7KH�PRVW�ROLJRWURSKLF� VXEWURSLFDO� ]RQHV�RI� WKH�JOREDO�
RFHDQ�� VLPLODULWLHV� DQG� GLIIHUHQFHV� LQ� WHUPV� RI� FKORURSK\OO� DQG� \HOORZ� VXEVWDQFH��
%LRJHRVFLHQFHV���������������

0RUULVRQ�� -�0��� 1RZOLQ�� :�'��� ������ *HQHUDO� GLVWULEXWLRQ� RI� ZDWHU� PDVVHV� ZLWKLQ� WKH� HDVWHUQ�
&DULEEHDQ� 6HD� GXULQJ� WKH� ZLQWHU� RI� ����� DQG� IDOO� RI� ������ -RXUQDO� RI� *HRSK\VLFDO�
5HVHDUFK���������������

0XOLW]D��6���%ROWRYVNR\��'���'RQQHU��%���0HJJHUV��+���3DXO��$���:HIHU��*���������7HPSHUDWXUH��b��2�
UHODWLRQVKLSV�RI�SODQNWRQLF�IRUDPLQLIHUD�FROOHFWHG�IURP�VXUIDFH�ZDWHUV��3DODHRJHRJUDSK\��
3DODHRFOLPDWRORJ\��3DODHRHFRORJ\��������������

0�OOHU�.DUJHU�� )�(��� 0F&ODLQ�� &�5��� )LVKHU�� 7�5��� (VDLDV�� :�(��� 9DUHOD�� 5��� ������ 3LJPHQW�
GLVWULEXWLRQ�LQ�WKH�&DULEEHDQ�6HD��2EVHUYDWLRQV�IURP�VSDFH��3URJUHVV�LQ�2FHDQRJUDSK\�����
������

0XUUD\�� -�:��� ������ %LRJHQLF� LQGLFDWRUV� RI� VXVSHQGHG� VHGLPHQW� WUDQVSRUW� LQ� PDUJLQDO� PDULQH�
HQYLURQPHQWV��TXDQWLWDWLYH�H[DPSOHV�IURP�6:�%ULWDLQ��-RXUQDO�RI�WKH�*HRORJLFDO�6RFLHW\�
/RQGRQ��������������

0XUUD\�� -�:��� $OYH�� (��� ������ %HQWKLF� IRUDPLQLIHUDO� ELRJHRJUDSK\� LQ� 1:� (XURSHDQ� IMRUGV�� $�
EDVHOLQH�IRU�DVVHVVLQJ�IXWXUH�FKDQJH��(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH���������������

1+&��������1DWLRQDO�+XUULFDQH�&HQWHU��85/��KWWS���ZZZ�QKF�QRDD�JRY

1LHOVHQ�� .�6�6��� ������ )RUDPLQLIHULYRU\� UHYLVLWHG�� D� SUHOLPLQDU\� LQYHVWLJDWLRQ� RI� KROHV� LQ�
IRUDPLQLIHUD��%XOOHWLQ�RI�WKH�*HRORJLFDO�6RFLHW\�RI�'HQPDUN�������������

1LHOVHQ��.�6�6���1LHOVHQ��-�.���������%LRHURVLRQ�LQ�3OLRFHQH�WR�ODWH�+RORFHQH�WHVWV�RI�EHQWKLF�DQG�
SODQNWRQLF� IRUDPLQLIHUDQV��ZLWK�D� UHYLVLRQ�RI� WKH� LFKQRJHQHUD�Oichnus and Tremichnus. 
,FKQRV�����������

1LHOVHQ��.�6�6���1LHOVHQ��-�.���%URPOH\��5�*���������3DODHRHFRORJLFDO�DQG�LFKQRORJLFDO�VLJQL¿FDQFH�
RI�PLFURERULQJV�LQ�4XDWHUQDU\�IRUDPLQLIHUD��3DODHRQWRORJLD�(OHFWURQLFD����S�����

1RXHW�� -��� %DVVLQRW�� )��� ������ 'LVVROXWLRQ� HIIHFWV� RQ� WKH� FU\VWDOORJUDSK\� DQG� 0J�&D� FRQWHQW� RI�
SODQNWRQLF�IRUDPLQLIHUD�Globorotalia tumida��5RWDOLLQD��UHYHDOHG�E\�;�UD\�GLIIUDFWRPHWU\��
*HRFKHPLVWU\��*HRSK\VLFV��*HRV\VWHPV����4������
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1�UQEHUJ�� '��� ������ 0DJQHVLXP� LQ� WHVWV� RI�Neogloboquadrina pachyderma� VLQLVWUDO� IURP� KLJK�
QRUWKHUQ�DQG�VRXWKHUQ�ODWLWXGHV��-RXUQDO�RI�)RUDPLQLIHUDO�5HVHDUFK�������������

1�UQEHUJ��'���%LMPD��-���+HPOHEHQ��&���������$VVHVVLQJ�WKH�UHOLDELOLW\�RI�PDJQHVLXP�LQ�IRUDPLQLIHUDO�
FDOFLWH� DV� D�SUR[\� IRU�ZDWHU�PDVV� WHPSHUDWXUHV��*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD�����
��������

1�UQEHUJ��'���0�OOHU��$���6FKQHLGHU��5�5���������3DOHR�VHD�VXUIDFH�WHPSHUDWXUH�FDOFXODWLRQV�LQ�WKH�
HTXDWRULDO�HDVW�$WODQWLF�IURP�0J�&D�UDWLRV�LQ�SODQNWLF�IRUDPLQLIHUD��$�FRPSDULVRQ�WR�VHD�
VXUIDFH� WHPSHUDWXUH� HVWLPDWHV� IURP� 8��.�� R[\JHQ� LVRWRSHV�� DQG� IRUDPLQLIHUDO� WUDQVIHU�
IXQFWLRQ��3DOHRFHDQRJUDSK\�������������

1�UQEHUJ��'���6FK|QIHOG��-���'XOOR��:�&���5�KOHPDQQ��&���������59�6211(�FUXLVH�UHSRUW�62����
5$67$�� 5DSLG� FOLPDWH� FKDQJHV� LQ� WKH� ZHVWHUQ� WURSLFDO� $WODQWLF� �� $VVHVVPHQW� RI� WKH�
ELRJHQRXV�DQG�VHGLPHQWDU\�UHFRUG��%DOERD�%DOERD��0D\������-XQH�����������*(20$5�
5HSRUW������������

1�UQEHUJ�� '��� =LHJOHU�� 0��� .DUDV�� &��� 7LHGHPDQQ�� 5��� 6FKPLGW�� 0�:��� ������ ,QWHUDFWLQJ� /RRS�
&XUUHQW� YDULDELOLW\� DQG� 0LVVLVVLSSL� 5LYHU� GLVFKDUJH� RYHU� WKH� SDVW� ���� N\U�� (DUWK� DQG�
3ODQHWDU\�6FLHQFH�/HWWHUV��������������

2UWL]�� -�'��� 0L[�� $�&��� &ROOLHU�� 5�:��� ������ (QYLURQPHQWDO� FRQWURO� RI� OLYLQJ� V\PELRWLF� DQG�
DV\PELRWLF�IRUDPLQLIHUD�RI�WKH�&DOLIRUQLD�&XUUHQW��3DOHRFHDQRJUDSK\��������������

3DN�� '�.��� /HD�� '�:��� .HQQHWW�� -�3��� ������ 6HDVRQDO� DQG� LQWHUDQQXDO� YDULDWLRQ� LQ� 6DQWD� %DUEDUD�
%DVLQ�ZDWHU�WHPSHUDWXUHV�REVHUYHG�LQ�VHGLPHQW�WUDS�IRUDPLQLIHUDO�0J�&D��*HRFKHPLVWU\��
*HRSK\VLFV��*HRV\VWHPV���4������

3DUNHU��)�/���%HUJHU��:�+���������)DXQDO�DQG�VROXWLRQ�SDWWHUQV�RI�SODQNWRQLF�IRUDPLQLIHUD�LQ�VXUIDFH�
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0LNURSDOlRQWRORJLVFKH�0LWWHLOXQJHQ�1U�����S�����
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RI� SODQNWRQLF� IRUDPLQLIHUD� Globigerinoides ruber, Globigerinoides sacculifer, and 
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6FKLHEHO��5���+LOOHU��%���+HPOHEHQ��&��������� ,PSDFWV�RI� VWRUPV�RQ�5HFHQW�SODQNWLF� IRUDPLQLIHUDO�
WHVW� SURGXFWLRQ� DQG�&D&2��ÀX[� LQ� WKH�1RUWK�$WODQWLF� DW� ���1�����:� �-*2)6���0DULQH�
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3DUW�,��2FHDQRJUDSKLF�5HVHDUFK�3DSHUV��������±����
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APPENDIX A 
Supplementary information of Chapter 2

Cruise Date Device Station 
No.

Latitude N 
(Start-End)

Longitude W 
(Start-End)

Water 
depth 
(m)

Depth 
intervals

Water 
volume 
(m3)

SO164 27.05.2002 MUC 02-3 15°18.29 72°47.06 2977 0–1 cm -
SO164 07.06.2002 MUC  22-2 15°24.00 68°12 4506 0–1 cm -
SO164 09.06.2002 MUC 24-3 14°11.89 63°25.43 1545 0–1 cm -
M78/1 10.03.2009 MUC 212-1 24°11.10 81°15.74 723 0–1 cm -

M78/1 19.03.2009 GKG 222-8 12°1.48 64°28.50 1019 surface -

M78/1 10.03.2009 CTD 211 24°15.50 80°54.81 456 - -
M78/1 15.03.2009 CTD 219 15°18.30 72°47.06 2961 - -
M78/1 16.03.2009 CTD 220 15°24.00 68°12.00 4484 - -
M78/1 18.03.2009 CTD 221 14°11.95 63°25.42 1536 - -
M78/1 19.03.2009 CTD 222 12°1.57 64°28.80 1031 - -

M78/1
10.03.2009 
19:19

MSN 211-5 24°15.50 80°54.81 456
0–60, 60–100, 
100–200, 200–300, 
300–400 m

M78/1
15.03.2009 
12:26

MSN 219-8 15°18.30 72°47.06 2960
0–60, 60–125, 
125–180, 180–220, 
220–400 m

M78/1
17.03.2009 
07:03

MSN 220-9 15°23.99 68°12.00 4482
0–70, 70–110, 
110–150, 150–220, 
220–300 m

M78/1
18.03.2009 
17:11

MSN 221-7 14°11.89 63°25.43 1533
0–40, 40–60, 
60–150, 150–210, 
210–300 m

M78/1
19.03.2009 
10:58

MSN 222-6 12°1.57 64°28.80 1031
0–40, 40–80, 
80–120, 120–180,
180–300 m

M94
18.03.2013 
14:45

AN 474 21°45.50 86°8.50 -
0–20, 20–40, 
40–60, 
60–100 m

M95
01.04.2013 
21:14

AN 487 23°29.48 79°25.288 581
0–20, 20–40, 
40–60, 
60–100 m

M95
05.04.2013 
08:24

AN 506 23°35.24 79°23.423 530
20–40, 40–60, 
60–100 m

M95
09.04.2013 
20:23

AN 531 24°13.11 79°51.551 595
0–20, 20–40, 
40–60, 
60–100 m

M95
17.04.2013 
01:12

AN 584 23°52.27 79°26.246 555
0–20, 20–40, 
40–60, 
60–100 m

M78/1 24.02.2009 PF 1 13°5.8–14°12.61 77°30.7–77°23.48 - 3.5 m 1.967
M78/1 24.02.2009 PF/TS 2 14°12.55–15°22.41 77°23.47–77°56.03 - 3.5 m 8.469
M78/1 25.02.2009 PF 3 16°48.86–80°14.07 80°14.07–82°46.6 - 3.5 m 6.532
M78/1 27.02.2009 PF/TS 4 18°35.05–19°54.50 83°38.07–84°58.71 - 3.5 m 2.609
M78/1 27.02.2009 PF/TS 5 20°02.15–21°44.80 85°5.37–86°02.44 - 3.5 m 4.757

Table A.1: Station list of sediment, water and plankton samples. MUC: Multicorer; GKG: Giant box 
FRUHU��&7'��&RQGXFWLYLW\�7HPSHUDWXUH�'HSWK�SUR¿OHU��061��+\GURELRV�PLGL�PXOWLSOH�RSHQLQJ�FORVLQJ�
SODQNWRQ�QHW��$1��$SVWHLQ�QHW��3)��3ODQNWRQ�¿OWHU��33��3ODQNWRQ�SXPS��76��7KHUPRVDOLQRJUDSK�
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Cruise Date Device Station
No.

Latitude N
(Start-End)

Longitude W
(Start-End)

Water
depth 
(m)

Depth 
intervals

Water
volume
(m3)

M78/1 01.03.2009 PF/TS 6 22°21.4–22°50.86 86°29.42–86°36.27 - 3.5 m 1.529
M78/1 03.03.2009 PF 7 26°31.38–27°39.86 87°5.32–88°16.23 - 3.5 m 3.720
M78/1 04.03.2009 PF 8 28°59.9–29°00 88°13.23–87°49.99 - 3.5 m 2.561
M78/1 04.03.2009 PF 9 28°12.58–27°44.20 85°50.67–85°33.22 - 3.5 m 1.013
M78/1 05.03.2009 PF/TS 10 27°01.83–26°36.30 85°07.33–84°51.80 - 3.5 m 1.195
M78/1 06.03.2009 PF/TS 11 26°18.35–26°12.21 84°44.97–84°41.92 - 3.5 m 1.218
M78/1 06.03.2009 PF 12 26°10.7–26°12.48 84°44.08–84°43.40 - 3.5 m 1.087
M78/1 06.03.2009 PF 13 26°19.38–26°15.5 84°45.15–84°44.31 - 3.5 m 1.324
M78/1 06.03.2009 PF/TS 14 26°12.18–26°12.40 84°43.84–84°45.41 - 3.5 m 0.795
M78/1 06.03.2009 PF/TS 15 26°12.51–26°12.51 84°46.24–84°46.23 - 3.5 m 1.270
M78/1 06.03.2009 PF/TS 16 26°11.81–26°11.80 84°43.98–84°43.95 - 3.5 m 1.029
M78/1 07.03.2009 PF/TS 17 26°11.77–26°12.18 84°43.96–84°43.87 - 3.5 m 0.899
M78/1 07.03.2009 PF/TS 18 26°12.18–26°12.18 84°43.87–84°43.87 - 3.5 m 1.267
M78/1 07.03.2009 PF/TS 19 26°12.18–26°12.18 84°43.87–84°43.87 - 3.5 m 1.707
M78/1 07.03.2009 PF/TS 20 26°12.18–26°12.17 84°43.87–84°43.94 - 3.5 m 0.954
M78/1 07.03.2009 PF/TS 21 26°11.07–26°11.39 84°44.05–84°44.24 - 3.5 m 1.200
M78/1 08.03.2009 PF/TS 23 24°71.47–23°56.72 81°33.17–81°24.31 - 3.5 m 0.508
M78/1 10.03.2009 PF/TS 24 24°15.12-24°13.09 80°54.85-81°5.29 - 3.5 m 2.189
M78/1 12.03.2009 PF 25 23°47.15–23°18.97 80°42.75–80°11.37 - 3.5 m 1.029
M78/1 12.03.2009 PF 26 22°18.61–22°6.71 77°40.84–77°26.68 - 3.5 m 0.533
M78/1 13.03.2009 PF 27 21°36.99–21°24.72 76°39.4–76°9.47 - 3.5 m 1.812
M78/1 13.03.2009 PF 28 20°56.42–19°39.31 74°20.04–74°12.45 - 3.5 m 0.668
M78/1 14.03.2009 PF 29 16°45.79–15°50.48 73°46.39–73°8.84 - 3.5 m 2.600
M78/1 17.03.2009 PF 31 14°46.66-–14°45.04 65°43.73–65°37.18 - 3.5 m 2.389
M78/1 18.03.2009 PF 32 13°27.81 63°52.38 - 3.5 m 0.800
M78/1 19.03.2009 PF/TS 33 11°37.93–11°38.34 64°18.41–64°14.02 - 3.5 m 0.644
M78/1 20.03.2009 PF/TS 34 11°40.7–11°37.78 62°39.24–62°39.51 - 3.5 m 1.406
M78/1 20.03.2009 PF/TS 35 11°47.53–11°47.54 62°38.56–62°38.6 - 3.5 m 2.051
M78/1 21.03.2009 PF/TS 36 10°59.38–10°56.82 62°28.4–61°59.4 - 3.5 m 0.766
M78/1 21.03.2009 PF/TS 37 10°37.48–10°37.48 61°36.23–61°36.22 - 3.5 m 1.598
M78/1 21.03.2009 PF/TS 38 10°48.12–10°52.60 61°40.02–61°36.51 - 3.5 m 0.678
M78/1 21.03.2009 PF/TS 39 10°52.60–10°59.68 61°36.51–61°30.69 - 3.5 m 2.932
M78/1 22.03.2009 PF/TS 40 11°36.20–11°36.54 60°58.24–60°57.86 - 3.5 m 1.370
M78/1 22.03.2009 PF/TS 41 11°55.23–11°0.81 60°15.74–60°12.56 - 3.5 m 0.298
M78/1 23.03.2009 PF/TS 42 10°45.74–10°42.24 59°53.44–59°48.88 - 3.5 m 1.124
M78/1 23.03.2009 PF/TS 43 10°88.74–10°8.93 59°23.29–59°2.22 - 3.5 m 1.065
M78/1 25.03.2009 PF/TS 44 9°59.5–9°55.92 59°56.99–59°51.74 - 3.5 m 1.398
M78/1 26.03.2009 PF/TS 45 9°99.01–9°6.88 59°54.13–59°56.85 - 3.5 m 0.832
M78/1 26.03.2009 PF/TS 46 8°58 60°50.07 - 3.5 m 0.398
M78/1 26.03.2009 PF/TS 47 9°14.24–9°22.95 60°56.73–60°2.98 - 3.5 m 0.695
M94 14.03.2013 PF/TS 2 10°1.18–10°18.56 80°00.93–80°03.70 - 3.5 m 1.120
M94 14.03.2013 PF/TS 3 10°40.93–11°10.84 80°07.21–80°11.71 - 3.5 m 2.078
M94 15.03.2013 PF/TS 4 13°29.76–13°57.97 80°30.89–80°34.80 - 3.5 m 1.958
M94 15.03.2013 PF/TS 5 14°32.81–15°1.26 80°39.62–80°43.61 - 3.5 m 1.988
M94 16.03.2013 PF/TS 6 17°14.03–17°37.58 81°48.19–82°08.18 - 3.5 m 1.926
M94 16.03.2013 PF/TS 7 18°8.72–18°36.21 82°34.86–82°54.45 - 3.5 m 1.949
M94 17.03.2013 PF/TS 8 20°41.88–21°03.98 84°50.26–85°12.18 - 3.5 m 1.988
M94 17.03.2013 PF/TS 9 21°33.79–21°40.63 85°46.10–85°58.30 - 3.5 m 1.481
M94 18.03.2013 PF/TS 10 21°51.25–21°42.12 86°1.61–86°13.35 - 3.5 m 1.770
M94 19.03.2013 PF/TS 11 22°38.60–22°41.99 86°25.53–86°26.25 - 3.5 m 1.904
M94 20.03.2013 PF/TS 13 23°1.03–23°12 86°28.62–86°17.81 - 3.5 m 1.701

Table A.1: Continued.
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Cruise Date Device Station
No.

Latitude N
(Start-End)

Longitude W
(Start-End)

Water
depth 
(m)

Depth
intervals

Water
volume
(m3)

M94 20.03.2013 PF/TS 14 23°24.92–23°24.95 86°29.83–86°45.97 - 3.5 m 1.743
M94 21.03.2013 PF/TS 15 23°48.08–23°38.7 87°00.89–87°6.16 - 3.5 m 1.701
M94 21.03.2013 PF/TS 16 23°49.01–23°49.71 87°7.96–87°7.14 - 3.5 m 1.047
M94 22.03.2013 PF/TS 17 23°5.05–22°56.99 86°43.43–86°41.51 - 3.5 m 1.866
M94 22.03.2013 PF/TS 18 22°49.63–22°40.43 86°39.28–86°22.05 - 3.5 m 1.766
M94 23.03.2013 PF/TS 19 22°1.20–21°53.10 86°30.72–86°12.82 - 3.5 m 2.065
M95 01.04.2013 PF/TS 1 23°6.86–23°16.29 78°55.89–79°4.44 - 3.5 m 2.010
M95 02.04.2013 PF/TS 2 24°23.76–24°33.96 79°18.1–79°18.61 - 3.5 m 1.974
M95 02.04.2013 PF/TS 3 24°27.3–24°17.92 79°23.15–79°27.26 - 3.5 m 2.065
M95 03.04.2013 PF/TS 4 23°36.95–23°40.19 79°32.97–79°19.77 - 3.5 m 2.062
M95 03.04.2013 PF/TS 5 23°39.04–23°41.31 79°5.02–79°5.17 - 3.5 m 1.472
M95 05.04.2013 PF/TS 6 23°35.10–23°39 79°29.42–79°32.18 - 3.5 m 1.218
M95 06.04.2013 PF/TS 7 23°36.52–23°34.24 79°21.6–79°28.75 - 3.5 m 1.999
M95 06.04.2013 PF/TS 8 23°34.54–23°39.15 79°29.44–79°23.88 - 3.5 m 2.458
M95 07.04.2013 PF/TS 9 23°38.06–23°37.05 79°16.14–79°30.64 - 3.5 m 1.963
M95 07.04.2013 PF/TS 10 23°56.09–24°8.39 79°42.39–79°46.06 - 3.5 m 1.846
M95 08.04.2013 PF/TS 11 24°11.90–24°11.51 79°29.94–79°13.71 - 3.5 m 1.795
M95 10.04.2013 PF/TS 13 24°25.57–24°9.01 79°14.60–79°12.55 - 3.5 m 2.065
M95 10.04.2013 PF/TS 14 24°2.55–24°1.40 79°11.23–79°11.97 - 3.5 m 1.401
M95 11.04.2013 PF/TS 16 24°8.66–24°8.85 79°47.14–79°49.8 - 3.5 m 1.410
M95 12.04.2013 PF/TS 17 24°11.91–24°18.29 80°00.80–80°1.95 - 3.5 m 1.658
M95 12.04.2013 PF/TS 18 24°24.01–24°24.02 79°41.2–79°24.31 - 3.5 m 2.022
M95 13.04.2013 PF/TS 19 24°18.04–24°15.13 79°44.19–79°54.34 - 3.5 m 2.427
M95 14.04.2013 PF/TS 20 23°51.9–23°46.8 79°8.54–79°7.01 - 3.5 m 1.798
M95 14.04.2013 PF/TS 21 23°52.13–23°50.81 79°9.61–79°9.61 - 3.5 m 2.317
M95 15.04.2013 PF/TS 22 24°8.05–24°8.39 79°15.31–79°12.28 - 3.5 m 2.362
M95 15.04.2013 PF/TS 23 24°13.69–24°13.9 79°14.47–79°15.1 - 3.5 m 1.612
M95 16.04.2013 PF/TS 25 23°53.89–23°52.26 79°15.34–79°26.26 - 3.5 m 2.899
M95 17.04.2013 PF/TS 26 24°6.38–24°12.51 79°43.4–79°55.61 - 3.5 m 1.871
M95 18.04.2013 PF/TS 27 23°59.49–23°50.40 79°46.52–79°19.4 - 3.5 m 2.422
M95 18.04.2013 PF/TS 28 23°36.92–23°37.23 79°2.45–79°2.5 - 3.5 m 1.509
M95 19.04.2013 PF/TS 29 23°27.65–23°29.02 79°28.08–79°24.44 - 3.5 m 3.156
M78/1 26.02.2009 PP 164-6 18°30.52 83°38.53 - 160 8.820
M78/1 27.02.2009 PP 164-7 18°30.52 83°38.28 - 80 8.000
M78/1 06.03.2009 PP 191-5 26°12.51 84°46.24 - 140 2.000
M78/1 25.03.2009 PP 247-2 9°6.01 59°57.00 - 41; 42 7.410

Table A.1: Continued.
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Bolivina variabilis (Williamson, 1858) = Streptochilus globigerus (Schwager, 1866)1

Candeina nitida d´Orbigny, 1839
Dentagloborotalia anfracta  (Parker, 1967) = Globorotalia anfracta 
Globigerina bulloides d´Orbigny, 1826
Globigerinella calida  (Parker, 1962)2

Globigerinoides conglobatus (Brady, 1879)
Globorotalia crassaformis (Galloway and Wissler 1927) = 
                            syn. Globorotalia crassula Cushman, Stewart and Stewart, 1930
Globigerinoides elongatus (d´Orbigny, 1826)3

Globigerina falconensis Blow, 1959
Globigerinita glutinata (Egger, 1893) = Globigerina glutinata
Globorotalia hirsuta (d´Orbigny, 1839)
Globorotalia inflata (d’Orbigny, 1839) = Globigerina inflata
Globorotalia menardii (Parker, Jones and Brady, 1865) = syn. Globorotalia cultrata (d’Orbigny)
Globigerinita minuta (Natland, 1938) = Globigerinoides minuta

Globigerinoides ruber (d´Orbigny, 1839)3

Globoturborotalita rubescens Hofker, 1956
Globigerinoides sacculifer (Brady, 1877)4 = Trilobatus sacculifer6

Globorotalia scitula (Brady, 1882) = syn. Globorotalia bermudezi Roegl and Bolli, 1973
Globigerinella siphonifera (d´Orbigny, 1839)2

Globoturborotalita tenella (Parker, 1958)
Globorotalia tumida (Brady, 1877) = Pulvinulina menardii (d’Orbigny) var. tumida
Globorotalia truncatulinoides (d´Orbigny, 1839)
Globorotalia ungulata Bermúdez, 1960
Globigerinita uvula (Ehrenberg, 1861) = syn. Globigerinita bradyi Wiesner, 1931
Hastigerina pelagica (d´Orbigny, 1839)
Neogloboquadrina dutertrei (d´Orbigny, 1839) = Globigerina dutertrei
Neogloboquadrina incompta (Cifelli, 1961)5

Orbulina universa d´Orbigny, 1839
Pulleniatina obliquiloculata (Parker and Jones, 1865)
Sphaeroidinella dehiscens (Parker and Jones, 1865) =
                              Sphaeroidina bulloides (d’Orbigny) var. dehiscens
Tenuitella iota (Parker, 1962) = Globigerinita iota
Tenuitella parkerae (Broennimann and Resig, 1972)
Turborotalita humilis (Brady, 1884) = syn. Globigerina humilis
Turborotalita quinqueloba (Natland, 1938) = Globigerina quinqueloba
Tretomphalus bulloides (d`Orbigny, 1839) = Rosalina bulloides

Table A.2:� /LVW� RI� VSHFLHV� IRXQG� LQ� SODQNWRQ� DQG� VHGLPHQW� VDPSOHV�� 7KH� VSHFLHV� ZHUH� LGHQWL¿HG�
IROORZLQJ�WKH�WD[RQRP\�RI�%p��������DQG�+HPOHEHQ�HW�DO����������%DVHG�RQ�PRUSKR�JHQHWLF�VWXGLHV�ZH�
GLVWLQJXLVKHG�WKH�VSHFLHV�PDUNHG�DV���������������DQG���IROORZLQJ�'DUOLQJ�HW�DO����������:HLQHU���������
$XUDKV�HW�DO����������$QGUp�HW�DO���������'DUOLQJ�HW�DO����������6SH]]DIHUUL�HW�DO����������7\SH�UHIHUHQFHV�
DUH�IRXQG�LQ�WKH�(OOLV�DQG�0HVVLQD��������FDWDORJXH�
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Results for the MSN samples (14 species)

R2 F df1 df2 p
Temperature 0.81 3.2 14 10 0.03
Salinity 0.76 2.3 14 10 0.09

Results for the PF samples (27 species)
R2 F df1 df2 p

Temperature 0.91 18.52 27 47 0.00
Salinity 0.36 0.99 27 47 0.48

211 P 211 S 219 P 219 S 220 P 220 S 221 P 221 S 222 P 222 S

211 P 1.00 0.66 0.58 0.46 0.58 0.62 0.54 0.54 0.64 0.55

211 S 0.66 1.00 0.52 0.53 0.49 0.77 0.52 0.65 0.62 0.66

219 P 0.58 0.52 1.00 0.41 0.89 0.55 0.62 0.44 0.66 0.51

219 S 0.46 0.53 0.41 1.00 0.47 0.71 0.72 0.77 0.61 0.66

220 P 0.58 0.49 0.89 0.47 1.00 0.58 0.63 0.48 0.71 0.54

220 S 0.62 0.77 0.55 0.71 0.58 1.00 0.68 0.80 0.74 0.77

221 P 0.54 0.52 0.62 0.72 0.63 0.68 1.00 0.66 0.73 0.67

221 S 0.54 0.65 0.44 0.77 0.48 0.80 0.66 1.00 0.65 0.66

222 P 0.64 0.62 0.66 0.61 0.71 0.74 0.73 0.65 1.00 0.74

222 S 0.55 0.66 0.51 0.66 0.54 0.77 0.67 0.66 0.74 1.00

Table A.4: 2XWSXW�RI�WKH�PXOWLYDULDWH�PXOWLSOH�UHJUHVVLRQ�DQDO\VHV�XVLQJ�3$67�VRIWZDUH�
�+DPPHU�HW�DO���������

Table A.5: %UD\�&XUWLV� VLPLODULW\� LQGLFHV� IRU�061�DQG� VHGLPHQW� VDPSOHV�REWDLQHG� IURP�
3$67� VRIWZDUH� �+DPPHU� HW� DO��� �������7KH� QXPEHUV� LQGLFDWH� WKH�061� VWDWLRQ� QXPEHUV�
GXULQJ�FUXLVH�0������3 3ODQNWRQ�VDPSOHV��6 6HGLPHQW�VDPSOHV
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Cruise Station 
Nr.

Temperature 
(°C)

Salinity 
(psu) Cruise Station 

Nr.
Temperature 

(°C)
Salinity 

(psu)
M78/1 1 26.65 35.93 M94 13 26.64 35.95
M78/1 2 25.60 36.00 M94 14 26.89 35.88
M78/1 3 26.87 35.54 M94 15 26.63 35.93
M78/1 4 26.60 35.80 M94 16 26.75 35.96
M78/1 5 26.00 35.70 M94 17 26.72 35.96
M78/1 6 25.50 35.70 M94 18 26.94 35.93
M78/1 7 24.94 35.93 M94 19 26.72 35.89
M78/1 10 20.00 36.30 M95 1 26.84 36.39
M78/1 11 20.00 36.40 M95 2 25.42 36.22
M78/1 14 19.90 36.40 M95 3 25.66 36.19
M78/1 15 20.00 36.40 M95 4 25.64 36.12
M78/1 16 20.10 36.40 M95 5 25.86 36.59
M78/1 17 20.00 36.40 M95 6 26.13 36.49
M78/1 18 20.00 36.50 M95 7 25.75 36.14
M78/1 19 20.50 36.40 M95 8 25.85 36.19
M78/1 20 20.00 36.40 M95 9 25.58 36.14
M78/1 21 20.20 36.40 M95 10 25.86 36.96
M78/1 23 24.40 35.90 M95 11 25.61 36.13
M78/1 24 24.20 35.90 M95 13 25.67 36.14
M78/1 33 24.40 35.70 M95 14 26.19 36.12
M78/1 34 26.00 35.20 M95 16 25.98 36.17
M78/1 35 25.90 35.20 M95 17 25.90 36.12
M78/1 36 26.16 33.46 M95 18 26.25 36.17
M78/1 37 26.30 31.10 M95 19 26.54 36.63
M78/1 39 25.30 33.50 M95 20 26.21 36.18
M78/1 40 25.90 35.30 M95 21 26.48 36.19
M78/1 41 26.70 34.60 M95 22 26.33 36.12
M78/1 42 26.40 34.80 M95 23 26.55 36.12
M78/1 43 26.70 34.90 M95 25 26.94 36.14
M78/1 44 26.90 34.90 M95 26 26.95 36.27
M78/1 45 27.00 34.50 M95 27 26.80 36.89
M78/1 47 27.20 34.60 M95 28 26.86 36.28
M94 2 27.18 35.75 M95 29 27.12 36.82
M94 3 27.49 35.99
M94 4 26.94 35.94
M94 5 27.32 35.59
M94 6 27.13 35.62
M94 7 27.22 35.57
M94 8 26.54 35.88
M94 9 26.64 35.86
M94 10 26.58 35.92
M94 11 26.70 35.92

Table A.6: 'DWD��DYHUDJH�YDOXHV��RI�WKH�7KHUPRVDOLQRJUDSK�GXULQJ�FUXLVHV�0������0���DQG�0���
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APPENDIX B 
Supplementary information of Chapter 3

Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b18Ocalcite 

(‰ VPDB)

G. sacculifer 211-6
211-6
211-6
211-6
211-5
211-5
211-5
211-5
211-6
211-5
211-6
211-6
211-5
211-6
211-5
211-5
211-5

0–60 >500 3 -1.56
-1.49
-1.44
-1.50
-1.41
-1.49
-1.51
-1.61
-1.45

400–500 7 -1.34
300–400 6 -1.59

60–100 >500 3 -1.06
-1.40
-1.39
-1.30

400–500 3 -1.34
100–200 >500 3 -1.26

212-1
212-1
212-1
212-1

Sediment 355–400 30 -1.02
-1.37
-0.95
-1.43

219-7
219-7
219-7
219-7
219-7
219-7
219-8
219-8
219-8
219-7
219-8
219-7
219-7
219-8
219-8

219-7
219-7
219-8
219-7
219-7

0–60 >500 3 -1.71
-1.68
-1.60
-1.71
-1.73

400–500 5
6
6
5
5
5

-1.34
-1.79
-1.76
-1.77
-1.69
-1.55

300–400 10 -1.56
-1.55
-1.71
-1.89

60–125 >500 3 -1.76
-1.67
-1.37
-1.71
-1.69

Table B.1: Stable oxygen isotope values (b18Ocalcite) of foraminiferal calcite from plankton tows and 
surface sediments. 1 indicates b18Ocalcite from Steph et al. (2009); # indicates stations of cruise SO164.
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Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b18Ocalcite 

(‰ VPDB)
G. sacculifer 219-7

219-7
219-7

60–125 400–500 5 -1.39
300–400 10 -1.59

125–180 >500 3 -1.55
02-3# Sediment1 355-400 -1.39
220-8
220-9
220-9
220-9
220-9
220-8
220-8
220-8
220-9
220-9
220-9
220-8
220-8

0–70 >500 3
5
5
5
5
5
5
5

-1.65
-1.88
-1.97
-1.92
-1.93
-1.88
-1.79
-1.65

400–500 9
9

12

-1.76
-1.56
-1.73

70–100 >500 3 -1.65
400–500 5 -1.47

22-2# Sediment1 355–400 -1.25
221-8
221-8
221-7
221-8
221-8
221-8
221-8
221-8
221-8
221-8
221-8
221-7
221-8
221-8

0–40 >500 3 -1.79
400–500 5

7
8
7

-1.83
-2.07
-1.99
-1.96

300–400 9
9
9
9
7
7

-1.94
-1.99
-1.98
-2.03
-2.08
-1.96

40–60 400–500 5 -1.66
300–400 6 -1.66

60–150 400–500 5 -1.59
24-3# Sediment1 355-400 -1.5
222-7
222-6
222-7
222-6
222-8

0–40 >500 3 -1.52
400–500 5 -1.29
300–400 7 -1.94

40–80 300–400 5 -1.68
Sediment 355-400 30 -1.59

O. universa 211-6
211-5
211-5
211-6
211-5
211-5
211-6
211-6
211-6

0–60 >500 10
5
5
8

-1.33
-1.58
-1.54
-1.24

60–100 >500 5
5
5

10

-1.23
-1.20
-1.39
-1.24

100–200 >500 7 -0.85

Table B.1: Continued.
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Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b18Ocalcite 

(‰ VPDB)
O. universa 212-1 Sediment 355–400 10 -0.73

220-9 0–70 >500 6 -1.55
22-2#
22-2#

Sediment 355–400 18 -1.33
-1.14

221-8
221-7
221-8
221-7

0–40 >500 10
9

-1.82
-1.84

40–60 >500 7 -1.6
60–150 >500 5 -1.42

24-3#
24-3#
24-3#

Sediment 355–400 18 -1.21
-1.88
-1.40

N. dutertrei 221-8
221-8
221-7
221-7
221-8
221-8
221-8
221-7
221-7
221-8
221-8
221-7

0–40 400–500 3 -1.28
300–400 5 -1.63
250–300 6

5
6
6

-1.65
-1.81
-1.25
-1.77

40–60 400–500 2 -1.35
300–400 3 -1.58
250–300 6 -2.12

60–150 400–500 2 -1.28
300–400 3 -1.39
250–300 6 -1.44

24-3# Sediment1 355–400 -0.53
222-7
222-8

0–40 300–400 5 -1.27
Sediment 355–400 13 -0.26

P. obliquiloculata 211-5 0–60 300–400 3 -0.83
212-1
212-1
212-1

Sediment 355–400 18 -0.14
-0.11
-0.16

219-8 60–125 300–400 3 -1.15
02-3# Sediment 355–400 12 -0.87
220-8
220-8

0–70 300–400 3 -1.24
110–150 300–400 3 -0.98

22-2#
22-2#
22-2#

Sediment 355–400 12 -0.65
-0.91
-0.67

221-7
221-8
221-8
221-8
221-8
221-7
221-7

0–40 300–400 3 -1.48
-0.23
-1.47

40–60 300–400 3 -1.41
60–150 300–400 3 -1.01

-0.74
-1.68

24-3#
24-3#

Sediment 355–400 11 -0.99
0.05

Table B.1: Continued.
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Species Station Sampling 
interval (m)

Size-fraction 
(µm)

Number of 
specimens/sample

b18Ocalcite 

(‰ VPDB)
P. obliquiloculata 222-6 0–40 300–400 3 -1.22
G. menardii 211-6

211-6
60–100 300–400 3 -1.01
100–200 300–400 5 -0.16

212-1
212-1
212-1

Sediment 355–400 8 -0.46
-0.85
-1.25

221-8
221-8

60–150 300–400 5 -1.17
150–210 400–500 2 -0.87

24-3# Sediment1 355–400 -0.24
G. ungulata 211-5

211-6
211-6
211-5
211-6
211-5
211-5
211-6
211-5
211-5
211-6
211-6
211-6
211-6
211-5
211-6
211-6
211-5
211-5
211-6

0–60 400–500 4 -1.08
-0.98
-0.67
-0.70

300–400 5
4
4
4

-1.03
-1.14
-0.71
-0.92

250–300 7 -0.99
-1.09
-1.06
-0.90
-0.99

60–100 300–400 5
5
6

-0.90
-0.88
-1.07

100–200 400–500 3 -0.27
300–400 5

5
4

-0.20
-0.42
-0.14

212-1
212-1
212-1
212-1

Sediment 355–400 12 0.30
-1.20
-0.95
-0.83

G. truncatulinoides 
dextral

211-6
211-6

100–200 300–400 4 -0.10
200–300 300–400 2 0.89

212-1
212-1
212-1

Sediment 355–400 7 1.35
1.29
0.95

219-7 220–400 300–400 2 0.18
02-3# Sediment1 355–400 0.98
220-8 150–220 300–400 2 0.20
22-2# Sediment1 355–400 0.8
221-7
221-7

150–210 300–400 4 0.01
210–300 300–400 3 0.52

24-3# Sediment1 355–400 1.54
G. tumida 219-8

219-8
180–220 400–500 2 -0.88
220–400 400–500 3 -0.28

02-3# Sediment1 355–400 -0.11

Table B.1: Continued.
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Species Station Sampling 
interval 
(m)

Size
fraction 
(µm)

Number 
ind.
/sample

Mg/Ca 
(mmol mol-1)
ICP-OES

Number of 
chambers 
/ind.

Mg/Ca 
(mmol mol-1)
LA-ICP-MS

G. sacculifer 211-6
211-6
211-6
211-6
211-6
211-5
211-5
211-5
211-5
211-5
211-5
211-6
211-6
211-6
211-5/211-6
211-5
211-6
211-6
211-5

0–60

60–100

100–200

>500

400–500
300–400
>500

400–500
>500

12
12
12
12
12
12
12
12
12
12
12
12
12
42
64
12
12
10
-

3.95
3.08
3.49
3.26
3.35
3.64
3.46
3.37
3.26
3.53
3.37
3.6

3.44
3.51
3.72
3.44
3.63
3.94

-

3 /tri83

3 /tri85

3 /tri87

3.27 ± 0.24

3.95 ± 0.8

2.48 ± 0.57
212-1
212-1
212-1
212-1

Sediment 355–400 30 4.44
4.17
4.39
4.39

219-7
219-8
219-8
219-7
219-7/219-8
219-8
219-7/219-8
219-7/219-8
219-8

0–60

60–125

220–400

>500

400–500
300–400
>500
400–500
300–400
>500

16

40
70
17
24
54
-

3.9
4.24
4.16
4.37
4.29
4.30
4.22
4.37

-

3 /tri6
3 /tri7

3 /tri8

3 /tri12

3.11 ± 0.7
3.87 ± 0.2

3.18 ± 0.62

3.86 ± 0.7
02-3# Sediment2 355–400 4.2
220-9
220-8
220-9
220-8
220-8
220-9
220-9
220-8
220-8
220-8
220-8
220-9

0–70

70–110
150–220

>500

400–500
300–400
>500
250–300

10
11
10
12
12
11
12
11
38
80
-
-

3.87
4.15
4.15
4.2

4.14
4.36
4.08
4.0

4.20
3.90

-
-

3 /tri2
3 /tri99

3 /tri100
2 /tri4

3.72 ± 0.44
2.82 ± 0.56

3.12 ± 1.00
3.7 ± 0.02

22-2# Sediment2 355–400 3.71/4.45*

Table B.2: Mg/Ca ratios of foraminiferal calcite measured on bulk foraminiferal samples 
(ICP-OES) and on single chambers (LA-ICP-MS) from plankton tows and surface 
sediments. For the LA-ICP-MS measurements, average values (± standard deviation) 
of all chambers from single specimens are calculated. 2 indicates Mg/Ca ratios from 
Regenberg et al. (2006), *with dissolution correction (published in Regenberg et al., 2009);  
# stations of cruise SO164.
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Species Station Sampling
interval 
(m)

Size
fraction 
(µm)

Number 
ind.
/sample

Mg/Ca 
(mmol mol-1)
ICP-OES

Number of 
chambers 
/ind.

Mg/Ca 
(mmol mol-1)
LA-ICP-MS

G. sacculifer 221-8
221-7
221-7
221-7
221-7
221-8
221-7/221-8
221-7

0–40

40–60

60–150

>500

400–500
300–400
>500
400–500
300–400
>500

20

50
86
-

15
54
-

4.00

4.01
3.91

-
4.02
4.06

-

3 /tri101

3 /tri19
-
-

3 /tri20

4.3 ± 0.25

3.3 ± 0.53

3.8 ± 0.35
24-3# Sediment2 355–400 4.23
222-6
222-7
222-6
222-7
222-7

0–40

40–80
80–120

>500
400–500
300–400
400–500
>500

-
12
30
-
-

-
4.55
4.13

-
-

3 /tri110

3 /tri111
3 /tri23

4.0 ± 0.14

4.0 ± 0.3
3.27 ± 0.65

222-8 Sediment 355–400 30 3.84
N. dutertrei PF 12 3.5 365 - - 3 /dut116 2.7 ± 0.74

02-3# Sediment2 355–400 2.58/2.86*
22-2# Sediment2 355–400 1.84/3.15*
221-7
221-7/221-8
221-7/221-8

0–40

40–60

300–400

300–400
50
19

2.97
4.21

3 /dut104 1.73 ± 0.38

24-3# Sediment2 355–400 2.63

222-6 0–40 300–400 - - 3 /dut112 2.99 ± 0.77
G. ungulata PF 7

PF 12
3.5 425

450
-
-

-
-

3 /ung113
3 /ung117

2.35 ± 0.35
2.55 ± 0.15

211-5
211-5/221-6
211-5/221-6
211-5
211-5/211-6
211-5/211-6
211-5
211-5/211-6
211-5/211-6

0–60

60–100

100–200

>500
400–500
300–400
>500
400–500
300–400
>500
400–500
300–400

-
14
28
-

14
22
-

17
20

-
3.39
3.32

-
3.19
3.33

-
3.48
3.17

2 /ung28

3 /ung29

3 /ung30

3.19 ± 0.32

3.22 ± 0.41

3.1 ± 0.06

O. universa 211-6
211-6

0–60
60–100

>500
>500

-
-

-
-

3 /uni36
3 /uni37

10.3 ± 0.33
10.09 ± 

0.54
219-8
219-7
219-7

0–60
60–125
180–220

>500
>500
>500

-
-
-

-
-
-

3 /uni39
3 /uni40
3 /uni41

9.08 ± 0.95
7.13 ± 0.68
8.31 ± 1.5

220-8
220-8

0–70
110–150

>500
>500

-
-

-
-

3 /uni42
3 /uni44

8.16 ± 0.50
7.05 ± 0.18

221-8
221-8
221-8

0–40
40–60
60–150

>500
>500
>500

-
-
-

-
-
-

3 /uni106
3 /uni46
3 /uni47

7.28 ± 0.06
8.09 ± 0.4
9.79 ± 0.4

222-7
222-7

0–40
120–180

>500
>500

-
-

-
-

3 /uni48
3 /uni50

6.55 ± 0.16
5.3 ± 0.08

Table B.2: Continued.
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Species Station Sampling 
interval 
(m)

Size
fraction 
(µm)

Mg/Ca 
(mmol mol-1)
ICP-OES

Number of 
chambers
/ind.

Mg/Ca 
(mmol mol-1)
LA-ICP-MS

G. menardii PF 19 3.5 355 - 3 /men118 1.76 ± 0.31
211-5
211-5
211-5

100–200

200–300

300–400
300–400
>500

-
-
-

3 /men91
3 /men92
3 /men31

3.45 ± 0.27
2.62 ± 0.95

2.8 ± 0.5
02-3# Sediment2 355–400 3.49/3.52*
220-8 0–70 400–500 - 3 /men26 2.21 ± 0.17
22-2# Sediment2 355–400 2.20/3.31*
221-7
221-8
221-7
221-8

0–40
60–150
150–210
210–300

400–500
400–500
>500
>500

-
-
-
-

3 /men32
3 /men105
3 /men34
3 /men35

3.18 ± 0.19
3.36 ± 0.52
3.24 ± 0.42
3.69 ± 0.49

24-3# Sediment2 400–500 2.98
222-6 0–40 400–500 - 3 /men27 3.92 ± 0.31

G. truncatulinoides PF 11 3.5 325 - 4 /tdex115 3.22 ± 1.56
dextral 211-5 100–200 300–400 - 3 /tdex90 3.0 ± 0.55

22-2# Sediment2 355-400 1.62/2.76*
221-8
221-8

150–210
210–300

300–400
400–500

-
-

4 /tdex108
4 /tdex109

1.66 ± 0.19
2.84 ± 0.53

24-3# Sediment2 400-500 2.28
G. tumida 219-8

219-8
219-7
219-7

60–125
125–180
180–220
220–400

>500
>500
>500
>500

-
-
-
-

3 /tum61
3 /tum62
3 /tum63
3 /tum64

2.45 ± 0.13
1.6 ± 0.38

2.25 ± 0.35
1.57 ± 0.62 

02-3# Sediment2 400–500 2.43
22-2# Sediment2 355–400 1.95/2.93*

P. obliquiloculata 221-8
221-7

0–40
40–60

400–500
400–500

-
-

2 /obli77
2 /obli78

2.54 ± 0.09
2.55 ± 0.31

222-7
222-7
222-6

0–40
40–80
80–120

300–400
300–400
300–400

-
-
-

3 /obli80
3 /obli81
3 /obli82

3.44 ± 1.01
2.43 ± 0.51
3.3 ± 0.32

Table B.2: Continued.
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Station Sampling depth 
(m)

b18Oseawater

(‰ VSMOW)
Temperature 

(°C)
Salinity

(psu)
210-13
210-13
210-13
210-13
210-13
210-13
210-13

40
85

100
150
190
275
400

0.98
1.02
1.01
1.05
0.92
0.75
0.45

24.8
24.2
24.0
21.0
19.2
15.9
11.8 

36.0
36.2
36.8
36.4
36.4
36.1
35.4

219-1
219-1
219-1
219-1

50
100
220
600

0.96
0.94
0.96
0.27

26.1
26.1
19.5
8.5

35.9
36.0
36.6
34.9

220-1
220-1
220-1
220-2
220-2
220-2

10
61
91

136
196
485

0.97
1.02
1.21
1.17
1.04
0.3

26.2
26.1
26.1
22.1
18.4
9.3

35.7
35.7
36.8
36.8
36.5
35.0

221-1
221-1
221-1
221-2
221-2
221-2
221-2

10
30
60

100
150
200
500

0.97
1.01
1.21
1.28
1.11
0.99
0.31

26.4
26.4
26.5
24.0
20.2
17.7
8.9

35.5
35.5
36.6
37.2
36.8
36.4
34.9

222-1
222-1
222-1
222-1
222-1
222-1

10
30
55
75

140
229

1.0
1.0

1.12
1.11
1.04
0.74

26.5
26.6
22.7
21.8
18.3
14.4

35.7
35.7
36.7
36.8
36.5
35.7

Table B.3: Stable isotope values in seawater (b18Oseawater), measured temperature (°C) and 
salinity (psu) during RV Meteor cruise M78/1 (Schönfeld et al., 2011, by courtesy of C. Dullo and 
S. Flögel).

Species b18Ocalcite 

Two tailed probability
b18Ocalcite 

Correlation value

G. sacculifer 0.00 0.34

G. ungulata 0.28 0.25

G. menardii 0.9 -0.1

N. dutertrei 0.04 0.57

Table B.4: Spearman rank correlation obtained from PAST 
(Hammer et al., 2001).



Supplementary information of Chapter 3 Appendix B

161

a b c d

e f h

F

F-1F-2

F

F-2

F

F-1

F-2 F-3

F-1

F

F-1

F-2

F

F-1

F-2

F

F-1

F-2

Plate B.1: Scanning electron micrographs (SEM) 
(a) G. truncatulinoides dextral (from station 221-8 in 150-210 m water depth)
(b) O. universa (from station 221-8 in 60-150 m water depth) 
(c) G. sacculifer (from station 211-5 in 0-60 m water depth)
(d) P. obliquiloculata (from station 221-7 in 40-60 m water depth)  
(e) G. ungulata (from station 211-5 in 0-60 m water depth)
(f) G. menardii (from station 221-7 in 0-40 m water depth)
(g) G. tumida (from station 219-7 in 220-400 m water depth)  

Scale: 200 µm; The holes point to the spots from laser ablations in chamber F to F-3.
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APPENDIX C 
Mg/Ca LA-ICP-MS profiles
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Figure C.1: /DVHU�DEODWLRQ�,&3�06�SUR¿OHV�RI�0J�&D�WKURXJK�G. sacculifer��6LQJOH�FKDPEHUV��)��)���
DQG�)����ZHUH�PHDVXUHG�IURP�WKH�RXWVLGH�RI�WKH�WHVW�WRZDUGV�WKH�LQVLGH��OHIW�WR�ULJKW���6LQJOH�LQGLYLGXDOV�
ZHUH� FROOHFWHG� DW� GLIIHUHQW� VWDWLRQV� DQG� ZDWHU� GHSWK� LQWHUYDOV� �FI��$SSHQGL[� %��� %OXH� OLQHV��$YHUDJH� 
0J�&D�UDWLRV��EOXH�EDUV�LQGLFDWH�WKH���VWDQGDUG�GHYLDWLRQ��
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Figure C.2: /DVHU�DEODWLRQ�,&3�06�SUR¿OHV�RI�0J�&D��DYHUDJH�YDOXHV��WKURXJK�O. universa��6SKHULFDO�
FKDPEHUV� ZHUH� PHDVXUHG� WKUHH� WLPHV� IURP� WKH� RXWVLGH� RI� WKH� WHVW� WRZDUGV� WKH� LQVLGH� �OHIW� WR� ULJKW���
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Figure C.3: /DVHU�DEODWLRQ�,&3�06�SUR¿OHV�RI�0J�&D�WKURXJK�N. dutertrei��6LQJOH�FKDPEHUV��)��)���DQG�
)����ZHUH�PHDVXUHG�IURP�WKH�RXWVLGH�RI�WKH�WHVW�WRZDUGV�WKH�LQVLGH��OHIW�WR�ULJKW���6LQJOH�LQGLYLGXDOV�ZHUH�
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�)��)���DQG�)����ZHUH�PHDVXUHG�IURP�WKH�RXWVLGH�RI�WKH�WHVW�WRZDUGV�WKH�LQVLGH��OHIW�WR�ULJKW���6LQJOH�
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Figure C.5: /DVHU�DEODWLRQ�,&3�06�SUR¿OHV�RI�0J�&D�WKURXJK�G. menardii��6LQJOH�FKDPEHUV��)��)���DQG�
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FROOHFWHG�DW�GLIIHUHQW�VWDWLRQV�DQG�ZDWHU�GHSWK�LQWHUYDOV��FI��$SSHQGL[�%��
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Figure C.6: /DVHU�DEODWLRQ�,&3�06�SUR¿OHV�RI�0J�&D�WKURXJK�G. ungulata��6LQJOH�FKDPEHUV��)��)���DQG�
)����ZHUH�PHDVXUHG�IURP�WKH�RXWVLGH�RI�WKH�WHVW�WRZDUGV�WKH�LQVLGH��OHIW�WR�ULJKW���6LQJOH�LQGLYLGXDOV�ZHUH�
FROOHFWHG�DW�GLIIHUHQW�VWDWLRQV�DQG�ZDWHU�GHSWK�LQWHUYDOV��FI��$SSHQGL[�%��
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Figure C.7: /DVHU� DEODWLRQ� ,&3�06� SUR¿OHV� RI� 0J�&D� WKURXJK� G. truncatulinoides� GH[WUDO�� 6LQJOH�
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APPENDIX D 
Supplementary information of Chapter 4

Salinity (psu) Temperature (°C)

Date Water depth (m) Station 1 Station 2 Station 3 Station 1 Station 2 Station 3

22.10.12 0 33.7 34.1 - 29.4 28.5 -

10 33.8 34.2 - 29.4 28.4 -

20 33.8 34.2 - 29.4 28.3 -

25 33.8 34.2 - 29.4 28.3 -

29.10.12 0 33.7 33.7 33.7 29.1 29.2 29.5

10 33.7 33.7 33.7 29.2 29.2 29.2

20 33.8 33.8 - 29.2 29.2 -

25 33.9 33.8 - 29.2 29.2 -

02.11.12 0 33.7 33.7 33.6 29.1 29.2 29.4

10 33.7 33.7 33.7 29.1 29.4 29.5

20 33.7 33.7 - 29.2 29.4 -

25 33.8 33.8 - 29.2 29.4 -

05.11.12 0 33.7 33.7 - 29.3 29.2 -

10 33.7 33.7 - 29.3 29.3 -

20 33.8 33.7 - 29.4 29.2 -

25 33.8 33.7 - 29.3 29.2 -

Table D.1: Salinity and temperature measurements during the sampling period in autumn 2012.

Date Station b18Oseawater
(‰VSMOW)

22.10.12 Station 1
Station 2

0.76
0.79

29.10.12 Station 1
Station 2

0.8
0.78

02.11.12 Station 1
Station 2
Station 3

0.8
0.82
0.8

05.11.12 Station 1
Station 2

0.91
0.9

Table D.2: Stable oxygen isotopes of surface waters during the sampling period in autumn 2012.
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Table D.3: Census data of planktonic and benthic foraminifera from plankton net hauls off Puerto 
Rico during autumn 2012.ws= Globigerinoides sacculifer with sac-like chamber.
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22.10.12 29.10.12 02.11.12 05.11.12

22.10.12 1.00 0.36 0.71 0.65

29.10.12 0.36 1.00 0.48 0.59

02.11.12 0.71 0.48 1.00 0.81

05.11.12 0.65 0.59 0.81 1.00

Date Station Sampling depth (m) b18Ocalcite 
(VPDB ‰)

b13Ccalcite 

(VPDB ‰)

22.10.12 Station 1
Station 2

0-60
0-60
60-100

-2.59
-2.52
-2.44

0.62
0.66
0.44

29.10.12 Station 1

Station 2

Station 3

0-60
60-100
0-60
60-100
5

-2.38
-2.41
-2.63
-2.33
-2.96

0.24
0.59
0.29
0.49

-0.40
02.11.12 Station 2 0-60

60-100
-2.62
-2.12

0.41
0.78

05.11.12 Station 1
Station 2

0-60
0-60
60-100

-2.66
-2.60
-2.70

0.42
0.80
0.96

Table D.4: Bray Curtis similarity indices obtained from PAST (Hammer et al., 2001).

Table D.5: Stable isotope values in calcite tests of G. ruber (pink) during sampling period in 
autumn 2012.
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To
ta
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to

ni
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s

19.09.1994 IV 0–120 275 169 104 2 41 3 9 6 11 629
19.09.1994 III 0–120 327 296 106 56 12 10 4 32 865
19.09.1994 II 0–120 105 120 14 25 5 5 13 300
22.09.1994 IV 0–120 131 130 58 5 45 8 3 21 25 442
22.09.1994 III 0–120 78 77 33 3 42 8 10 13 269
26.09.1994 IV 0–120 194 193 77 2 27 17 10 9 19 558
26.09.1994 III 0–120 92 107 34 17 3 1 5 8 275
26.09.1994 II 0–120 118 137 24 9 4 4 9 310
29.09.1994 IV 0–120 290 289 67 7 14 15 14 24 727
29.09.1994 III 0–120 534 629 155 2 17 25 25 17 20 1455
29.09.1994 II 0–120 349 347 96 1 10 11 15 9 16 872
11.10.1994 IV 0–120 120 78 53 38 16 28 19 4 370
11.10.1994 III 0–120 186 164 69 31 10 10 10 6 494
11.10.1994 II 0–120 100 119 51 18 8 8 8 11 329
11.10.1994 I 0–10 105 73 37 2 1 218
14.10.1994 IV 0–120 90 64 34 183 10 18 13 18 446
14.10.1994 III 0–120 96 85 39 1 34 8 8 2 2 277
20.10.1994 IV 0–120 84 113 25 49 45 5 9 6 343
20.10.1994 III 0–120 36 63 17 21 19 5 5 170
20.10.1994 I 0–10 44 69 21 3 1 139
24.10.1994 IV 0–120 170 197 47 19 10 4 4 456
24.10.1994 III 0–120 180 296 49 24 16 4 3 9 597
24.10.1994 II 0–120 101 181 28 1 9 7 1 6 341
24.10.1994 I 0–10 111 137 20 2 1 1 3 282
06.03.1995 IV 0–120 13 32 8 24 40 9 29 14 200
06.03.1995 III 0–120 18 27 10 23 51 8 29 11 210
05.03.1995 II 0–120 15 17 6 37 52 12 24 15 204
09.03.1995 IV 0–120 110 367 30 26 152 2 12 16 740
09.03.1995 III 0–120 126 391 65 25 164 5 20 6 823
09.03.1995 II 0–120 72 147 24 1 29 110 10 24 10 437
09.03.1995 I 0–10 45 107 27 19 139 4 4 8 364
13.03.1995 IV 0–120 79 73 57 23 220 28 9 11 517
13.03.1995 II 0–120 44 94 15 27 219 14 9 14 447
13.03.1995 I 0–10 45 146 19 4 67 5 1 290
15.03.1995 IV 0–120 106 104 60 24 220 16 27 6 583
16.03.1995 IV 0–120 64 51 26 19 285 12 12 9 490
16.03.1995 III 0–120 77 83 35 2 24 305 11 31 14 591
16.03.1995 II 0–120 51 68 45 1 15 195 10 26 20 438
16.03.1995 I 0–10 10 10 6 1 35 1 1 1 67
19.03.1995 III 0–120 99 151 47 40 272 33 8 23 694
21.03..1995 IV 0–120 61 57 25 3 13 377 2 23 11 612
21.03. 1995 III 0–120 17 8 8 5 181 12 8 6 262
21.03.1995 II 0–120 14 17 2 7 259 80 9 8 422
21.03.1995 I 0–10 2 1 18 2 1 28

Table D.6: Foraminiferal census data of Schmuker 2000b from plankton net samples off the coast 
of Puerto Rico, which are used for this study (Fig. 4.5B). + = specimens of Globorotalia menardii, 
G. tumida and G. ungulata; ws= Globigerinoides sacculifer with sac-like chamber.

Station I II III IV

Longitude (°W) 67°01.1 67°25.0 67°25.0 67°30.0

Latitude (°N) 17°82.0 17°85.5 17°87.5 17°88.5
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24.03.1995 IV 0–120 13 3 6 6 112 140 51 6 348
24.03.1995 III 0–120 3 7 6 3 89 120 49 16 304
24.03.1995 II 0–120 17 72 8 2 204 37 40 14 402
24.03.1995 I 0–10 9 47 2 1 3 2 64
27.03.1995 IV 0–120 6 3 1 3 79 14 21 4 155
27.03.1995 III 0–120 4 10 3 1 152 21 37 2 242
27.03.1995 II 0–120 10 23 5 211 39 2 308
27.03.1995 I 0–10 4 14 2 5 25
31.03.1995 IV 0–120 24 22 1 6 6 2 12 14 101
31.03.1995 III 0–120 6 5 2 10 2 2 1 38
31.03.1995 II 0–120 6 7 1 1 4 5 3 2 38
31.03.1995 I 0–10 11 9 1 1 3 2 28

Table D.6: Continued.

Date Station b13Ccalcite 

(VPDB ‰)

b18Ocalcite 
(VPDB ‰)

29.09.1994 III -0.00 -2.61

24.10.1994 III 0.27 -2.50

24.03.1995 II 0.49 -1.88

09.03.1995 III 0.35 -1.98

09.03.1995 II 0.49 -2.00

09.03.1995 I 0.49 -2.09

Table D.7: Stable isotope values of Schmuker 2000b of G. ruber, which are used for this 
study (Fig. 4.6).
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APPENDIX E 
Stable carbon isotopes (b13C)
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Figure E.1: Stable isotope values of living foraminifera (b18Ocalcite and b13Ccalcite) and in-situ measured 
seawater (b18Oequilibrium and b13CDIC) (cf. Tab. E.1 and E.2; Chapter 3; Appendix B). Each symbol 
FRUUHVSRQGV� WR� D� VLQJOH� VSHFLHV� DW� D� VSHFL¿F� WHVW�VL]H�� %ODFN� OLQH� LQGLFDWHV� WKH� DYHUDJH� YDOXHV� RI� WKH�
ambient seawater.
Note: b13Ccalcite ZDV�PHDVXUHG� RQ� WKH� 7KHUPR6FLHQWL¿F�0$7� ����PDVV� VSHFWURPHWHU� FRQQHFWHG� WR� DQ�
DXWRPDWLF�FDUERQDWH�SUHSDUDWLRQ�GHYLFH�.LHO�&$5%2�,9�DW�*(20$5��7KH�UHVXOWV�ZHUH�UHSRUWHG�versus 
the National Bureau of Standards (NBS) 19, and the in-house standard (Solnhofen limestone) indicate a 
ORQJ�WHUP�DQDO\WLF�SUHFLVLRQ�RI�����Å�����m) (Tab. E.2). Dissolved inorganic carbon isotopes (b13CDIC) 
in seawater were measured at the laboratory of GeoZentrum Nordbayern (Erlangen) and analysed by 
D�*DVEHQFK� ,,� FRXSOHG� WR� WKH�7KHUPR�'HOWD�9�$GYDQWDJH� ,VRWRSH�5DWLR�0DVV� 6SHFWURPHWHU� �,506���
7KH�GDWD�DUH�UHSRUWHG�LQ�SHU�PLO��Å��versus�93'%�DQG�WKH�DQDO\WLF�SUHFLVLRQ�LV�EHWWHU�WKDQ����Å�����m) 
(Tab. E.1).
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Figure E.2: Stable carbon isotopes (average b13Ccalcite�DQG���VWDQGDUG�GHYLDWLRQV��
FRPSDUHG�WR�GLIIHUHQW�WHVW�VL]H�IUDFWLRQV�RI�OLYLQJ�SODQNWRQLF�IRUDPLQLIHUD��RQO\�
VSHFLHV�ZLWK�PRUH�WKDQ�WZR�WHVW�VL]H�IUDFWLRQV�DUH�GHSLFWHG��

Station Sampling depth 
(m)

b13CDIC

(‰ VPDB)
210-13
210-13
210-13
210-13
210-13
210-13
210-13

40
85

100
150
190
275
400

0.97
0.82
0.82
0.6

0.42
0.52
0.6

219-1
219-1
219-1
219-1

50
100
220
600

1.19
1.17
0.62
0.6

220-1
220-1
220-1
220-2
220-2
220-2

10
61
91

136
196
485

1.22
1.18
1.2

0.86
0.62
0.6

Station Sampling depth 
(m)

b13CDIC

(‰ VPDB)
221-1
221-1
221-1
221-2
221-2
221-2
221-2

10
30
60

100
150
200
500

1.32
1.35
1.38
1.11
0.57
0.56
0.6

222-1
222-1
222-1
222-1
222-1
222-1

10
30
55
75

140
229

1.28
1.24
1.01
0.9

0.66
0.65

Table E.1: Stable carbon isotope values in seawater (b13CDIC).
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Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b13Ccalcite 

(‰ VPDB)

G. sacculifer 211-6
211-6
211-6
211-6
211-5
211-5
211-5
211-5
211-6
211-5
211-6
211-6
211-5
211-6
211-5
211-5
211-5

0–60 >500 3 1.200
1.240
1.235
1.505
0.911
1.684
0.848
1.022
1.227

400–500 7 0.54
300–400 6 -0.3

60–100 >500 3 1.259
1.353
1.209
0.703

400–500 3 0.65
100–200 >500 3 1.25

219-7
219-7
219-7
219-7
219-7
219-7
219-8
219-8
219-8
219-7
219-8
219-7
219-7
219-8
219-8
219-7
219-7
219-8
219-7
219-7

0–60 >500 3 0.913
0.030
0.515
0.837
-0.038

400–500 5
6
6
5
5
5

-0.052
-0.431
0.213
-0.084
0.446
0.068

300–400 10 -0.188
-0.191
-0.039
-0.178

60–125 >500 3 0.765
1.140
1.062
0.872
0.708

219-7
219-7
219-7

60–125 400–500 5 0.41
300–400 10 -0.41

125–180 >500 3 0.82
220-8
220-9
220-9
220-9
220-9
220-8
220-8
220-8

0–70 >500 3
5
5
5
5
5
5
5

1.083
0.990
0.515
1.124
0.739
0.844
0.569
1.350

Table E.2: Stable carbon isotope values (b13Ccalcite��RI�IRUDPLQLIHUDO�FDOFLWH�IURP�SODQNWRQ�WRZV�
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Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b13Ccalcite 

(‰ VPDB)
G. sacculifer 220-9

220-9
220-9
220-8
220-8

0–70 400–500 9
9

12

0.078
0.959
0.338

70–100 >500 3 1.52
400–500 5 0.70

221-8
221-8
221-7
221-8
221-8
221-8
221-8
221-8
221-8
221-8
221-8
221-7
221-8
221-8

0–40 >500 3 0.83
400–500 5

7
8
7

1.725
0.389
0.817
0.961

300–400 9
9
9
9
7
7

0.177
0.353
0.412
0.457
1.002
0.679

40–60 400–500 5 1.26
300–400 6 0.98

60–150 400–500 5 1.67
222-7
222-6
222-7
222-6

0–40 >500 3 2.13
400–500 5 0.73
300–400 7 1.42

40–80 300–400 5 1.33
O. universa 211-6

211-5
211-5
211-6
211-5
211-5
211-6
211-6
211-6

0–60 >500 10
5
5
8

2.378
1.83

2.208
1.352

60–100 >500 5
5
5

10

1.218
1.164
1.295
1.316

100–200 >500 7 0.99
220-9 0–70 >500 10 1.84
221-8
221-7
221-8
221-7

0–40 >500 10
9

1.633
1.389

40–60 >500 7 1.47

60–150 >500 5 1.25
N. dutertrei 221-8

221-8
0–40 400–500 3 2.65

300–400 5 2.02
221-7
221-7
221-8
221-8
221-8
221-7
221-7

221-8
221-8
221-7

0–40 250–300 6
5
6
6

1.609
0.878
1.67

1.419
40–60 400–500 2 2.12

300–400 3 2.2
250–300 6 1.05

60–150 400–500 2 1.59
300–400 3 1.98
250–300 6 0.53

Table E.2: Continued.
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Species Station Sampling 
interval (m)

Size-fraction (µm) Number of 
specimens/sample

b13Ccalcite

(‰ VPDB)
N. dutertrei 222-7 0–40 300–400 5 1.03
P. obliquiloculata 211-5 0–60 300–400 3 0.05

219-8 60–125 300–400 3 0.06
220-8
220-8

0–70 300–400 3 0.12
110–150 300–400 3 0.16

221-7
221-8
221-8
221-8
221-8
221-7
221-7

0–40 300–400 3 0.027
0.507
0.243

40–60 300–400 3 -0.07
60–150 300–400 3 0.087

0.298
-0.201

222-6 0–40 300–400 3 0.22
G. menardii 211-6

211-6
60–100 300–400 3 0.78
100–200 300–400 5 0.21

221-8
221-8

60–150 300–400 5 0.59
150–210 400–500 2 0.49

G. ungulata 211-5
211-6
211-6
211-5
211-6
211-5
211-5
211-6
211-5
211-5
211-6
211-6
211-6
211-6
211-5
211-6
211-6
211-5
211-5
211-6

0–60 400–500 4 0.985
1.328
0.697
0.986

300–400 5
4
4
4

1.080
1.241
0.643
1.042

250–300 7 1.104
1.210
1.338
1.265
1.093

60–100 300–400 5
5
6

0.652
0.441
0.927

100–200 400–500 3 0.63
300–400 5

5
4

0.458
0.368
0.516

G. truncatulinoides
dextral

211-6
211-6

100–200 300–400 4 -0.44
200–300 300–400 2 -0.02

219-7 220–400 300–400 2 0.10
220-8 150–220 300–400 2 0.14
221-7
221-7

150–210 300–400 4 -0.08
210–300 300–400 3 0.05

G. tumida 219-8
219-8

180–220 400–500 2 0.87
220–400 400–500 3 0.84

Table E.2: Continued.
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APPENDIX F

a b c

f g h i

Plate 4

ed

Species
 

a: Sphaeroidinella dehiscens

b: Pulleniatina obliquiloculata

c: Orbulina universa 
               – without spines

d: Hastigerina pelagica

e: Globigerinoides sacculifer 

          – with sac-like chamber

f: Globorotalia ungulata

g: Globorotalia menardii

h-i: Globorotalia tumida

Scale bar (a-i) = 100 µm

Sample 
Cruise: Station (Water depth m) 

M78/1: 219-7 (220-400 m)

M95: 531 (60 -100 m)

M95: 487 (60 -100 m)

M95: 531 (60 – 100 m)

Puerto Rico: 2 (60 -100 m)

M94: 474 (20 - 40 m)

M95: 584 ( 0 - 20 m)

M78/1: 219-8 (220-400 m)

Plate 4 Optical microscope images
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a b c d e

f g h i

Plate 5

j k

Species

a: Globigerinoides ruber 
b: Candeina nitida 
c: Turborotalita quinqueloba 
d: Globorotalia tumida 
e: Globorotalia tumida 
f: Sphaeroidinella dehiscens 
g: Globigerinoides sacculifer – test surface 
h: Globigerinita glutinata – test surface 
i: Spine of Hastigerina pelagica
j: Tretomphalus bulloides
k: Bolivina variabilis 

Scale bar (a-f; j-k) = 100 µm
Scale bar (g-i) = 10 µm

Sample
Cruise: Station (Water depth m)
M78/1: 221-8 (0-40 m)
M78/1: 221-8 (210-300 m)
M78/1: 222-6 (120-180 m)
M78/1: 219-8 (220-400 m)
M78/1: 219-8 (220-400 m)
M78/1: 211-5 (200-300 m)
M78/1: 211-6 (0-60 m)
M78/1: 221-8 (40-60 m)
M78/1: 222-6 (180-300 m)
Puerto Rico: 3 (5 m)
Puerto Rico: 2 (0-60 m)

Plate 5 Scanning electron micrographs (SEM)
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Appendix G 

Ph.D. Publication and presentations

Peer reviewed publication (Published):

%DKU��$���6FK|QIHOG��-���+RIIPDQQ��-���9RLJW��6���$XUDKV��5���.XþHUD��0���)O|JHO��6���Jentzen, A., Gerdes, 

A., 2013. Comparison of Ba/Ca and b18OWATER as freshwater proxies: A multi-species core-

top study on planktonic foraminifera from the vicinity of the Orinoco River mouth. Earth and 

Planetary Science Letters 383, 45–57.

(Contribution: Census data of planktonic foraminifera. The data are also presented in Chapter 2)

Poster presentations:

Jentzen, A., Schönfeld, J., Nürnberg, D. (2014) Distribution and Geochemical Composition of Living 

3ODQNWRQLF�)RUDPLQLIHUD� LQ� WKH�&DULEEHDQ�6HD��,Q��$*8�)DOO�0HHWLQJ�����������������������
6DQ�)UDQFLVFR��86$�

Jentzen, A���6FK|QIHOG��-���.XþHUD��0���:HLQHU��$���1�UQEHUJ��'���������6KRUW�DQG�ORQJ�WHUP�G\QDPLFV�
RI� SODQNWRQLF� IRUDPLQLIHUDO� DVVHPEODJHV�RII�3XHUWR�5LFR� �&DULEEHDQ�� �� ,PSDFW� RI�+XUULFDQH�
Ä6DQG\³�� ,Q�� ,QWHUQDWLRQDO� 6\PSRVLXP� RQ� )RUDPLQLIHUD� )25$06� ������ ����������������
Concepcion, Chile.

Jentzen, A���6FK|QIHOG��-���.XþHUD��0���1�UQEHUJ��'���:HLQHU��$���������/LYLQJ�SODQNWRQLF�IRUDPLQLIHUD�
LQ�WKH�&DULEEHDQ�6HD���D�SUR[\�YDOLGDWLRQ�VWXG\��,Q������,QWHUQDWLRQDO�&RQIHUHQFH�RQ�
3DOHRFHDQRJUDSK\��,&3��������������������������6LWJHV���%DUFHORQD��6SDLQ�

Cruise reports (not peer-reviewed):

%HW]OHU��&���/LQGKRUVW��6���/�GPDQQ��7���%RUVWHO�9���)���%�OG��0���'MDPODQ��(���(EHUOL��*���(YHUVKHLP��-�� 
Jentzen, A.��.HL]HU��)���/XGZLJ��-���0|ELXV��-���3DXODW��0���5HLFKH��6���5HLMPHU��-���5HROLG��-���
6FKLHEHO��/���6FKXWWHU��,���8OIHUWV��/���:LQWHU��6���:ROI��'���:XQVFK��0���5HQWVFK��+���5DHNH��
$���������&,&$5%�&XUUHQW�LPSDFW�RQ�WKH�IDFLHV�DQG�VWUDWLJUDSK\�RI�WKH�%DKDPDV�&DUERQDWH�
3ODWIRUP��&UXLVH�1R��0�����0DUFK�����$SULO������������.LQJVWRQ��-DPDLFD����3RLQWH�j�3LWUH�
�*XDGHORXSH���0(7(25�%HULFKWH��0���������

+�EVFKHU��&���1�UQEHUJ��'���$O�+VHLQDW��0���$OYDUH]�*DUFLD��0���(UGHP��=���*HKUH��1���Jentzen, A., 

.DYHODJH�� &��� .DUDV�� &��� .LPPHO�� %���0LOGQHU�� 7��� 2UWL]��$�2��� 3DUNHU��$�2��� 3HWHUVHQ��$���
5DHNH��$���5HLFKH��6���6FKPLGW��0���:HLVV��%���:ROI��'���������<XFDWDQ�7KURXJKÀRZ���&UXLVH�
1R��0�����0DUFK������0DUFK����������±�%DOERD��3DQDPD����.LQJVWRQ��-DPDLFD���0(7(25�
%HULFKWH��0���������

�&RQWULEXWLRQ��3ODQNWRQ�QHW��]RRSODQNWRQ�¿OWHULQJ�DQG�ZDWHU�VDPSOLQJ�GXULQJ�FUXLVHV�59�0HWHRU�0���

DQG�0���LQ������
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