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MEETING INFORMATION 
 

The workshop will review WG 138 results and research over the last four years, featuring 
reviews of taxonomy, genetic diversity, biology, ecology, shell geochemistry and 
biomineralisation, in the form of generally accessible state-of-the art review lectures. These 
lectures will form the starting point for discussions of upcoming reviews, data syntheses and 
other products and their publication as well as the identification of priorities for future research 
and avenues to secure continuous updating of the WG138 effort. The meeting will be linked to a 
short course on culturing of planktonic foraminifera, including demonstrations of collection 
methods, hands-on exercises setting up laboratory cultures, feeding, observation and 
manipulation of the culture medium. The workshop and the short course are closely linked and 
all participants are expected to engage in discussions and to present their current research in 
talks and posters. 

 
Venue: Wrigley Marine Science Center (https://dornsife.usc.edu/wrigley/) is located on a scenic 
bay overlooking the Pacific Ocean. It is surrounded by open ocean waters and is adjacent to a 
protected nature reserve and thus features spectacular marine wildlife, offering excellent 
opportunities for underwater photography. There will be ample time available during the meeting 
to explore the local coast. There is also easy access to hiking, swimming and kayaking. Kayaks, 
mask, snorkels, fins and wet suits are available at no charge. If you prefer your own equipment, 
or use masks with prescription glasses, please bring these with you. Unfortunately, scuba diving 
will not be available for participants of the workshop. 

Accommodation and meals will be on site, within ~200 m of the lecture theatre, labs and the 
cafeteria. Accommodation will be in comfortable shared apartment rooms. While towels will be 
provided, we suggest you bring your own ‘beach’ type towel for waterfront activities. 
Alternatively, you can buy a ‘souvenir’ towel in the nearby town of Two Harbors which has a 
small store. Meals will be served in the cafeteria of the station, which also has a lounge area for 
informal meetings. Meal times are set. 

All participants MUST bring their own water bottles. Tap water is not potable, but there is free 
potable water provided on the station. You are advised to bring sturdy shoes if you plan to hike 
(the hiking trials could be demanding and the vegetation is rich in cactus). When working in the 
wet lab, your clothing and shoes may get in contact with seawater, so bring suitable comfortable 
footwear (no open toe sandals) and T-shirts/shorts.  

 
Weather: The temperature in late August ranges from 15 °C (night) to 25 °C in the afternoon. 
Please bring appropriate light clothing for the day and long-sleeve fleece and trousers for the 
evening. You will also need strong sunglasses, sunhat and sunblock and bathing attire if you 
plan to swim. Water temperature will be a pleasant 20–22 °C. 

 

Organiser: Howard Spero, University of California Davis, hjspero@ucdavis.edu 

Program: Michal Kucera, MARUM, University of Bremen, mkucera@marum.de 
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MEETING PROGRAM 
 
Program Overview 

  Sunday Monday Tuesday Wednesday Thursday Friday 

  30.8. 31.8. 1.9. 2.9. 3.9. 4.9. 

7:30-8:00  Breakfast Breakfast Breakfast Breakfast Breakfast 

8:30-9:00  Introduction Lecture 4 
Talks 1–3 Talks 7–9 Closing 

Session 9:00-9:30  Lecture 1 Lecture 5 

9:30-10:00  Break Break Break Break Break 

10:00-10:30  Lecture 2 Lecture 6 
Talks 4–6 

Talks 10–15 Checking 
out 10:30-11:00  Lecture 3 Lecture 7 

11:00-12:00 
Departure 

14:30; 
Arrival 
~16:30  

Discussion Discussion SCOR WG 

12:00-13:00 Lunch Lunch Lunch Lunch Lunch 

13:30-15:30 Labwork Labwork Labwork Labwork 

Shuttle boat 
to San 

Pedro right 
after lunch 

16:00-17:30 Free time Free time Free time Free time 

18:00-18:30 Welcome 
Dinner; 

orientation 

Dinner Dinner Dinner Dinner 

19:00-20:00 Keynote 1 Keynote 2 Posters Social 
evening 20:00 -  SCOR WG SCOR WG SCOR WG 

 

 
Keynote – 35 minutes talk plus 5 minutes discussion 
Lecture – 25 minutes talk plus 5 minutes discussion 
Talk – 15 minutes talk plus 5 minutes discussion 
Posters – A0 vertical layout. Please put posters up in the dining room on Monday evening. 

 
Discussions: Serve to collectively consider the key open questions and identify need for 
knowledge transfer. On Sep 1st an extensive discussion on geochemistry and proxies is 
expected, guided by the “12 key open questions” document that has been distributed among the 
participants. 

 
Labwork on each day will include in different groups: Collection of plankton, sorting and 
identification, setting up cultures, observations and imaging of feeding, growth. In parallel on 
every day there will be a taxonomy workshop – you are most welcome to bring your own 
specimens or samples to discuss. 

 
Free time includes opportunity to explore the coast or hike in the mountains.  

 
SCOR WG informal meetings take place each evening and serve to coordinate future 
publications and other WG products, as well as to discuss strategy for future joint work on the 
topic of ecology, biology and geochemistry of planktonic foraminifera. 
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List of Talks 

Keynote 1 Zachos, James C. Major advances and challenges in Cenozoic 
paleoceanography as inferred from marine microfossils 

Keynote 2 Bijma, Jelle Biomineralization as the basis to understand proxy 
incorporation 

    

Lecture 1 Kucera, Michal The diversity of modern planktonic foraminifera 

Lecture 2 Spero, Howard J. Laboratory culturing and the study of living planktonic 
foraminifera 

Lecture 3 Brummer, Geert-Jan Sampling of planktonic foraminifera by plankton tows and 
sediment traps 

Lecture 4 Tyszka, Jarosław Shell morphogenesis from the planktonic foraminiferal 
perspective 

Lecture 5 Zeebe, Richard E. Seawater carbonate chemistry and foraminifera 

Lecture 6 Gagnon, Alexander The role of cation transport during biomineralization in 
foraminifera 

Lecture 7 Hönisch, Bärbel Shell geochemistry and proxies 

    
Talk 1 Weiner, Agnes K. M. Genetic diversity and species concepts in foraminifera 

Talk 2 Morard, Raphaël The potential of Next Generation Sequencing to constrain the 
global biodiversity of planktonic foraminifera 

Talk 3 Ivanova, Elena Planktonic foraminifera biogeography: what can we learn from 
the Russian data and publications? 

Talk 4 Edgar, Kirsty M. Modelling approaches to understand planktic foraminiferal 
ecology in our past, present and future oceans 

Talk 5 Bird, Clare Towards understanding the microbiome of planktonic 
foraminifera 

Talk 6 Brombacher, Anieke Disentangling synergistic climate drivers on the anagenetic 
evolution and extinction of planktonic foraminifera 

Talk 7 Weinkauf, Manuel F. G. Stabilisation and disruption as indicator of terminal stress and 
extinction in planktonic foraminifera 

Talk 8 Naidu, P. Divakar Planktonic foraminifera as a tracer of monsoon in the 
geological past 

Talk 9 Hathorne, Ed Can individual foraminifer shell Mg/Ca provide information 
about past seawater temperature variability? 

Talk 10 Kozdon, Reinhard Getting the big picture from a small spot: Multi-proxy, multi-
instrument in situ measurements in foraminifera 

Talk 11 Metcalfe, Brett 
Depth, growth or season: Investigating oxygen and carbon 
isotope distributions in coretop sediments from the North 
Atlantic 

Talk 12 Mikis, Anna 
The use of individual planktonic foraminifera from sediment 
traps to assess seasonal variability along the West Antarctic 
Peninsula 

Talk 13 Davis, Catherine V. Effects of seawater pH on respiration and calcification in 
cultured Globigerina bulloides 

Talk 14 Fehrenbacher, Jennifer S. 
Insights into the ecology and controls on trace metal 
geochemistry in the planktic foraminifer Neogloboquadrina 
dutertrei from laboratory culture experiments 

Talk 15 Meilland, Julie Planktonic foraminifera individual protein-biomass affected by 
trophic conditions in the southern Indian Ocean 
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List of Posters 
Poster 1 Aze, Tracy Testing Cope’s rule in planktonic foraminifera 

Poster 2 Bonnin, Elisa A. Systematic sub-micron Na/Ca banding in Orbulina universa 
and bilobata 

Poster 3 Branson, Oscar Atom-scale insights into POM function 

Poster 4 Burke, Janet Exploring variation in modern planktonic foraminiferal test 
porosity 

Poster 5 Edgar, Kirsty M. Can shared evolutionary history open the vital-effect “black 
box”? 

Poster 6 Le Kieffre, Charlotte 
Carbon integration and transfer by the photosynthetic 
symbiotic dinoflagellates of the planktonic foraminifer 
Orbulina universa observed by TEM-nanoSIMS techniques 

Poster 7 Marchant, Margarita Planktonic foraminifera in the Humboldt current and upwelling 
regime off Chile 

Poster 8 Marchitto, Thomas M. Mg/Ca measurements on individual planktonic foraminifera 
using a ‘wet chemistry’ approach 

Poster 9 Osborne, Emily B. Planktonic foraminiferal shell thickness as a carbonate ion 
concentration proxy 

Poster 10 Rebotim, Andreia Environmental control on vertical distribution of planktonic 
foraminifera in the eastern North Atlantic 

Poster 11 Siccha, Michael New global database of planktonic foraminifera census 
counts in surface sediments 

Poster 12 Tyszka, Jarosław Planktonic foraminifera as agents in eVolutus model 

Poster 13 Venancio, Igor M. Lunar cyclicity in planktonic foraminifera shell fluxes in the 
southwestern Atlantic 

Poster 14 Weimin, Si Mosaic evolution of middle-Miocene Globorotalia (Fohsella) 
lineage 

Poster 15 Withacre, Katherine Status of amino acid geochronology applied to foraminifera 

Poster 16 Ezat, Mohamed M. A 135 kyr record of subsurface pCO2, nutrient levels and 
ventilation in the Norwegian Sea 

Poster 17 Praetorius, Summer K. North Pacific deglacial hypoxic events linked to abrupt ocean 
warming 

Poster 18 Zamelczyk, Kasia 
Planktonic foraminifera response to climate and ocean 
chemistry changes during the past two millennia in the Fram 
Strait 
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Alphabetical List of Participants 
Full name Affiliation Role E-mail 
Aze, Tracy The Univ. of Leeds; U.K. Researcher T.Aze@leeds.ac.uk 

Bijma, Jelle 
AWI Bremerhaven; 
Germany 

WG member Jelle.Bijma@awi.de 

Bird, Clare Univ. Edinburgh; U.K. Researcher cbird1@staffmail.ed.ac.uk 
Bonnin, Elisa A. Univ. Washington; U.S.A. Ph.D. ebonnin@u.washington.edu 
Branson, Oscar UC–Davis; U.S.A. Culturing team obranson@ucdavis.edu 
Brombacher, Anieke NOC Southampton; U.K. Ph.D. J.Brombacher@noc.soton.ac.uk 
Brummer, Geert-Jan NIOZ; The Netherlands WG associate Geert-Jan.Brummer@nioz.nl 
Burke, Janet Yale University; U.S.A. Ph.D. janet.burke@yale.edu 
Davis, Catherine V. UC–Davis; U.S.A. Culturing team cvdavis@ucdavis.edu 
Edgar, Kirsty M. Univ. Bristol; U.K. Researcher kirsty.edgar@bristol.ac.uk 
Ezat, Mohamed M. CAGE–UiT; Norway Ph.D. mohamed.ezat@uit.no 
Fehrenbacher, Jennifer S. UC–Davis; U.S.A. Culturing team jfehrenbacher@ucdavis.edu 

Fritz-Endres, Therese 
San Francisco State 
Univ.; U.S.A. 

M.Sc. tfritzendres@gmail.com 

Gagnon, Alexander 
Univ. of Washington; 
U.S.A. 

Researcher gagnon@uw.edu 

Hathorne, Ed GEOMAR Kiel; Germany Researcher ehathorne@geomar.de 

Hoffman, Jeremy 
Oregon State Univ.; 
U.S.A. 

Ph.D. Jeremy.hoffman@geo.oregonstate.edu 

Hönisch, Bärbel Columbia Univ.; U.S.A. WG associate hoenisch@ldeo.columbia.edu 
Howa, Hélèna Univ. Angers; France Researcher helene.howa@univ-angers.fr 

Ivanova, Elena 
P. P. Shirshov Inst. of 
Oceanol.; Russia 

WG member e_v_ivanova@ocean.ru 

Kozdon, Reinhard Rutgers Univ.; U.S.A. Researcher rkozdon@marine.rutgers.edu 

Kucera, Michal 
MARUM–Univ. Bremen; 
Germany WG member mkucera@marum.de 

Le Kieffre, Charlotte EPFL; Switzerland Culturing team charlotte.lekieffre@epfl.ch 
Livsey, Caitlin UC–Davis; U.S.A. Culturing team clivsey3@gmail.com 
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Taxonomy of extant planktonic foraminifera, SCOR/IGBP WG138; August 2015  

 
Nr Genus Species Author 

no
n-

sp
in

os
e 

1 Dentigloborotalia anfracta (Parker, 1967) 
2 Globorotalia cavernula Bé, 1967 
3 Globorotalia crassaformis (Galloway & Wissler, 1927) 
4 Globorotalia hirsuta (d’Orbigny, 1839) 
5 Globorotalia menardii (Parker, Jones & Brady, 1865 after d'Orbigny, 1826 nomen nudum) 
6 Globorotalia scitula (Brady, 1882) 
7 Globorotalia truncatulinoides (d’Orbigny, 1839) 
8 Globorotalia tumida (Brady, 1877) 
9 Globorotalia ungulata Bermúdez, 1961 

10 Globorotalia theyeri Fleisher, 1974  
11 Globoconella inflata (d’Orbigny, 1839) 
12 Neogloboquadrina dutertrei (d’Orbigny, 1839) 
13 Neogloboquadrina incompta (Cifelli, 1961) 
14 Neogloboquadrina pachyderma (Ehrenberg, 1862) 
15 Pulleniatina obliquiloculata (Parker & Jones, 1862) 
16 Globoquadrina conglomerata (Schwager, 1866) 
17 Globorotaloides hexagonus (Natland, 1938) 
18 Globorotaloides sp.  awaiting revision 
19 Berggrenia pumilio (Parker, 1962) 

sp
in

os
e 

20 Globigerina bulloides d’Orbigny, 1826 
21 Globigerina falconensis Blow, 1959 
22 Globigerinoides conglobatus (Brady, 1879) 
23 Globigerinoides elongatus (d´Orbigny, 1826) 
24 Globigerinoides ruber (d’Orbigny, 1839) – pink type 
25 Globigerinoides sp. G. ruber white type – awaiting new name 
26 Trilobatus sacculifer (Brady, 1877) 
27 Globigerinoides tenellus Parker, 1958 
28 Orbulina universa d’Orbigny, 1839 
29 Beella digitata (Brady, 1879) 
30 Globigerinella siphonifera (d´Orbigny, 1839) 
31 Globigerinella calida (Parker, 1962) 
32 Globigerinella radians (Egger, 1893) 
33 Globigerinella adamsi (Banner & Blow, 1959) 
34 Orcadia riedeli (Roegl & Bolli, 1973) 
35 Turborotalita quinqueloba (Natland, 1938) 
36 Turborotalita clarkei (Roegl & Bolli, 1973) 
37 Turborotalita humilis (Brady, 1884) 
38 Globoturborotalita rubescens (Hofker, 1956) 
39 Sphaeroidinella dehiscens (Parker & Jones, 1865) 

m
ic

ro
pe

rfo
ra

te
 

40 Candeina nitida d’Orbigny, 1839 
41 Globigerinita glutinata (Egger, 1893) 
42 Globigerinita uvula (Ehrenberg, 1862) 
43 Globigerinita minuta (Natland, 1938) 
44 Tenuitella iota (Parker, 1962) 
45 Tenuitella fleisheri Li, 1987  
46 Tenuitella parkerae (Brönnimann & Resig, 1971) 

m
on

ol
a

m
el

la
r 

47 Hastigerina pelagica (d'Orbigny, 1839) 
48 Hastigerinella digitata (Rhumbler, 1911) 
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Testing Cope’s rule in planktonic foraminifera 
Tracy Aze1, Paul N. Pearson2, Thomas H. G. Ezard3, and Andy Purvis4 
1School of Earth and Environment, The University of Leeds, Leeds LS2 9JT, U.K. 
2School of Earth and Ocean Sciences, Cardiff University, Cardiff CF10 3YE, U.K. 
3Centre for Biological Sciences, University of Southampton, Southampton SO17 1BJ, U.K. 
4Natural History Museum, London SW7 5BD, U.K. 

Cope’s rule states that along an evolutionary lineage ancestors will be smaller than their 
descendants. The most reliable way of testing for Cope’s rule is to identify and study a large 
number of direct ancestor–descendant relationships from a sufficiently large clade, over deep 
time [1]. Due to the production of an evolutionary lineage phylogeny of the macroperforate 
planktonic foraminifera for the last 65 million years [2] it is possible to identify such lines of 
descent in this group. 
Case studies constituting an ancestor and descendant pair were selected at random from the 
evolutionary lineage phylogeny; 600 specimens from each case study were picked and area 
data were collected. 
The analysis of the randomly selected evolutionary lineages demonstrates that the mean area of 
ancestor–descendant populations increased in size 48.2 % of the time when averaged across all 
phylogenetic comparative methods. Hennigian and evolutionary lineages showed an increase in 
mean area 48 % and 56 % of the time respectively. The remaining proportion was variably 
composed of ancestor–descendant populations that showed a decrease in mean area or no 
significant change in mean size. 
The most robust method for testing Cope’s rule in planktonic foraminifera is to compare 
ancestor-descendant populations of evolutionary lineages, as these are the least subject to 
temporal biases. 

References 

1 Gould, S. J. (1997) Cope’s rule as a psychological artefact. Nature 385: 199–200. 
2 Aze, T., Ezard, T. H. G., Purvis, A., Coxall, H. K. C., Stewart, D., Wade, B. S., and Pearson, P. N. (2011) A 

phylogeny of Cenozoic planktonic foraminifera from fossil data. Biol. Rev. 86: 900–927. 
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Biomineralization as the basis to understand proxy 
incorporation 
Jelle Bijma1 
1Helmholtz Centre for Polar and Marine Research, Alfred Wegener Institute, 27570 Bremerhaven, Germany 

A mechanistic understanding of element transport and incorporation into calcifying organisms is 
the basis for translating empirical proxy relationships into robust tools for paleo-reconstructions. 
Not only will it allow us to better understand the functional link between a target parameter and 
its geochemical signal but it will also unveil potential interactions with other biotic or 
physicochemical processes. 
There are currently two models proposed for the biomineralization in foraminifera that are 
fundamentally different but maybe not mutually exclusive. One model, proposed by the group of 
Jonathan Erez is based on vacuolarisation of seawater while the other model (Nehrke, de 
Nooijer, Langer, Bijma) is based on active pumping of Ca2+ ions during chamber formation. I will 
introduce the trans-membrane transport model and discuss it in the context of additional, mostly 
experimental, data that has been generated over the last 30 years. As both proponents are 
participants of the workshop, I expect that it will generate an interesting discussion on the state 
of the art of biomineralization. 
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Towards understanding the microbiome of planktonic 
foraminifera 
Clare Bird1, Kate Davis2, Andrew Free3, Jennifer Fehrenbacher2, Ann Russell2, Bryne 
Ngwenya1, and Kate Darling1 
1School of Geosciences, University of Edinburgh, Edinburgh EH9 3FE, U.K. 
2Department of Earth and Planetary Sciences, University of California–Berkeley, Berkeley 94720-4767, U.S.A. 
3School of Biological Sciences, University of Edinburgh, Edinburgh EH9 3BF, U.K. 

Our growing knowledge of the diversity of bacterial-animal interactions both via symbioses 
honed through years of co-evolution or in associations formed by shared ecosystems, is 
fundamentally altering our assumptions about biology and “the individual” [1, 2]. Generally within 
the protists the occurrence of bacterial symbiosis is common place [3–5]. Marine protists are a 
biologically diverse and bio-geochemically significant constituent of the ecosystem [6, 7]. 
However, because of the difficulties in culturing marine protists little is known about the 
frequency and nature of symbiotic relationships with bacteria in their natural environment or of 
their species-specific prey preferences. This is particularly true of the planktonic foraminifera. 
Whilst these relatively large shell-forming protists are comparatively easy to isolate from open 
waters they remain uncultivable through to the next generation. Apart from a small number of 
excellent studies reporting the presence of bacteria inside benthic foraminifera from dysoxic 
sediments [8–10] very little research has been carried out on the relationship between 
foraminifera and the prolific prokaryotes. 
The advancement in metagenomics; the study of all the genetic material recovered directly from 
the environment, and the development of single cell sequencing techniques has allowed for the 
sequencing of genetic information from a single cell recovered from the environment. This is 
ideal for the many uncultivable marine protists. A small number of pioneering studies have 
identified new protist lineages and have highlighted potential relationships with prokaryotes 
using these techniques [6, 11, 12]. The difficulty has come in discerning between bacterial prey 
[13] and symbionts, and from eliminating external contamination [6, 12]. Further, none of these 
studies has systematically targeted the 16S rRNA genes to examine the microbiome within a 
single protist cell, concentrating instead on whole genome sequencing of the host and 
investigation of the more abundant organisms associated with it. 
Here we present a new approach combining observations via TEM and the generation of 16S 
rRNA gene profiles from single foram cells via illumina next generation sequencing. This allows 
for the investigation of the ecological interactions between the foram and bacteria in the 
ecosystem. Individuals of three species of planktonic foram (G. bulloides, N. dutertrei and 
N. incompta) were collected from coastal Pacific waters off Catalina Island and fixed in buffer to 
stabilise the cell and nucleic acids whilst dissolving the shell. Cells were washed several times in 
filter sterilised salt adjusted PBS to remove external contaminants and processed for either DAPI 
staining and fluorescence microscopy, TEM, or illumina next-generation sequencing. 
We show that all three planktonic foram species contain distinct 16S rRNA profiles highlighting 
differing ecological strategies in relation to the bacteria in the water column. N. dutertrei includes 
only chloroplast 16S rRNA genes, N. incompta contains >60 % vibrionales genes and 
G. bulloides houses >40 % cyanobacterial genes. TEM indicates that the cyanobacteria of 
G. bulloides are endobionts found in greater numbers inside the cell than in the water column, 
whereas the vibrionales of N. incompta are likely to be prey items accumulated during feeding 
on the chitin rich marine snow. 
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Systematic sub-micron Na/Ca banding in Orbulina universa 
and bilobata 
Elisa A. Bonnin1, Zihua Zhu2, Howard J. Spero3, Bärbel Hönisch4, Ann D. Russell3, 
Jennifer S. Fehrenbacher3, and Alexander C. Gagnon1 
1School of Oceanography, University of Washington, Seattle 98195, U.S.A. 
2Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland 99354, U.S.A. 
3Department of Earth and Planetary Sciences, University of California–Davis, Davis 95616, U.S.A. 
4Lamont-Doherty Earth Observatory, Columbia University, Palisades 10964, U.S.A. 

Mg/Ca ratios in planktonic foraminifera are used widely as a proxy for past sea-surface 
temperatures. However, over the last decade, it has become clear that Mg/Ca ratios in 
foraminifera are not constant throughout the shell. Instead the Mg/Ca ratios within the 
foraminiferal calcite vary systematically by several fold between day and night independent of 
temperature, a phenomenon that has yet to be explained mechanistically. Determining whether 
elements other than magnesium also exhibit sub-micron banding is essential to properly 
interpret metal/calcium-based paleoproxies and could help uncover or at least constrain the 
mechanisms causing metal/calcium variability. Using time-of-flight secondary ion mass 
spectrometry (ToF-SIMS), an isotope mapping technique with a spatial resolution of roughly 
200 nm, we discovered systematic Na/Ca banding in individuals of the symbiont-bearing planktic 
foraminifera Orbulina universa that had been cultured at constant temperature. Using stable-
isotope time stamps, we show that this Na/Ca banding exhibits two distinct patterns, depending 
on which part of the foraminifer test was analyzed. In most individuals, Na/Ca varies inversely 
with Mg/Ca, with high Na/Ca during the day and low Na/Ca at night for most of the test. Using a 
combination of analytical models and complementary instrumental techniques, we test whether 
these patterns can be explained by various ion transport processes. In addition to this Na/Ca 
banding pattern, there is a distinct region of both high Mg/Ca and high Na/Ca at the location of 
the primary organic membrane. This POM signature may be a useful way to map organic layers 
in foraminifera, a method we tested in bilobata, a rare morphotype of O. universa that develops a 
secondary sphere. Mapping Na/Ca and Mg/Ca in bilobata, we show that an additional organic 
layer is required during secondary sphere growth and that mineralization occurs over both 
spheres when this additional quasi-chamber forms. Applying ToF-SIMS and our new 
understanding of Na/Ca heterogeneity to bilobata is a first step towards connecting the extensive 
geochemical knowledge developed in O. universa to the multi-chambered forams used 
extensively in paleoceanography. 
  



 15 

Atom-scale insights into POM function 
Oscar Branson1, Daniel E. Perea2, Maria A. Winters2, Howard J. Spero1, and Alexander 
C. Gagnon3 
1Department of Earth and Planetary Sciences, University of California–Davis, Davis 95616, U.S.A. 
2Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland 99354, U.S.A. 
3School of Oceanography, University of Washington, Seattle 98105, U.S.A. 

The Primary Organic Membrane (POM) is integral to foraminiferal calcification. This sheet of 
complex carbohydrates and proteins is key in initiating and directing calcite growth in 
foraminifera, and sets the gross morphology and crystal structure of the entire test. Numerous 
studies have examined the POM using structural and chemical imaging, physiological, and 
proteomic techniques to reveal aspects of its broad-scale structure and chemistry. However, the 
transitory nature, atomic- to nanometer-scale, and geometric complexity of the POM has kept 
the in vivo chemical interactions at this crucial interface outside our observational limits. 
We have used Atom Probe Tomography (APT), a time-of-flight mass spectrometry technique 
with Ångstrom-level spatial resolution, to capture a sub-nanometer scale 3D chemical map of the 
interface between the POM and foraminiferal calcite. Our APT data reveal surface-specific 
chemical patterns, which capture the ‘fingerprint’ of initial biomineralisation processes. These 
patterns offer the first glimpses of POM surface chemistry, and the mechanisms that initiate 
biomineral precipitation in foraminifera. 
  



 16 

Disentangling synergistic climate drivers on the anagenetic 
evolution and extinction of planktonic foraminifera 
Anieke Brombacher1 
1National Oceanography Centre Southampton, University of Southampton, Southampton SO14 3ZH, U.K. 

Evolutionary biology typically considers selection on single traits as responses to individual 
climate factors. However, covariation of multiple traits within species can greatly alter the 
direction of evolution, and evidence from mass extinctions implies that large-scale evolutionary 
processes might be better explained when the multi-faceted nature of climate change is taken 
into account. 
The fossil record of planktonic foraminifera is sufficiently complete that multivariate climatic and 
multivariate morphological trait data can be obtained from the same samples. Here I present 
morphological data from the planktonic foraminifera species Globoconella puncticulata deposited 
in mid latitude North Atlantic Ocean sediments (Integrated Ocean Drilling Program Site U1313) 
from a mid-ocean site over 500,000 years before the species’ extinction at 2.44 Ma. Test size 
and shape were measured and compared to records of sea surface temperature, productivity 
and eolian input determined from analysis of the same sediment samples. Test size reduced by 
a factor ~2 during marine isotope stage (MIS) G6, an interval associated with the intensification 
of Northern Hemisphere glaciation. Over the subsequent 200,000-year interval leading up to 
extinction specimens remained small, and shell aspect ratios increased. The multivariate 
phenotypic shift through this climatic step change is consistent with that predicted by the 
direction of maximal phenotypic variation in the species, after which it converges on a new area 
in morphological trait space. 
Multivariate statistical methods were employed to assess the combined effects of the various 
climatic variables on trait changes. MIS G6 is characterized by peaks in productivity and eolian 
input and low sea surface temperatures in the North Atlantic. Correlations between size, shape 
and the environmental parameters are statistically significant but explain little of the 
morphological variation over the total studied interval, implying that species-internal biotic 
processes act as the primary regulator of morphological change, with abiotic factors playing a 
secondary role. 
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Exploring variation in modern planktonic foraminiferal test 
porosity 
Janet Burke1 
1Department of Geology & Geophysics, Yale University, New Haven 06511, U.S.A. 

The calcareous tests of planktonic forams, long prized for their use in climate reconstructions 
and other paleontological studies, have many features that appear to be functionally significant 
but are still not well understood. Here I will summarize the initial results of a detailed exploration 
of planktonic foraminiferal morphology, specifically how test porosity varies within and among 
species and communities from modern core-top samples. Individual forams from four core-top 
localities were identified to the species level and imaged from the inner walls with a Scanning 
Electron Microscope focused on the pores. Porosity (percent area occupied by pore space) was 
measured using ImageJ software. Possible relationships between porosity and temperature 
and/or oxygenation are considered. 
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Effects of seawater pH on respiration and calcification in 
cultured Globigerina bulloides 
Catherine V. Davis1, Emily B. Rivest1, Ann D. Russell2, Howard J. Spero2, Eric Sanford1, 
Brian Gaylord1, and Tessa M. Hill1,2 
1Bodega Marine Laboratory, University of California–Davis, Bodega Bay 94923, U.S.A. 
2Department of Earth and Planetary Sciences, University of California–Davis, Davis 95616, U.S.A. 

Planktic foraminifera are excellent recorders of water column chemistry and play a key role in 
planktic ecosystems and open ocean inorganic carbon flux. Perturbations to the oceanic 
inorganic carbon system, due to global or regional decreases in seawater pH, have the potential 
to profoundly affect foraminifera, and their contribution to the biological carbon pump. Previous 
culture and field studies have documented a decrease in calcification in planktonic foraminifera 
when exposed to low pH and low concentrations of carbonate ion. Incorporating physiological 
measurements in the study of these planktic organisms will improve our understanding of how 
their role in planktic ecosystems will change in the future. Here, we utilize a novel combination of 
metrics, including respirometry and fluorescent labeling of calcite, to better understand the 
impact of pH on foraminiferal metabolism and the relationship between oxygen consumption and 
calcification. The planktic foraminifer, Globigerina bulloides, was cultured across a range of 
treatments from 7.5 < pH > 8.2. Incorporation of fluorescent calcein dye into shells along with 
measurements of oxygen consumption showed that both oxygen consumption and calcification 
respond to changes in environmental pH. Both respiration rates and calcification increased with 
pH up to pH ~8. In contrast, the response of oxygen consumption to increasing pH was 
parabolic, declining at pH > 8. We also discuss the incidence of spine regrowth at different pH 
conditions and note the presence of shell calcite addition independent of chamber addition. 
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Can shared evolutionary history open the vital-effect “black 
box”? 
Kirsty M. Edgar1, Pincelli M. Hull2, and Thomas H. G. Ezard3,4 

1School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, U.K. 
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The carbon and oxygen stable isotope ratios (δ13C and δ18O) of planktic foraminiferal tests are 
one of the major tools in palaeoceanography. However, foraminiferal physiology and life history 
(e.g., symbioses, metabolism, diet, reproduction etc.) may act to offset their test chemistry from 
isotopic equilibrium with ambient seawater. These factors are commonly referred to as “vital-
effects”. Vital-effects, as well as calcite preservation, can significantly complicate the 
interpretation of chemical proxies preserved in foraminiferal calcite particularly in extinct taxa. 
Here we present new and published size-specific δ13C and δ18O records from planktic 
foraminifera spanning the last 65 million years to quantitatively test how robust interpretations of 
symbioses are through time, and more generally whether the difference in vital effects amongst 
species can be accounted for by their phylogenetic relatedness. Further, we review the different 
traits associated with symbioses and the relationship between the evolution (and loss) of a 
symbiotic ecology and environmental change. 
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Modelling approaches to understand planktic foraminiferal 
ecology in our past, present and future oceans  
Kirsty M. Edgar1, Amy M. Waterson1, Fanny N. Monteiro2, Daniela N. Schmidt1, and 
Paul J. Valdes2 

1School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, U.K. 
2School of Geographical Sciences, University of Bristol, Bristol BS8 1SS, U.K. 

It is critical to understand the impact of anthropogenic change on organisms, the knock-on 
effects of these changes on marine ecosystem function, e.g., food web structure, and the 
services that these communities ultimately provide. Computational models are a powerful tool to 
address these questions and with complimentary empirical data enable; 1) a global picture to be 
built from sparse observations, 2) quantification of interactions between different taxa, 3) 
isolation of the relative influence of independent co-varying factors on organisms, and 4) 
predictions outside of the range of environmental condition in the modern ocean. However, 
whilst the use of numerical models to predict individual through to ecosystem responses is 
relatively common within the ecological community it has yet to be widely applied to the marine 
plankton or to palaeo-datasets. 
Here we detail two different types of model (correlative vs. mechanistic) to constrain planktic 
foraminiferal ecology in the modern and ancient oceans. First, the ecological niche model, 
MaxEnt, correlates known species occurrences with environmental parameters from the same 
locations to predict species distributions. We used MaxEnt to test the assumption of planktic 
foraminifer niche stability between the Late Holocene and the last glacial maximum (~21 kyrs 
ago), which underpins the transfer-function approach used to reconstruct past surface ocean 
temperatures. Second, we provide an introduction to the novel DARWIN-MIT ecosystem model 
that utilises organismal traits and their trade-offs (i.e., costs and benefits of each trait) to assess 
fitness and thus, predict foraminifer’s diversity and distribution in the modern ocean. Here we 
present the planktic foraminiferal traits and trade-offs necessary to represent planktic 
foraminiferal diversity within the DARWIN-MIT ecosystem model. Each model approach has its 
own distinct set of pros and cons but both present exciting new opportunities to understand the 
controls on foraminifer diversity and biogeography in our past, present and future oceans. 
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A 135 kyr record of subsurface pCO2, nutrient levels and 
ventilation in the Norwegian Sea 
Mohamed M. Ezat1, Tine L. Rasmussen2, Bärbel Hönisch3, Jeroen Groeneveld4, Jesper 
Olsen5, and Luke Skinner6 
1CAGE – Centre for Arctic Gas Hydrate, UiT The Arctic University of Norway, 9037 Tromsø, Norway 
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Deglacial ∆14C anomalies at mid-depth in the northern North Atlantic have been attributed to 
venting of an abyssal CO2-rich and 14C-depleted reservoir in the Southern Ocean and northward 
transport via the Antarctic Intermediate Water (Thornalley et al., 2011). However, the southern 
source of these ∆14C anomalies remains in question (e.g., Cléroux et al., 2011; Sortor and Lund, 
2011; Huang et al., 2014). An alternative source could be the Nordic and Arctic basins (Cléroux 
et al., 2011; Skinner et al., 2014; Lund et al., 2015). On the basis of δ11B, ∆14C, Cd/Ca and δ13C, 
measured in the shells of the planktic foraminiferal species Neogloboquadrina pachyderma 
(sinistral) and ∆14C measured in benthic foraminifera, we assess the evolution of subsurface 
seawater carbonate chemistry, ventilation age and nutrients in the southern Norwegian Sea. We 
find no evidence for a reservoir aged enough to explain the ∆14C anomalies in the northern North 
Atlantic during the early and late Heinrich Stadial (HS) 1, while subsurface incursions from these 
old water masses into the Nordic seas are more likely. At mid-HS 1 (~16.5 ka), our results 
indicate southward export of relatively well-ventilated waters, possibly by brine formation, 
potentially ventilating the thermocline in the northern North Atlantic. Finally, we observe 
interspecies differences in the benthic radiocarbon ages from a few hundred years to several 
thousand years, adding evidence for caution in using ‘mixed benthic species’ for 14C dates. 
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Insights into the ecology and controls on trace metal 
geochemistry in the planktic foraminifer Neogloboquadrina 
dutertrei from laboratory culture experiments 
Jennifer S. Fehrenbacher1, Ann D. Russell1, Catherine V. Davis2, and Howard J. Spero1 
1Department of Earth and Planetary Sciences, University of California–Davis, Davis 95616, U.S.A. 
2Bodega Marine Laboratory, University of California–Davis, Bodega Bay 94923, U.S.A. 

Neogloboquadrina dutertrei is a deep-dwelling non-spinose planktic foraminifer that is abundant 
in tropical to mid-latitude regions. The Mg/Ca ratio and stable oxygen isotope geochemistry of 
this species are used to reconstruct thermocline hydrography [1]. Live culture experiments using 
this species are not common owing to the difficulty in collecting and maintaining this species in 
the laboratory. The existing calibration data for this species consists of two temperature points 
that were combined with data from live culture experiments on a related species, N. incompta 
(formerly N. pachyderma dextral) [2]. 
Using improved culture techniques we have successfully captured and maintained specimens 
collected from the Southern California Bight and cultured at the Wrigley Marine Science Center, 
Santa Catalina Island during the summer of 2013 and 2014. To improve our knowledge about 
the ecology of N. dutertrei, we use an open–close plankton net to obtain samples from discrete 
water depths and do CTD casts during sample collection to obtain information about the water 
column temperature, salinity, and chlorophyll. Experiments conducted during our two culture 
seasons have included extending the temperature calibration for this species (from 16–19 °C to 
12–22 °C), a pH calibration (pH 7.85–8.4) and two experiments to assess controls on Mg/Ca 
and Ba/Ca variability. We use modified seawater (either isotopically labeled with 43Ca, 87Sr or 5x 
Ba concentration) to identify discrete portions of calcite that grew in culture. We use laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) for trace element analysis 
and obtain paired stable isotope analyses on chambers that grew entirely in culture. Several 
specimens have also been analyzed using NanoSIMS imaging. Results for the light experiment 
and barium uptake experiment will be shown. Experiments to assess controls on Mg/Ca 
variability suggest high Mg/Ca ratio layers are precipitated at night (in the dark), similar to results 
obtained on Orbulina universa specimens grown in culture [3]. The Ba/Ca experiments suggest 
N. dutertrei incorporates Ba as a function of seawater chemistry. Ocean grown portions of 
N. dutertrei specimens often contain high Ba/Ca ratios (>200 µmol/mol Ba/Ca) and we 
hypothesize this variability is due to the microenvironment within which this species may calcify 
for part if its lifecycle. 
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The role of cation transport during biomineralization in 
foraminifera 
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The Mg/Ca paleothermometer is a widely used technique and a powerful tool to reconstruct past 
sea surface temperatures from the tests of planktic foraminifera. However, the presence of 
unexplained diurnal Mg/Ca bands in these same tests [1] stands as a reminder of how little we 
know regarding the mechanistic details of biomineralization. During skeletal growth Mg/Ca and 
other proxies are controlled by a host of biological and physical factors including ion transport, 
aquatic speciation, surface chemistry, thermodynamic partitioning, crystal growth kinetics, and 
mineralization pathways. To build accurate environmental reconstructions we need to separate 
the impact of each parameter and use these data to build a chemical-scale understanding of 
biomineralization. In this study we isolate and characterize cation transport in cultured planktic 
foraminifera using stable isotope spikes and microanalysis. We then test if ion transport can 
explain diurnal Mg/Ca banding and develop a general model for the impact of ion dynamics on 
skeletal composition. 
Living planktic foraminifera (O. universa) were placed in seawater enriched with stable isotopes 
of Mg, Ca, and Li. After 48 hours the forams were returned to natural abundance seawater. 
Imaged using NanoSIMS, the skeletal records of isotope uptake and efflux during this 
experiment reflect ion transport rates. We found that the calcium pool used for skeletal growth 
exchanges with the surrounding seawater with a turnover time of less than two hours. 
Furthermore, we observed no evidence for distinct day or night cation pools. Finally, 
magnesium, calcium, and lithium all showed identical dynamics suggesting direct and rapid 
seawater transport to the site of calcification rather than ion specific pathways. Thus selective 
calcium or magnesium pumping into the site of calcification cannot be used to explain diurnal 
Mg/Ca banding. Specific pumping of magnesium out from the site of calcification is still 
consistent with our data, however, and may explain banding. Combining ion transport rates and 
skeletal growth rate measurements from the same forams, we build a general analytical model 
to quantify the impact of ion dynamics on test composition. 
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Can individual foraminifer shell Mg/Ca provide information 
about past seawater temperature variability? 
Ed Hathorne1 
1GEOMAR – Helmholtz Centre for Ocean Research Kiel, 24148 Kiel, Germany 

The prospect of obtaining information about seasonal, interannual and decadal seawater 
temperature variability from marine sediments is tantalising. As some planktonic foraminifera 
species are known to reproduce, and therefore calcify, on a semi-lunar or lunar cycle their shells 
are geochemical snapshots of a two to four week period. Thus, the compilation of many 
individual measurements from a sediment sample that accumulated over hundreds of years can, 
with a sound theoretical framework for interpretation based on modern observations [1], provide 
information on past oceanographic variability. However, the application of foraminiferal Mg/Ca to 
these individual shell studies is fraught with complications related to the well documented intra 
and inter-shell Mg/Ca heterogeneity. It is clear that this heterogeneity is largely biological in 
origin [2] but it remains to be determined by how much biological Mg/Ca heterogeneity would 
obscure any oceanographic signal. In an attempt to answer this question I will present data from 
published sediment trap and culturing studies along with new data from plankton pump and core 
top samples. I will also briefly describe the flow through cleaning technique used to generate 
individual shell Mg/Ca data with solution ICP methods. With such techniques becoming more 
widely available we can start to acquire the data needed to better understand the biological and 
ecological factors influencing foraminiferal Mg/Ca heterogeneity. This understanding will 
hopefully allow individual shell Mg/Ca distributions to be robustly interpreted in terms of 
seawater temperature variability. 
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Shell geochemistry and proxies 
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This lecture will provide an introduction and overview of geochemical proxies in planktic 
foraminifers. Notable foraminiferal proxies that have found widespread application in 
paleoceanographic research include the stable isotope ratios of oxygen, carbon and boron, and 
the trace element to calcium ratios of magnesium, barium, cadmium and boron. Many others 
have shown some initial promise, but further probing of the suggested proxy relationships has 
revealed conflicting results – either because the observations made in the natural ocean 
environment do not hold in culture, or because culture observations prove more complicated in 
the natural environment than under controlled laboratory conditions, or because the original 
proxy signal is diagenetically modified upon burial at the seafloor. 
Being secreted by living organisms, several proxies are also subject to physiological 
modifications of the calcification microenvironment, and those modifications are termed “vital 
effects”. Foraminiferal calcification, respiration and symbiont photosynthesis (in those foraminifer 
species that harbor photosymbionts) specifically modify the carbonate chemistry and nutrient 
composition of the foraminiferal microenvironment, and species-specific extents of these 
processes may explain species-specific differences in proxy relationships. For instance, the 
higher boron isotopic composition and B/Ca ratios of symbiont-bearing foraminifers have been 
interpreted to reflect on photosynthetic activity near the sun-lit sea surface. However, there are 
geochemical differences even among symbiont-bearing foraminifers, and those differences are 
often interpreted to reflect on the respective species’ growth habitat in the water column. Using 
analyses of fluorescence, chlorophyll a concentrations and symbiont counts, my students and I 
have recently studied photosynthesis-related arguments for species-specific vital effects on the 
boron isotope and B/Ca proxies. Comparing geochemical and biological data, I will provide 
evidence that the foraminiferal calcification process is likely more complicated than currently 
assumed, and that inferring growth habitats and/or the magnitude of physiological processes 
from geochemical signals may be erroneous. 
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Planktonic foraminifera biogeography: What can we learn 
from the Russian data and publications? 
Elena Ivanova1 
1P. P. Shirshov Institute of Oceanology, Russian Academy of Sciences, Moscow 117997, Russia 

The major part of Russian data on foraminiferal distribution and abundances was obtained from 
the studies of coretops and plankton tows collected during the cruises of the USSR research 
vessels mostly in 1950s–1980s in the Atlantic and Indian Oceans. These data do not replicate 
any other dataset based on the materials from foreign expeditions because of specific 
coordinates of stations and traditional use of the grain size fraction >100 µm in the Russian 
census counts since 1960s (e.g. Barash, 1964). Besides, several hundred coretops were 
collected and analyzed from the Barents, Kara, Baltic, White, Caspian and Black Sea, as well as 
from the Pacific Ocean. However, the results showed the absence or very rare occurrence of 
planktonic foraminifera in those seas and strong foraminiferal dissolution in the NW Pacific. 
Therefore, only a small dataset is available from the coretops of the NW and tropical Pacific.  
A considerable part of the fossil (% of species from the coretop assemblages) data originally 
published in Russian is available on NOAA and Pangaea websites, including the Atlantic dataset 
by Max Barash and co-authors (1988) and Indian Ocean–Red Sea dataset by Elena Ivanova 
(1989). In the original publications, the temperature ranges of species and maps of species and 
assemblages distribution are also provided. Along with the well-known assemblages bipolarity 
and relationship with the water masses, a comparison of these two regional datasets revealed 
an unexpectedly high percentage of some tiny species like Turborotalia quinqueloba, previously 
considered as cold-water dwelling, in the tropical Arabian Sea, and confirmed the cospomolitan 
habitat of Globigerinita glutinata.  
Unfortunately, a significant part of census counts by the Russian specialists are not available 
neither in digitized, nor in printed version. This particularly concerns the classical publication by 
Natalia Belyaeva (1964) on the living and fossil assemblages from the Indian Ocean. The only 
thing we were capable to carry on by now was to create a pdf of the original paper. 
The combined Indo–Atlantic dataset consisting of 33 species percentages in 265 coretops 
(including also about 20 samples from the Pacific) corresponding to the specific selection criteria 
was analyzed by CABFAC and six assemblages were distinguished and mapped (Ivanova and 
Nezlin, 1986). The treatment of the combined dataset resulted in the “global view” on the 
foraminiferal distribution with the stronger than usual contribution of tiny species. Nevertheless, 
the uneven coretops distribution likely caused some local artefacts. 
In the talk, I’m going to demonstrate and discuss the available datasets, maps, original 
publications. 
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The Arctic Ocean has a significant amplification effect on climate change in the high latitudes 
with impacts within and beyond the Arctic. The early-mid Holocene sea ice minimum and related 
Arctic water mass stratification is widely regarded as a post-glacial analogue for Arctic conditions 
that could occur on human timescales [1]. As such, there is a considerable value in 
reconstructing the state of upper Arctic water column stratification across the Arctic basin during 
this period. Unfortunately, proxies for water mass stratification such as the comparison of the 
oxygen isotope composition of several species of planktic foraminifera with different habitat 
depths [2] cannot be applied in the Arctic as high latitude assemblages are largely monospecific, 
with Neogloboquadrina pachyderma (sinistral) (Nps) being the only abundant planktic 
foraminifera in polar to subpolar water masses. 
However, Nps forms their first chambers close to the sea surface and secrete its final crust in 
sub-mixed layer depths of up to about 100 m, thereby providing a record of past water column 
stratification on micrometer scales that can now be measured by in situ approaches with an 
unprecedented level of detail. I will present a recently initiated study to apply a multi-instrument 
(SIMS, EPMA and laser-ablation ICP-MS), multi-proxy (δ18O, δ13C, Mg/Ca, Ba/Ca, Na/Ca) in situ 
approach to reconstruct past Arctic water column hydrography from the early to mid-Holocene 
sea ice minimum, a post-glacial analogue for climate change. Results from this study may lead 
to better predictions of the future effects of a reduced sea-ice cover on weather systems beyond 
the Arctic. 
Whereas detailed information such as past water column stratification can be reconstructed from 
the preserved chemical and isotopic heterogeneity in Holocene foraminiferal shells, the degree 
of diagenesis increases with age and burial depth, and conventional ‘whole-shell’ measurements 
of foraminifera that are millions of years old are typically biased to some degree by diagenesis. 
However, we found that minute (~10 µm diameter) domains within foraminifera are more 
resistant to diagenetic alteration than the remaining shell, and robust paleorecords can be 
compiled by in situ measurements of this well-persevered biogenic calcite. I will present results 
from in situ δ18O, δ13C, and Mg/Ca analyses of biogenic and diagenetic calcite in tropical planktic 
foraminiferal shells from an ancient (~56 Ma) global warming event termed the Paleocene–
Eocene thermal maximum (PETM) and discuss the different sensitivities of these proxies to 
diagenetic overprinting. The δ18O and δ13C values of diagenetic calcite are >4 ‰ and >2 ‰ 
higher, respectively, than those of the unaltered planktic foraminiferal calcite, whereas the 
Mg/Ca ratios of these two generations of calcite are almost indistinguishable. A mass balance 
reveals that at least 30 weight-% of the shells are replaced by diagenetic calcite, which has 
significant implications on the interpretation of conventional ‘whole-shell’ measurements. 
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Following two centuries of research, from gentleman scientists of the early 19th century to the 
current generation of paleoceanographers, the understanding of the diversity and taxonomy of 
modern planktonic foraminifera is currently undergoing a conceptual revolution. The 
morphological diversity appears to have largely stabilised in the era of transfer functions ushered 
by CLIMAP [1], resulting in a robust system comprising about 50 species distributed across five 
major clades. No new species have been described since 1987 and the largely homogenous 
taxonomy applied to extant planktonic foraminifera continues to facilitate new global syntheses 
of species abundance data (MARGO [2]). This situation changed with the discovery of distinct 
genetic variants within seemingly homogenous species [3, 4]. Ever since, analyses of sequence 
variability in fragments of genes coding for the ribosomal small subunit (SSU) and the 
associated internal transcribed spacer (ITS) revealed a multitude of distinct lineages in almost all 
of the morphologically defined species. These lineages appear to have diverged deep in the 
geological past and show no evidence for interbreeding, indicating that they represent 
reproductively isolated units. 
Despite the large consequences of the existence of such “cryptic species” in planktonic 
foraminifera, the nature and extent of the hidden diversity remain poorly constrained. Within the 
framework of SCOR WG 138, the morphological taxonomy of extant planktonic foraminifera has 
been reviewed and amended and a collective effort has been initiated to assess how it is tied to 
genetic diversity. To this end, an authoritative database of single-cell DNA sequences annotated 
to species level was developed (PFR2 [5]). This database reveals that the number of “cryptic” 
genetic lineages akin to biological species in planktonic foraminifera is limited, unlikely to raise 
the diversity by more than an order of magnitude. Using first-order jackknifing it can be shown 
that in many of the sampled species, the rate and pattern of discovery is such that saturation is 
likely to have been reached. The implied high level of exhaustiveness of sampling in multiple 
species makes it possible to address the question of how the genetic diversity is distributed 
(allocated) among the morphospecies. We show evidence for uneven allocation of cryptic 
diversity among and within morphological species and a lack of correlation between lineage age 
and diversity, both indicating that the rate of cryptic diversification is not constant among 
lineages and that the current pattern of cryptic diversification has been largely shaped by 
historical contingency. 
Access to sequences covering a large portion of the existing diversity in the group implies that 
planktonic foraminifera genomics is at the point where we will move from the stage of genotype 
discovery to large-scale surveys of ecological processes governing the distribution of the genetic 
lineages. This will allow us to study processes of population dynamics that are essential to 
interpret proxies, including phenomena like living depth, ontogenetic vertical migration and 
species dispersal. 
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The planktonic foraminifera Orbulina universa is living in the photic zone of marine water 
columns and it possesses photosynthetic microalgae symbionts in its cytoplasm 
(dinoflagellates). Observations show that during the day these microalgae are outside the host 
cell, and during night the microalgae migrate inside the foraminiferal cell. The hypothesis is that 
the symbiotic dinoflagellates perform photosynthesis during day, thus forming photoassimilates 
(carbon compounds); and that by night they transfer these photoassimilates to the host 
cytoplasm. However the detailed mechanisms by which the transfer operates remain unknown. 
To answer this question, a laboratory experiment involving isotopic labelling of the species 
O. universa had been carried out. Individuals were first incubated in light with a pulse of 13C-
labeled sodium bicarbonate (source of carbon for the formation of photoassimilates). They were 
then placed in dark for the night. Specimens were sampled all along the experiment, and 
immediately chemically fixed to preserve their ultrastructure. Observation of the cell 
ultrastructure with TEM and detection of the isotopes with nanoSIMS, had been made. The 
nanoSIMS (nanoscale Secondary-Ion Mass Spectrometry) is an analytical technique that allows 
to visualize the incorporation and transfer of isotopically labeled compounds in organisms; thus 
to follow the transfer of the carbon compounds from their integration by the symbiotic microalgae 
to their transfer to the foraminifera cell. 
According to the results, the microalgal symbionts integrate and accumulate large amounts of 
13C in the form of starch during the light phase. The carbon compounds begin to be transferred 
to the host cell after only 2 hrs of incubation, the 13C-signal can be observed in lipid droplets. At 
the end of the night, the number of 13C-labeled lipids droplets in the foraminifera has increased 
whereas the symbiotic microalgae nearly do not contain starch anymore; reflecting an almost 
complete transfer of the carbon the algal symbionts to the foraminiferal cell. 
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Planktonic foraminifera in the Humboldt Current and 
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The current state of knowledge regarding planktonic foraminifera in Chilean waters is presented 
through its systematics, geographic distribution, and seasonal and temporal variability, by 
collecting bibliographic information and data obtained through samples (multi-core, sediment 
traps, and core samples) collected in expeditions (e.g. Sonne-102, 1995; Sonne-PUCK, 2001; 
Sonne ChimeBo, 2010) framed within national and international projects (JGOFS, FONDAP, 
CIMAR, and FONDECYT). To the date, 27 of a total of 45 recent species of planktonic 
foraminifera have been registered in Chile. The shells from surface sediments (multi-core) and 
the isotopic signals (δ18O, δ13C) of planktonic foraminifera have allowed recognizing two highly 
productive areas: north of 39° S through coastal upwelling events, and to the south of these, in 
absence of said emergences. The seasonal variation (sediment traps), under normal conditions, 
is characterized by the presence of two groups: a) Globigerinella calida and Neogloboquadrina 
incompta with peak flows from July to January; and b) Globigerina bulloides, N. dutertrei, and N. 
pachyderma during the rest of the year. As for inter-annual variation, information obtained 
through time series indicates N. dutertrei as an indicator species for El Niño. Based on daily 
records for the average number of shells settled, three conditions can be characterized: Normal 
Conditions: 1993-1994, 1996    (4000 ind. m-2 d-1); El Niño: 1991-1992, 1997-1998 (3000 ind. 
m-2 d-1); and La Niña: 2000-2001 (200 ind. m-2 d-1). This information is obtained from a 
database entered in OBIS of the species collected by sediment traps from November 1991 to 
June 1998. Finally, according to paleo-reconstruction, the species N. pachyderma, G. inflata, 
and Globigerinita glutinata are characteristic to high sedimentation rates during cold periods and 
extremely low during warm periods, including during the Holocene. N. incompta accumulation is 
relatively high during warm periods. Isotope curves show a general continuous change in the 
faunal assemblage from transition to sub-Antarctic areas, indicators of warm versus cold water 
conditions during the last 500 kyrs BP. This change can be observed throughout Chile. 
Therefore, current knowledge regarding planktonic foraminifera for Chile is still scarce; however, 
this group has attracted significant interest and development given the possibility of 
multidisciplinary studies that would allow obtaining important information on the past and recent 
biological oceanography off our shores. 
 
Acknowledgments: SCOR Group 138; FONDECYT Nº 1130511  
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Traditional paleoceanographic measurements of planktonic foraminiferal shell chemistry 
combine multiple specimens to obtain a robust mean that typically averages over decades to 
centuries, depending on sedimentation rates. Yet because each individual foraminifer lives only 
a few weeks, measurements on individuals can provide temporal resolution similar to that of 
macroscopic archives like corals, but without equivalent stratigraphic context. Certain important 
paleoclimate questions can hypothetically be addressed using the single-foram approach, 
including changes in seasonality and interannual variability. 
Microscale techniques like laser ablation are being increasingly applied to bring the Mg/Ca 
paleotemperature proxy to bear on such problems. I have developed a method to analyze 
single-foram Mg/Ca following the traditional ‘wet chemistry’ protocol of crushing, oxidative 
cleaning, dissolution, and analysis by single-collector sector-field ICP-MS. This method is 
relatively fast and provides a more direct comparison to the many multi-specimen Mg/Ca studies 
that have been undertaken over the past 15 years. Measurements on liquid standards indicate 
that analytical precision is better than 1 % down to sub-microgram post-cleaning sample sizes. 
Comparison with multi-specimen analyses show that there is no significant bias imparted by 
cleaning single foraminifera compared to multiple foraminifera. 
I test this method using a box core from Soledad Basin, located off Baja California Sur in the 
eastern subtropical Pacific, a site that is strongly teleconnected to ENSO today. I present Mg/Ca 
measured on single specimens of Globigerina bulloides (cold season) and Globigerinoides ruber 
(warm season) over the past 250 years. For the 20th century populations I use a Monte Carlo 
approach to simulate what water depths, months, and temperature fidelity these individuals are 
actually recording. Mg/Ca average values suggest that this site was warmer during the Little Ice 
Age, consistent with an ‘El Niño-like’ mean state at that time. Population statistics are used to 
test whether or not that state was accompanied by enhanced ENSO variance. 
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Planktonic foraminifera contribute to the marine biological carbon pump by generating organic 
(cytoplasm) and inorganic (shell) carbon flux. We have quantified the protein-biomass and test 
calcite mass of 1441 live planktonic foraminifera from 19 stations sampled during three 
consecutive years (2012–2014) in the Southern Indian Ocean (30° S–60° S, 50° E–80° E). 
Transects were sampled across three main hydrologic fronts, the Sub-tropical, Sub-antarctic, 
and Polar Fronts, including water bodies of different primary productivity. Enhanced primary 
productivity is induced by hydrodynamic processes along the frontal zones and around 
topography, and by nutrient (i.e., iron) supply near Crozet and Kerguelen islands. 
The size-normalized protein-biomass of individual planktonic foraminifera varies at interannual 
scale, and across hydrologic fronts, and depends on trophic conditions. Differences in protein-
biomass of the same species are explained by differential ontogenetic development caused by 
ecological conditions, i.e., differential production and availability of prey. Discontinuous 
development of the individual biomass over early ontogenetic stages, and non-linear increase of 
biomass in later stages affect the population biomass. Consequently, the foraminiferal 
assemblage biomass is affected by ecological conditions, most importantly trophic conditions. 
Differences in size-normalized protein-biomass between species are assumed to result from 
differences in the shape of tests and chambers, and consequent differences in bio-volume. 
Differences in size-normalized protein-biomass between years, species, and water bodies 
suggest that environmental parameters affect the production of planktonic foraminifera organic 
(cytoplasm) and inorganic (shell) carbon to varying degrees. Consequently, planktonic 
foraminifera are assumed to affect the biological carbon pump to varying degrees, depending on 
ecological conditions and biological prerequisites. The applicability of planktonic foraminifera 
tests as proxy of the past biological carbon pump in mid to high latitudes would hence critically 
depend on the effect exerted by changing ecological conditions, and the presence of different 
species at the seasonal and regional scale. 
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Oxygen isotopes of planktonic and benthic foraminifera provide a crucial proxy for reconstructing 
the physiochemical conditions of past oceans. However, also present within this isotopic signal 
are clues to the ecology of the organism, either the niche, habitat or growth regime of the 
individual specimen [1]. Previous work by Emiliani [2, 3] and Berger et al. [4] provided the basis 
of isotopic palaeoecology of planktonic foraminifera. We expand upon their work by presenting 
single specimen oxygen (δ18O) and carbon (δ13C) isotope data from multiple species, using a 
number of North Atlantic coretops (see Fig. 1). Specimens were photographed prior to isotopic 
analysis allowing us to bypass taxonomic artefacts, such as the separation of morphospecies. 
Our work not only reinforces the robustness of the work of pioneering researchers, but also 
highlights the need for further quantification of species specific artefacts (such as vital effects). 
 

 
Figure 1. Oxygen isotope composition of analysed species from coretop T86-17s, with the annual 
equilibrium calcite values shown for reference. Species that are generally separated, such as G. ruber s.s. 
and s.l. and T. trilobus and T. sacculifer show no isotopic difference. 
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Planktonic foraminifera play an important role in the marine carbon cycle and their fossil record 
is widely used to interpret past changes in climate. Planktonic foraminifera abundance and flux 
vary spatially and temporally, the latter varying from one month up to seasonal and even 
interannual scales [1]. Intra-annual variability follows the seasonal cycle of environmental 
changes, thereby potentially altering the proxy signal provided by fossil planktonic foraminifera in 
climate records [2]. Seasonality in modern, living foraminifera is recorded in the timing of the 
peak flux of the organisms and the amplitude of the seasonal cycle, both of which can potentially 
alter the proxy record. Due to the limited availability of foraminifera-bearing sediments in the high 
latitudes, only a few number of seasonality studies have been conducted in the Southern Ocean 
[3]. 
The aim of this study is to complete a unique investigation of seasonal ocean variability in the 
region of the West Antarctic Peninsula (WAP), in particular, to assess the variations in the input 
of glacial meltwater along the WAP and their effect on the stable isotope composition of 
foraminiferal calcite. To achieve this, foraminifera specimens have been collected from archived 
monthly sediment trap samples from the Palmer Long Term Ecological Research station. The 
time-series sediment trap has been deployed 130 km offshore in the mid-shelf region of the 
WAP since 1992. Samples are measured for total dry weight, particulate organic carbon, 
particulate nitrogen and particulate phosphate by the Virginia Institute of Marine Sciences [4]. In 
this study sediment trap samples collected between 2006 and 2013 are assessed for planktonic 
foraminifera flux. Foraminifera specimens are counted in each sediment cup and stable isotope 
analyses of individual specimens is going to be carried out in samples with a minimum of 30 
specimens. As part of this project, a morphometric study is also carried out to assess intra- and 
inter-annual patterns in size distribution due to environmental changes. Preliminary analysis 
show intra-annual variations consistent with temporal pattern of organic carbon and organic 
nitrogen. Main peak flux is observed in the late-spring to early summer period, following sea-ice 
retreat. Results will be compared to a number of different proxies to help constrain future studies 
of past meltwater flux in this climatically sensitive region. 
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Planktonic foraminifera are an important source of paleoceanographic information. Many 
paleoproxies based on the chemical composition of their shell and on the relative abundances of 
morphospecies in sediments have been developed and used to decipher oceanographic 
processes in the past. In this context, most of the paleoproxies are based on the hypothesis that 
each individual morphospecies of foraminifera has its own environmental preferences that are 
stable through time. The discovery of cryptic diversity in planktonic foraminifera has significant 
repercussions for the use of such species-specific paleoproxies. Molecular analyses have 
revealed that most of modern morphospecies are composed of multiple distinct genotypes. The 
number and distribution of these genetic types, most likely representing biological species, 
remains poorly constrained as new lineages continue being discovered and reported. Clearly, 
there is an urgent need to obtain a robust estimate of the actual diversity in planktonic 
foraminifera and its relationship with morphospecies. Classical molecular analyses based on 
single-cell sequencing are time consuming and limited to larger size fractions, where individual 
foraminifera can be physically handled and identified. This approach is clearly not sufficient to 
unveil the full spectrum of genetic lineages within planktonic foraminifera, and understand their 
occurrence in space and time.  
This study reports the first results of a Next-Generation Sequencing (NGS) analysis of a 
plankton foraminifera community collected in the Agulhas rings during the TARA expedition. At 
each TARA-station, the whole plankton community was sampled at surface and deep chlorophyll 
maximum level, split in size fractions, filtered and stored at −20 °C. In an attempt to obtain a 
comprehensive DNA fingerprint of the community of planktonic foraminifera across all sizes in 
one water mass, foraminifera-specific primers have been used to amplify a fragment located at 
the end of SSU rDNA in two sizes (20–180 and 180–2000 micrometers) at two depths (surface 
and DCM). The resulting PCR products were sequenced through an NGS method which allows 
producing hundred thousands of sequences in a short time period and generates an exhaustive 
fingerprint of the composition of DNA that was present in the sample. The analysis yielded a set 
of ~100,000 sequences of 300 bp length. This dataset was compared to the Planktonic 
foraminifera reference Database (PFR2) constituted of 3322 sequences of foraminifer formally 
identified at morphological and cryptic level. This approach allowed the assignment of the 
environmental sequences to known and unknown genetic types and species and their 
occurrence across the environment. The degree of cryptic diversity identified through NGS 
approach is of the same order of magnitude than the one identified through single-cell survey, 
showing that its extent is manageable. Our results highlight the potential of NGS to rapidly 
identify the extent and distribution of genetic diversity of planktonic foraminifera community in 
environmental samples, allowing us to address an entirely new range of questions regarding 
their ecology and dispersal. 
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The monsoon system in the Indian Ocean exerts a strong influence upon the climatic conditions 
in south and southeast Asia and the associated monsoon rainfall have great impact on the 
socio-economic and agriculture development in the densely populated south Asia. Therefore, 
understanding and predicting the monsoon behavior in response to global change is a high 
scientific priority. In this context, planktonic foraminifera assemblages have been extensively 
used to reconstruct the monsoon variability in the oceanic regions influenced by the monsoons 
over the last four decades. More recently the oxygen and carbon isotopic ratios and elemental 
concentrations in the planktonic foraminifera species are being used to quantify the sea surface 
temperature and salinity in the Indian Ocean with a special reference to understand 
evaporation–precipitation patterns in the Indian Ocean. Recently we proposed that Boron 
isotopic ratios (δ11B) in selected planktonic foraminifera species can be used as a proxy of 
monsoons in the Arabian Sea. Linkages between the monsoon and various planktonic 
foraminifera based proxies to reconstruct the monsoon from centennial to millennial time scales 
will be discussed. 
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The carbonate chemistry of seawater plays an important role in the availability of carbonate ions 
that planktonic foraminifera and other marine calcifiers utilize when secreting their hard parts. 
Since the onset of the industrial revolution, the oceans have absorbed approximately one third of 
anthropogenically produced CO2 that has been released to the atmosphere. The marine 
carbonate system has shifted to accommodate this excess carbon, resulting in a vast decline in 
the carbonate ion concentration of seawater and a global decline in mean seawater pH. Due to 
the role of carbonate ion concentration in the calcification processes, planktonic foraminiferal 
shell wall thickness varies as a function of the carbonate ion concentration of ambient seawater. 
Utilizing sediment trap material from the Santa Barbara Basin and carbonate ion concentration 
measurements made from coeval water samples, we have quantified the relationship between 
foraminiferal shell thickness and seawater carbonate ion concentration. An exponential 
relationship exists between the shell thickness, or area density (µg/µm2), and ambient carbonate 
ion concentration for the planktonic foraminifera species G. bulloides (Area 
Density = 4.30−5 exp(3.57−3 × CO3

2−), R2 = 0.73, p < 0.001). By using this relationship we have 
estimated carbonate ion concentration down-core via area density measurements of G. bulloides 
from a box-core collected within the Santa Barbara Basin. Our down-core reconstruction 
indicates that carbonate ion concentrations have decreased by more than 30 % over the last 
century. Hindcast model simulations of surface ocean carbonate ion concentration spanning the 
last 30 years within the region agree well with our area density reconstruction. Based on the rate 
of decline in carbonate ion concentration over the past century, carbonate ion concentration is 
projected to decrease by more than 60 % by the close of the 21st century. 
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Marine sediments from the North Pacific document an expansion and strengthening of the 
oxygen minimum zone (OMZ) during the last deglacial transition. These events have been 
associated with enhanced export productivity in many sites throughout the North Pacific, but the 
mechanisms to stimulate widespread productivity and ocean deoxygenation remain debated. 
New alkenone temperature reconstructions from a marine site in the Gulf of Alaska (59° 
33.32′ N, 144° 9.21′ W, 682 m) show two abrupt warming events of 4–5 °C during the Bølling 
and Holocene transitions that precisely coincide with the onset of increased export productivity 
and a sudden shift to hypoxic conditions, as indicated by the presence of laminations, low 
oxygen benthic species, and the occurrence of trace metals indicative of suboxic/anoxic 
conditions. 
These conditions persisted from ~14.6–13.2 ka and ~11.5–10.5 ka, while temperatures 
remained elevated in the SST reconstruction, suggesting a strong link between ocean warming 
and deoxygenation. A decrease in δ18O values (0.4–1.0 ‰) at intermediate and deep sites 
accompanied the most severe deoxygenation event during the BA, indicating that abrupt 
warming might have penetrated into the interior North Pacific. Reconstructions of water column 
ventilation (benthic–planktonic radiocarbon ages) and the δ18O of seawater show no evidence 
for a reduction in ventilation rate or a decrease in surface ocean salinity, making it unlikely that 
major changes in circulation were responsible for the decrease in intermediate water oxygen 
concentration. We propose that abrupt warming led to an expansion of the North Pacific OMZ 
through a reduction in oxygen solubility and enhanced surface stratification, which then 
stimulated marine productivity through iron remobilization from hypoxic sediments, further 
depleting water column oxygen concentrations and ultimately leading to enhanced burial flux of 
organic carbon. 
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Planktonic foraminifera serve as an archive of physical and chemical conditions under which 
they built their shells. To make the most of their potential as paleoceanographic proxy it is 
important to understand their modern environmental preferences. A particularly important aspect 
of the ecology of planktonic foraminifera is the depth habitat of individual species. To better 
understand the variability of this key parameter, the concentration of 36 species of living 
planktonic foraminifera was determined in vertically resolved plankton net samples collected in 
the region between 20° to 43° N and 8° to 40° W during several oceanographic campaigns from 
1995 to 2012. 
Of the 36 species recorded, 28 occurred in sufficient abundance to allow us to quantify their 
vertical habitat with confidence. This was done by converting the species concentration values at 
each station to average living depth and its variance. These parameters allowed us to identify 
three groups of species showing different vertical habitats: 7 species were found to consistently 
live in the surface layer, with only one exception, there were no occurrences below 100 m; 13 
species lived mostly from 20 m to approximately 200 m; and 8 species inhabited the water 
column from the surface to deeper than 200 m. An exception is Tenuitella iota, which was 
observed only below 200 m. About one half of the species showed a large spread in their 
average living depth among stations and for these species, we assessed whether their living 
depth can be predicted. To this end, we used a generalized linear model linking average living 
depth with mixed layer (ML) depth, temperature in the ML and chlorophyll a in the ML. 
Furthermore, the influence of the seasonal and lunar cycle on the living depth was tested using a 
periodic regression. For Globigerinella siphonifera ML depth was significant while for 
Globigerinita glutinata ML depth and ML temperature seem to influence the living depth. Species 
like Globorotalia inflata, Globorotalia hirsuta and Globorotalia scitula exhibit strong seasonal 
variation in their living depth whereas Globigerinoides sacculifer and Turborotalita quinqueloba 
seem to shift their living depth with the lunar cycle. In most of the studied species with variable 
average living depth, the variation could be predicted by a combination of ontogenetic and/or 
seasonal vertical migration and changing environmental conditions. 
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Mosaic evolution of middle-Miocene Globorotalia (Fohsella) 
lineage 
Weimin Si1 and William Berggren2 
1Department of Earth and Planetary Sciences, Rutgers University, Piscataway 08854-8066, U.S.A. 

We re-study the well-known middle Miocene planktonic foraminifera Globorotalia (Fohsella) 
lineage (~13.5–12.9 Ma), which has long been considered an iconic example of phyletic 
gradualism. Changes in shape and size of Fohsella from Western Pacific Site 806 was 
quantified using landmarks and semi-landmarks on the spiral view, instead of outline analysis 
that has been widely used. The changes of shape and size were further analyzed using a simple 
mixed effect linear model with Bayesian Inferences to test their relative support to unbiased 
random walk, directional and stasis evolutionary modes. In addition, the timing and tempo of 
heritable changes in coiling direction of this lineage have been dated and correlated with 
published work from Eastern Pacific Site U1338 using an astronomically tuned age model. 
Moreover, the evolutionary change in the ecology of Fohsella as suggested by shifts in oxygen 
isotopes of the population has been studied using individual specimens and their relationship 
with morphology is discussed given the advantage that each specimens in our morphometric 
analysis has been numbered, allowing precise correlation between morphology and isotope 
composition 
Our results show the change in coiling direction from random to dominantly sinistral happened in 
a few thousand years (10 cm) and preceded the shift in oxygen isotopes by ~200 kyrs, 
consistent with previous works (Eisenach & Kelly, 2006). In contrast with the rapid changes in 
coiling direction and ecology (living depth), there is an apparent linear trend towards larger size 
over the ~500 kyrs interval we studied although the morphological distribution of spiral view 
exhibits stasis. This is in contrast with a previous morphologic study which analyzed the 
silhouettes of the outline of the edge view (Norris et al., 1996). Inferred evolutionary changes in 
morphology, size, ecology, and population compositions are compared and suggest a mosaic 
pattern of evolution without significant integration among studied traits. Evolution of different 
traits in this lineage act as independent units of evolutionary transformations and show divergent 
evolutionary trajectories which are supported by the statistic tests of microevolutionary modes 
(punctuated equilibrium of changes in coiling direction and ecology, stasis in spiral view 
morphology and random walk towards apparent larger size). Our study does not support a 
gradual pattern of evolution as suggested by outline analysis. Instead, by decomposing 
phenotypic traits into different components which potentially carry important and specific 
information on ecology, population compositions (such as heritable shift in chirality), growth 
ontogeny (spiral-view morphology) and size, we suggest that the evolution of the planktonic 
foraminifera Fohsella is mosaic for traits investigated here and exhibits no apparent correlation 
with contemporaneous environmental changes. 
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New global database of planktonic foraminifera census 
counts in surface sediments 
Michael Siccha1 and Michal Kucera1 
1MARUM – Center for Marine Environmental Sciences, University Bremen, 28359 Bremen, Germany 

For the last decade, the MARGO database has served as the largest collection of census counts 
of planktonic foraminifera in surface sediment samples, being used extensively to develop 
ecological models of species distribution and investigation of macroecological patterns. We 
observed that even though the MARGO database encompasses far more samples than the 
Brown Foraminiferal Database, the latter is often preferred over the former in scientific studies 
due to its taxonomic homogeneity and consistency of supplementary information. Our main aim 
for the generation of a new surface sample compilation was accordingly homogeneity and ease 
of use. To do so, we have devised and implemented a fully replicable data integration pipeline, 
added additional samples published in the literature since the MARGO compilation, tracked and 
corrected all errors and revised the taxonomy in accordance to the taxonomic concept of the 
SCOR WG 138. The revised database comprises a total of 6747 globally distributed samples 
derived chiefly from the Brown foraminiferal database, the ATL947 database and MARGO. Of 
these, 4015 samples could be unambiguously identified as unique, taxonomically homogenised, 
corrected for consistency of counts and associated with key metadata. All modification of the 
data and reasons for exclusion of samples from the final data set are fully annotated and 
traceable in the database. 
The database holds all the standard physical sample information as location, sampling device, 
depth in sediment, water depth etc. The data source is referenced (with DOI where possible) 
and each entry has flag indicating whether it has been part of any of the previous major data 
compilations (CLIMAP, MARGO, Brown, ATL947). Faunal count data is stored as raw count 
data, where available, and as percentage data (recalculated/corrected) with additional 
information about the data quality of the percentage data (counted specimens/minimum of 
counted individuals) where available. Information about commonly counted morphotypes 
(T. sacculifer), coiling direction (G. truncatulinoides) or multi-species groups (e.g. G. ruber 
complex) are retained. The database also contains all the “invalid” samples that were excluded 
for reasons of inconsistency or multiple occurrence, as well as the original unmodified data. All 
changes to the database entries are fully annotated (e.g. identified as duplicate, changes to 
species data, depth data from secondary source etc.). The whole process of data treatment after 
the initial acquisition is automated, thus we can still easily change modification or exclusion 
criteria. The database will be available as comma separated value file, Excel file, Matlab datafile, 
and with reduced content as kml file for Google Earth for easy and quick visualization. 
The revised database offers the possibility for a re-analysis of environmental factors controlling 
the distribution of planktonic foraminifera species in surface sediments. To explore the potential 
of the data, we employed constrained ordination techniques to determine the amount of variance 
explained by different environmental parameters across the full data set and a number of spatial 
subsets. Temperature explains the largest amount of variance in the faunal data (avg. 25.5 % to 
max. 55.5 % in the Arctic Ocean), followed by estimates of photosynthetically active radiation 
(avg. 14.5 %), salinity (12.6 %) and productivity (avg. 11.5 %). Amplitude and variability 
(seasonality/autocorrelation) of the environmental parameter in question have significant effect 
on its explanatory power across the different spatial subsets. 
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Laboratory culturing and the study of living planktonic 
foraminifera 
Howard J. Spero1 
1Department of Earth and Planetary Sciences, University of California–Davis, Davis 95616, U.S.A. 

In 1977, Alan Bé, Christoph Hemleben, Roger Anderson and Michael Spindler published the first 
detailed study on laboratory and field observations of living planktonic foraminifera. These 
pioneers identified many of the fundamental characteristics of foraminifera biology, symbiosis 
and shell growth that are used today to infer ecological relationships among species. In this talk, 
I will review results from early studies on planktonic foraminifera culturing and give an overview 
of the latest observations and culture methods we are using to conduct geochemical 
experiments for paleoceangraphic proxy calibrations and the study of chamber biomineralization. 
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Planktonic foraminifera as agents in eVolutus model 
Jarosław Tyszka1, Paweł Topa1, 2, Maciej Komosinski3, and Agnieszka Mensfelt3 
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We propose a novel algorithmic framework to test and simulate evolutionary principles and their 
consequences for organisms in defined habitats. As a model organism, we implement benthic 
and planktonic Foraminifera that are widespread in all oceans and have left an extraordinary 
fossil record throughout the Phanerozoic. Our implementation has to start from realistic rules 
mainly known from modern planktonic (and benthic) foraminifera. Their basic test (shell) 
architectures in planktonic foraminifera are well predictable, as they follow a set of certain 
geometrical constraints [1, 2]. We randomly generate highly diversified individuals that are 
distributed over different virtual habitats. Biotic and abiotic environmental parameters as well as 
shell morphology, organism size and food supply are constrained, creating an adaptive 
environment that is based on natural but simplistic rules. This adaptive environment iteratively 
removes the worst-adapted specimens, and those left will be able to propagate and disperse 
their genetic information, ultimately leading to speciation and the formation of ‘biogeographical’ 
clades and families. Therefore, the anticipated algorithmic framework constitutes a modular and, 
hence, an expendable platform to study and teach fundamental evolutionary drivers. It will also 
allow comparing outcomes of simulations with the real recent and fossil record. This approach 
should give new research opportunities in paleoecology, paleobiology, paleoceanography, 
theoretical morphology and applied computer science. The proposed method can additionally be 
used for studying recent and predicting future impact of global changes (ocean acidification, 
pollution, eutrophication, and extinction trends). Because the self-organizing algorithms that will 
be used are continuously forced to interact with heterogeneous and dynamic environments, 
there is a great potential to study and understand the foundations of ‘systemic resilience’, i.e. 
constellations of traits that make systems robust against external deteriorations. 
 

 

Figure 1. Spatiotemporal trends of micro- and 
macroevolutionary processes, from genotype, 
through phenotype, population to global 
distributional and macroevolutionary patterns. 
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Shell morphogenesis from the planktonic foraminiferal 
perspective 
Jarosław Tyszka1 
1ING PAN – Institute of Geological Sciences, Polish Academy of Sciences, 31-002 Kraków, Poland 

Foraminiferal shells (tests) are crucial and elegant “time microcapsules” used as proxies for 
deciphering the past global changes and monitoring recent environmental dynamics. Although, 
both morphology and chemical composition of shells are applied for analyzing 
paleo/environmental conditions, it is surprising that morphogenesis of foraminiferal shells is still 
so little understood. Morphogenetic knowledge is essential to bridge the gaps between genetic, 
epigenetic, and environmental controls on morphology as well as on structural and chemical 
composition of foraminiferal tests. Therefore, there is an urgent need to build a holistic model of 
morphogenetic processes working at different scales of morphogenetic selforganization. Various 
related morphogenetic types and aspects associated with foraminiferal shells, include: (1) overall 
(global) shell morphogenesis; (2) chamber morphogenesis; (3) wall morphogenesis and 
biomineralisation; as well as the morphogenesis of (4) apertures; (5) pores; (6) spines and other 
microstructures. First three types of morphogenesis depend on spatial and temporal scales 
controlled by physical and biochemical processes. The most critical is understanding of chamber 
formation phenomena that are based on cytoskeleton (linked to microtubular and actic 
meshwork interactions), membrane and associated proteins dynamics [1]. 
There are also deep time aspects of shell morphogenesis associated with evolutionary roots of 
planktonic foraminifera shared within all globothalamean Foraminifera [2]. These roots are 
probably Precambrian/Cambrian in origin. It should be stressed that Globothalamea is the only 
foraminiferal clade that several times was able to colonize the planktonic realm. The question is 
why Tubothalamea have not managed to enter this niche and compete with globothalameans. A 
few morphogenetic constrains, limited to tubothalameans, might have influenced evolutionary 
success of this class. The lecture summarizes morphogenetic knowledge and challenges in the 
foraminiferal research. 
 

 

Figure 1. Fundamental morphogenetic features 
identified within Globothalamea and 
Tubothalamea. Planktonic foraminifera, following 
globothalamean patterns, show globular to semi-
globular chambers with minimized distances 
between apertures and formation of secondary 
calcitic layers, covering previous chambers ([2], 
Figure source: Tyszka et al. [3]). 
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Lunar cyclicity in planktonic foraminifera shell fluxes in the 
southwestern Atlantic 
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The reproductive behavior of planktonic foraminifera is an important variable in attempts to 
improve the interpretation of paleoproxies based on their shells and to better constrain the role 
of these organisms in oceanic carbonate flux. Observations from plankton tows have initially 
provided evidence for the existence in several species of reproductive cycles synchronized with 
lunar phases. However, subsequent observations from sediment trap studies yielded 
inconclusive results. Here we report shell flux data of four key species of planktonic foraminifera 
in the southwestern Atlantic (Globigerinoides sacculifer, Globigerinoides ruber, Orbulina 
universa and Neogloboquadrina dutertrei) from multiple deployments of a high-resolution (3–7 
days) sediment trap. The unusually high sampling resolution makes it possible to better 
constrain the short-term (lunar) dynamics of shell flux than most previous studies. Using periodic 
regression on the high-resolution series, we detect for all species the existence of shell flux 
cycles related to lunar periodicity. In all species, we observe that peak shell fluxes occur during 
the last quarter, approximately 4–6 days after the full moon. In this series, 44–52 % of the shell 
flux in the deep (100 m) trap occurs during the last quarter. Different flux behavior between the 
shallow (50 m) and the deep (100 m) trap collocated on the same mooring revealed evidence for 
migration to deeper levels prior to reproduction in G. sacculifer. Whereas the presence of a 
monthly peak in shell flux is indicated in the 3-day resolution deployment, its signature 
disappears when all deployments are analyzed together. Such analysis still reveals elevated flux 
during the last quarter of the lunar cycle, but it seems that the period of the reproductive cycle is 
not stable. Combined with aliasing at the sampling resolution of 5–7 days, such period volatility 
appears to largely mask the strictly periodic component of the shell flux series. We conclude that 
planktonic foraminifera shell flux and thus the carbonate export to the seafloor is affected by 
periodicity at the lunar band, but the reproduction does not seem to be triggered entirely 
synchronously during each month. 
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Genetic diversity and species concepts in foraminifera 
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Modern planktonic foraminifera have been classified into about 50 species on the basis of 
morphological characteristics of their calcite shell. Molecular investigations however uncovered 
an unexpectedly high cryptic genetic diversity within these morphospecies, implying that their 
biodiversity has been largely underestimated. This intra-morphospecies genetic diversity is 
hierarchically structured and the genetic distances between the cryptic species often are 
unusually large. In many cases, the cryptic species show differentiated biogeographic 
distribution patterns and ecological adaptations and in addition usually no hybridization between 
them can be detected. These facts imply that cryptic species rather than morphospecies occupy 
the level of biological species. Biological species are defined as reproductively isolated groups of 
organisms and their identification forms the basis for all studies on the biodiversity, 
biogeography and ecology of any group of organisms. Yet, in order to doubtlessly identify the 
level of biological species in foraminifera, culturing experiments are indispensable in order to 
observe the breeding behavior as well as the formation of viable offspring. In addition, since a 
pure molecular species description is rather unfavorable in planktonic foraminifera, with most 
works focusing on their fossil record and thus on the morphology for species recognition, for new 
species to be described a connection between the genetic diversity and morphological variability 
has to be established.  
I am applying a single cell approach to survey the extent of cryptic diversity within the SSU rDNA 
of individual morphospecies and to examine the biogeography, habitats and ecological 
adaptations of cryptic species. I use phylogenetic reconstructions and molecular clock estimates 
to track the relationships and evolution of cryptic species and in addition, I am conducting 
morphometric analysis in order to try to taxonomically revise the morphospecies in relation to 
their genetic identity. Yet, these studies still do not provide evidence for which level of the 
hierarchically structured genetic diversity represents the level of real biological species in 
planktonic foraminifera. Since breeding experiments cannot yet be carried out on planktonic 
foraminifera, I am now conducting such experiments on benthic species in order to determine 
the degree of genetic divergence that corresponds to reproductive isolation and thus represents 
the level of biological species in foraminifera. 
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and extinction in planktonic foraminifera 
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The effects of environmental stress, potentially on a terminal level leading to extinction, are 
remarkably difficult to assess. In recent environments, their assessment is complicated by the 
fact that the ultimate outcome of the stress (i.e. adaptation or extinction) is difficult to predict [1]. 
To that end, approaches using population dynamics as proxy for stress have been developed to 
overcome this problem, but they suffer from the problem of a naturally large variability of 
population sizes, making predictions unreliable [2]. To overcome those problems, morphometric 
approaches have been developed as an alternative tool for stress assessment in recent and 
past communities. Such morphometric approaches work particularly well if developmental 
stability can be quantified over the entire lifespan of the organism, instead of being restricted to a 
snapshot image at any one point in the organisms’ life. Foraminifera shells, which are composed 
of consecutively built chambers which record the whole ontogeny of the specimens, are 
therefore ideal model species for the application of morphometric analyses in protists. Since 
especially planktonic Foraminifera play a pivotal role in the oceanic carbon pump by contributing 
30–80 % to the marine carbonate budget [3], understanding their reaction to environmental 
stress is especially important when considering the recent anthropogenic climate change. In this 
study, we therefore use morphometric approaches to analyse the stress reaction of two species 
from a planktonic Foraminifera community that was exposed to salinity-induced terminal stress 
levels during Marine Isotope Stage 12 in the Red Sea. Our analysis points towards disparities in 
the reaction norm of the two species studied. Orbulina universa responds to the stress of 
increasing salinity by morphological changes which are consistent with disruptive selection, 
while Trilobatus sacculifer exhibits multilevel microenvironmental canalization and stabilizing 
selection when exposed to the same kind of stress. Both species were tested for a correlation 
between morphology, and sea water salinity and species abundance. Shell morphology and 
phenotypic plasticity seem to reflect environmental stress patterns. In O. universa we observe an 
increase in shell symmetry and phenotypic plasticity during times of rising stress levels. In 
contrast, T. sacculifer shows a clear drop in the abundance of sacculifer-morphotypes and a 
decreased morphological disparity as reaction towards the same environmental gradient. While 
the abiotic forcing by the salinity change cannot be fully disentangled from the biotic stress 
reactions, both species exhibit morphological gradients in correlation with salinity, that serve as 
a better indicator for environmental stress on the community than the species abundance. We 
could therefore show that morphometric analyses in planktonic Foraminifera are a versatile tool 
to predict past stress levels and impending extinction, but that reaction norms are species 
specific and further complicated by biological integration. 
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Status of amino acid geochronology applied to foraminifera 
Katherine Whitacre1 
1Amino Acid Geochronology Laboratory, Northern Arizona University, Flagstaff 86011, U.S.A. 

Carbonate shells, including foraminifera tests, contain amino acids that are imbedded during 
biomineralization, and may be retained for hundreds of thousands of years. While an organism is 
alive, amino acids are constrained to the L-configuration. Upon death, however, racemization 
results in the conversion of amino acids between the L- and D- configurations until unity is 
reached. Amino acid racemization (AAR) geochronology is a method of determining the relative 
age of carbonate fossils by measuring the ratio of D- to L-amino acid isomers (D/L) using gas or 
liquid chromatography. The rate of racemization varies by species, and is affected by time and 
by post-depositional temperature. The steady temperatures of marine sediments are an optimal 
environment for the study of racemization in foraminifera, which has been ongoing since the 
early 1970s. 
Over the last decade, the Amino Acid Geochronology Laboratory (AAGL) at Northern Arizona 
University has analyzed nearly 200 foraminifera samples from well-dated sediment cores taken 
in the Pacific, Atlantic, and Arctic oceans. D/L values for several amino acids were compared 
with the independent age control, mainly correlations with global MIS and radiocarbon ages from 
the same stratigraphic levels. Multiple species of foraminifera were analyzed to assess taxon-
specific differences in the rates of racemization. The composite of all results shows that D/L 
values generally increase systematically downcore and are similar for samples of comparable 
ages from different deep-sea sites where present-day bottom-water temperatures are similar 
(Fig. 1). The relatively large scatter in the relation between D/L and age, which includes 
systematic differences in D/L among different taxa, implies that the most useful application of 
foraminifera AAR geochronology is for sedimentary sequences where other methods yield 
ambiguous age control, including Arctic sediments, and continental margins where deposition is 
discontinuous. 
 

 

Figure 1. Extent of racemization (D/L) for 
aspartic acid (Asp) and glutamic acid (Glu) 
in well-dated samples of all 179 mono-
specific foraminifera samples analyzed in 
this study extending back to 1.5 Ma. Colors 
indicate site relative temperature; paired 
open and solid symbols of the same color 
indicate two species of the same genus 
analyzed from the same stratigraphic level; 
all data from Queensland Trough cores 
(P. obliquiloculata) are highlighted with a 
yellow outline; N. pachyderma (s) from all 
cores are highlighted with a black outline. 
Age axis plotted on a logarithmic scale to 
improve data presentation. (From Kaufman 
et al. [1]). 

 
The AAGL is striving to reduce the variability in D/L values among subsamples of foraminifera 
taken from a single stratigraphic level, a significant portion of the overall age uncertainty 
(typically 5 to 15 % depending on the species). We have requested funding from NSF to test a 
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new pretreatment procedure to isolate the intra-crystalline fraction of amino acids, which has 
proven useful in studies of other biocarbonates because it is less prone to environmental 
influences and approximates a closed system. We will also test the effectiveness of other 
cleaning procedures that have been developed for geochemical analysis of foraminifera, and 
protocols for assessing test degradation, which have been used to screen specimens. Improving 
foraminifera AAR geochronology will have long-term benefits for a wide range of problems in 
Quaternary marine geology. 
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Major advances and challenges in cenozoic 
paleoceanography as inferred from marine microfossils 
James C. Zachos1 
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During the past 3 decades significant advances have been achieved in detailing the response of 
the global climate system to changes in greenhouse gas levels (pCO2) over the Cenozoic. This 
includes reconciling the long-term transition from the extreme greenhouse warmth and 
hyperthermals of the early Eocene to the initiation of Antarctic glaciation in the Oligocene 
followed by Northern hemisphere glaciation in the Pliocene. Critical features such as ocean 
temperatures and salinity and circulation patterns have been reconstructed in detail with 
increasingly higher fidelity, on time scales of sub-annual to orbital, and has lead to major 
breakthroughs in our understanding of climate sensitivity to GHG and the nature of feedbacks 
loops between climate and the carbon cycle. Many of these advances were derived through 
proxy records based on the chemical composition of marine microfossils, principally foraminifera, 
from high quality cores recovered by the Ocean Drilling Program. These advances also 
benefitted from innovations in analytical technology that contributed to the development of the 
foram based proxies, but also required overcoming a number of obstacles, from understanding 
how and why calcifiers partition isotopes/trace metals to reconciling the impact of diagenesis on 
microfossil shell chemistry. 
Despite these advances, a number of major challenges remain for the paleoceanographic 
community. To start, relatively large gaps remain in records of pCO2 through the Cenozoic. The 
development of Boron based proxies to reconstruct seawater pH hold much promise for 
resolving this issue, though additional work is required to constrain B systematics as a function 
of pH for a range of extant and extinct species, and to develop integrated strategies for applying 
this proxy in deep time, specifically during the key climate transitions. Second, relatively little is 
known about the seasonality of regional climates in the past, for example during the extreme 
greenhouse periods when seasonal cycles of precipitation might have been more extreme (e.g., 
monsoon-like). Here, the challenge is to develop a strategy utilizing forams and other fossil 
materials (i.e., organic compounds) that can be used to isolate local changes in the seasonality 
of parameters such as temperature, salinity, and precipitation (i.e., E–P). For example, in theory 
it should be possible to couple trace metals with isotopes in single shells for this purpose. These 
and other challenges provide opportunities for the continued refinement and development of 
proxies suitable for resolving climates of the past. 
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Planktonic foraminifera response to climate and ocean 
chemistry changes during the past two millennia in the Fram 
Strait 
Kasia Zamelczyk1, Tine L. Rasmussen1, Clara Manno2, and Jelle Bijma3 
1CAGE – Centre for Arctic Gas Hydrate, UiT The Arctic University of Norway, 9037 Tromsø, Norway 
2British Antarctic Survey, Natural Environment Research Council, Cambridge CB3 0ET, U.K. 
3Helmholtz Centre for Polar and Marine Research, Alfred Wegener Institute, 27570 Bremerhaven, Germany 

Multiple stressors and their interactions are generating substantial challenges for marine 
organisms. The most influential stressors are climate changes and associated ocean 
acidification. Many calcareous organisms may show adverse effects to ocean acidification as 
their ability to calcify and maintain shells is reduced. Planktonic foraminifera constitute one of the 
major groups of calcareous marine microplankton. Their shells are highly sensitive to changes in 
carbonate chemistry, sea surface conditions, and preservation shifts in sedimentary records. 
This sensitivity makes them one of the most prominent sources of knowledge on past changes in 
ocean chemistry, climate and ocean circulation. 
In the Arctic Ocean, acidification occurs faster than the global average because cold waters 
absorb more carbon dioxide than warm water and melting sea ice enhances the process by 
lowering the carbonate ion concentration. In the Fram Strait, the European part of the Arctic 
Ocean, sea ice and water masses of contrasting properties interact. The eastern Fram Strait is 
occupied by warm and saline Atlantic waters, whereas the western Fram Strait is dominated by 
cold and fresher Polar water and sea-ice. The central Fram Strait is dominated by Arctic surface 
water where Polar and Atlantic waters mix. The three different water masses generate oceanic 
fronts causing additional environmental stress factors for surface water dwelling planktonic 
foraminifera. 
Samples from zooplankton nets and sediment cores from the eastern Fram Strait (Storfjorden 
Fan) were used to investigate the effects of the changing arctic environment on planktonic 
foraminifera. The distribution patterns of fossil and living planktonic foraminifera show strong 
variability. Preliminary results indicate that the distribution of planktonic fotaminifera and their 
preservation follow general climatic changes during the latest Holocene. Carbon and oxygen 
isotopic signatures recorded in Neogloboquadrina pachyderma, Turborotalita quinqueloba and 
Globigerinita uvula – inhabiting three different water masses – implies that the subsurface water 
masses remained unaffected by climatic changes through the entire studied time span. 
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Seawater carbonate chemistry and foraminifera 
Richard E. Zeebe1 
1Department of Oceanography, University of Hawaii at Manoa, Honolulu 96822, U.S.A. 

Various processes in the life cycle of foraminifera depend on the carbonate chemistry conditions 
of the seawater from which the organism precipitates its shell. In turn, life processes such as 
respiration, calcification, and photosynthesis can dramatically alter the carbonate chemistry 
conditions within the microenvironment of the organism. This lecture will provide an introduction 
to the basics of the thermodynamics of the CO2 system in seawater. Furthermore, I will describe 
the interaction between seawater carbonate chemistry and life processes in the 
microenvironment of foraminifera, which requires some understanding of the reaction kinetics in 
the CO2 system. If time permits, I will discuss consequences of changes in seawater carbonate 
chemistry for the fractionation of the stable isotopes of carbon, oxygen, and boron between bulk 
seawater and foraminiferal calcite. 
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Scientific	  Rationale	  and	  Terms	  of	  Reference	  
	  

Document	  for	  WG	  establishment,	  approved	  on	  16.2.2011	  
	  
	  
Abstract	  
	  
Planktic	   foraminifera	   are	   arguably	   the	   most	   important	   carriers	   of	   paleoclimate	   information	  
available	  to	  scientists.	  Our	  ability	  to	  reconstruct	  past	  climate	  states	  and	  to	  predict	  the	  impact	  of	  
the	   functioning	  of	   foraminifera	  under	  changing	  oceanic	  conditions	   in	   the	   future	  depends	  on	  a	  
complete	   understanding	   of	   their	   ecology,	   biology,	   physiology	   and	   the	   mechanisms	   by	   which	  
they	   incorporate	  geochemical	   tracers	   for	   reconstructing	  oceanic	   temperature,	  pH	  and	  salinity.	  
The	   last	   synthesis	   of	   the	   state-‐of-‐the-‐art	   on	   planktic	   foraminifer	   was	   published	   20	   years	   ago	  
(Hemleben	   et	   al.,	   1989).	   Since	   then,	   a	   suite	   of	   new	   technologies	   and	   experimental	   methods	  
have	   been	   applied	   to	   living	   and	   fossil	   foraminifera	   that	   have	   resulted	   in	   new	   biological	   and	  
ecological	  insights	  on	  this	  group.	  The	  result	  has	  been	  an	  expanded	  context	  and	  wealth	  of	  novel	  
ways	   to	   data	   mine	   the	   thousands	   of	   publications	   that	   exist	   in	   the	   literature.	   The	   proposed	  
synthesis	  of	  knowledge	  and	  techniques	  will	  be	  a	  21st	  century	  keystone	  that	  both	  articulates	  and	  
focuses	  future	  research	  needs	  and	  potentials.	  The	  WG	  will	  disseminate	  the	  current	  knowledge	  
of	   this	   field	   to	   active	   researchers,	   students,	   specialists	   and	   other	   users	   of	   foraminiferal	   data,	  
from	   the	   fields	   of	   the	   marine	   carbon	   cycle,	   through	   paleoclimate	   reconstructions	   to	   model	  
predictions	  of	  future	  climate	  change.	  
	  
	  
Rationale	  
	  
Planktic	  foraminifera	  are	  the	  major	  source	  of	  proxy	  information	  for	  reconstructing	  past	  changes	  
in	   ocean	   biological,	   chemical	   and	   physical	   parameters.	   Species	   assemblages	   and	   the	  
geochemical	   composition	   of	   shell	   calcite	   provide	   much	   of	   the	   primary	   paleoenvironmental	  
information	  used	  to	  reconstruct	  past	  oceanic	  temperature,	  salinity,	  productivity	  and	  changes	  in	  
the	   atmospheric	   hydrological	   system.	   These	   proxies	   are	   commonly	   based	   on	   observed	  
correlations	  between	  an	  environmental	  parameter	  in	  the	  modern	  ocean	  and	  the	  geochemical	  or	  
assemblage	   distribution	   data	   from	   recent	   ocean	   sediments.	   However,	   understanding	   such	  
empirical	   relationships	   at	   the	   bio-‐physico-‐chemical	   level,	   and	   quantification	   of	   the	   relevant	  
ecological	  components	  influencing	  a	  signal	  are	  generally	  not	  sufficient	  for	  an	  optimal	  application	  
of	   the	   parameter-‐proxy	   relationships.	   An	   integrated	   understanding	   of	   these	   processes	   is	  
necessary	  for	  correctly	  quantifying	  past	  ocean	  physico-‐chemistry	  and	  determining	  the	  effect	  of	  
ongoing	   ocean	   change	   in	   terms	   of	   thermohaline	   circulation	   and	   ocean	   acidification	   on	   the	  
calcification	  of	  these	  organisms.	  
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Given	  the	  large	  amount	  of	  recent	  research,	  the	  lack	  of	  any	  synthetic	  work	  for	  two	  decades	  and	  
the	  upcoming	  significant	  generation	  shift,	  we	  believe	  it	  is	  time	  to	  integrate	  the	  broad	  knowledge	  
from	  different	  (bio-‐physico-‐chemical)	  disciplines,	  which	  relate	  to	  modern	  planktic	  foraminifera.	  
They	  include	  1)	  their	  spatial	  and	  temporal	  distribution	  in	  the	  world	  ocean,	  2)	  their	  calcification	  
mechanisms,	  3)	   the	  biological	  and	  chemical	  controls	  on	  their	  shell	  chemistry	  and	  4)	   their	  eco-‐
phenotypical	  and	  genotypical	  variability.	  Experts	  studying	  in	  these	  areas	  of	  plankic	  foraminiferal	  
ecology,	  biology	  and	  chemistry	  often	  work	  on	  an	   individual	  basis	  and	   interact	  and	  collaborate	  
occasionally,	  but	  have	  not	  yet	  fully	  integrated	  to	  address	  the	  fundamental	  issues	  in	  this	  research	  
area	   in	  a	  coordinated	  way.	  The	  proposed	  working	  group	  would	  provide	  a	  mechanism	  to	  make	  
this	  happen	  as	  well	  as	  to	  provide	  a	  platform	  to	   involve	  young	  scientists	  as	  well	  as	  researchers	  
from	  developing	  countries.	  
	  
Results	   from	   this	   working	   group	   should	   stimulate	   active	   scientific	   networking,	   especially	   for	  
engaging	  younger	  scientists,	  as	  well	  as	  produce	  future	  research	  proposals	  and	  projects..	  The	  WG	  
will	   profit	   from	   national	   and	   international	   research	   programmes	   (e.g.	   the	   EU	   FP7)	   and	   the	  
projects	  of	   its	  members	  and	   in	  turn	  will	  provide	  an	  umbrella	  for	   international	  research	  efforts	  
that	   include	   the	   sharing	   of	   novel	   ideas	   and	   research	   tools	   for	   future	   planktic	   foraminiferal	  
analyses	  and	  data	  interpretation.	  Cooperation	  with	  IGBP	  PAGES	  has	  been	  initiated	  to	  establish	  a	  
joint	  SCOR/IGBP	  WG.	   	  The	  WG	  will	  also	  be	  open	   for,	  and	  actively	   stimulate	  cooperation	  with,	  
related	   international	   scientific	   initiatives	   in	   which	   the	   proposed	   members	   of	   the	   group	   are	  
actively	  involved.	  
	  
	  
Scientific	  Background	  
	  
Below,	  we	  summarize	  the	  primary	  issues	  that	  have	  prompted	  the	  involved	  scientists	  to	  propose	  
this	  WG.	  	  
	  
The	   usefulness	   of	   planktic	   foraminifera	   for	   reconstructions	   of	   the	   ocean's	   climate	   were	  
recognized	   in	   the	   late	  1940’s	  with	  Urey’s	   seminal	  papers	   (Urey,	   1947;	  Urey,	   1948)	  on	  oxygen	  
isotopes	  in	  nature,	  	  and	  subsequent	  publications	  by	  his	  student,	  Cesare	  Emiliani,	  (Emiliani,	  1954;	  
Emiliani,	   1955a;	   Emiliani,	   1955b)	   on	   planktic	   foraminifera	   geochemistry	   and	   Pleistocene	  
Temperatures.	   Following	   the	   recognition	  of	   their	  potential	  as	  providers	  of	   information	  on	   the	  
state	  of	  past	  oceans	  and	  climate,	  the	  species	  concept	  for	  living	  planktonic	  foraminifera	  has	  been	  
standardised	  in	  the	  1960’s	  (Parker,	  1962),	  allowing	  detailed	  mapping	  of	  species	  abundances	  in	  
the	   plankton	   and	   surface	   sediments	   of	   the	   ocean.	   This	   work	   has	   led	   to	   descriptions	   of	   the	  
physico-‐chemical	   properties	   of	   the	   habitat	   of	   individual	   species	   and	   their	   specific	   ecological	  
demands	   governing	   the	   geographical	   distribution	   of	   the	   various	   species	   and	   their	   abundance	  
(Bé	   and	   Hamlin,	   1967;	   Bé	   1977)	   and	   facilitated	   the	   first	   large-‐scale	   applications	   in	   the	  
reconstruction	  of	  the	  ocean’s	  temperatures	  during	  the	  last	  glacial	  period	  (CLIMAP	  1976).	  
	  
Since	   then,	   foraminifera	   are	   used	   as	   a	   primary	   carrier	   of	   geochemical	   information	   on	   past	  
environments	  and	  fossils	  from	  marine	  sediment	  archives	  have	  been	  used	  to	  quantify	  past	  ocean	  
conditions	   related	   to	   oceanic	   temperature,	   salinity,	   ocean	   stratification,	   atmospheric	   CO2	  
concentration	  and	  biological	  productivity	  back	  to	  about	  ~120	  million	  years	  ago.	  Detailed	  studies	  
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of	  the	  modern	  spatial	  and	  seasonal	  distribution	  of	  foraminifera	  in	  the	  world's	  oceans	  (Bé,	  1977;	  
Bé	  et	  al.,	  1973;	  Bé	  et	  al.,	  1971;	  Deuser,	  1987;	  Deuser	  et	  al.,	  1981;	  Tolderlund	  and	  Bé,	  1971)	  and	  
early	   culture	   studies	   followed	   (Anderson	   and	   Bé,	   1976;	   Bé,	   1980;	   Bé	   et	   al.,	   1977;	  Hemleben,	  
1982;	  Spindler	  et	  al.,	  1978;	  Spindler	  et	  al.,	  1979)	  which	  provided	  fundamental	  information	  about	  
the	   ecological	   preferences	   of	   species	   to	   the	   individual’s	   life	   cycle	   and	   calcification.	   Since	   the	  
comprehensive	  review	  of	  Hemleben	  et	  al.	   (1989),	  a	  vast	  and	  diverse	  amount	  of	  new	  data	  has	  
been	   collected,	   highlighted	   by	   more	   than	   10000	   papers	   in	   the	   Web	   of	   Knowledge	   with	  
'foraminifer'	   in	   the	   title	   or	   abstract.	   This	   information	   has	   not	   been	   synthesized	   to	   date	   and	  
hence	  is	  not	  available	  to	  non-‐specialist	  scientists	  in	  an	  accessible	  form.	  	  
	  
Today,	  the	  quantification	  of	  past	  ocean	  properties	  is	  based	  on	  either	  the	  distribution	  of	  species	  
and	  their	  abundances	  or	  the	  geochemical	   (trace	  elemental	  and	  stable	   isotope)	  composition	  of	  
the	  calcareous	  shells.	  Although	  in	  recent	  years,	  multiple	  geochemical	  tools	  have	  been	  combined	  
to	  reconstruct	  parameters	  such	  as	  ocean	  salinity	  (Lea	  et	  al.,	  2000;	  Schmidt	  et	  al.,	  2004;	  Schmidt	  
et	   al.,	   2006),	   uncertainties	   in	   the	   physical,	   chemical	   and	   biological	   controls	   on	   these	   proxies	  
place	   limits	   on	   their	   applicability	   to	   paleoclimatic	   problems	   (Rohling,	   2000).	   Furthermore,	  
cryptic	  speciation	  (Kucera	  and	  Darling,	  2002),	  morphological	  variability	  (Hemleben	  et	  al.,	  1987;	  
Lohmann	   and	   Schweitzer,	   1990),	   diagenetic	   overprinting	   (Groeneveld	   et	   al.,	   2008)	   and	  
incomplete	   knowledge	   of	   the	   timing	   and	   cellular	   mechanisms	   controlling	   shell	   calcification	  
across	   the	  different	   species-‐specific	  habitat	  depths	   introduce	  poorly	  constrained	  uncertainties	  
in	  paleoceanograhic	  reconstructions.	  
	  
It	   is	   also	   important	   to	  broaden	  our	  knowledge	  of	  uncommonly	  used	   foraminifera	   species	   (i.e.	  
deep-‐dwelling,	   specialists	   for	   certain	   ecological	   niches,	   rare	   species),	   which	   have	   not	   been	  
studied	   in	  detail	  nor	  used	   in	  paleoceanographic	   studies,	  as	   these	   species	  might	  provide	  novel	  
information	  about	  the	  ocean’s	  interior	  processes.	  The	  first	  modeling	  experiments	  to	  predict	  the	  
global	   distribution	   of	   planktic	   foraminifera	   and	   their	   seasonal	   distribution	   and	   productivity	  
(Fraile	   et	   al.,	   2008,	   2009,	   Lombard	   et	   al.,	   2009)	   represent	   a	   promising	   avenue	  of	   research	   to	  
understand	   the	   relationship	   between	   the	   tolerance	   ranges	   of	   species	   and	   their	   highly	   inter-‐
related	   environmental	   parameters	   of	   their	   oceanic	   niches	   (Schiebel	   and	   Hemleben,	   2005).	  
Although	  the	  physiological	  basis	  for	  calcification	  in	  foraminifera	  is	  being	  revealed	  in	  a	  number	  of	  
recent	  papers	  (Erez,	  2003;	  Bentov	  and	  Erez,	  2005;	  De	  Nooijer	  et	  al.,	  2009),	  most	  of	  these	  studies	  
have	  been	  conducted	  with	  benthic	  species.	  Translation	  of	  approaches,	  methods	  and	  models	  to	  
planktic	   species	   has	   the	   potential	   to	   quantify	   the	   biological	   effects	   on	   trace	   elemental	  
incorporation	  and	  isotope	  fractionation	  (the	  so-‐called	  'vital	  effect').	  Investigations	  of	  molecular	  
genetic	   diversity	   in	   planktonic	   foraminifera	   continue	   to	   reveal	   fascinating	   insights	   into	   the	  
cryptic	  diversity	   in	  this	  group	  (Darling	  et	  al.,	  2007),	   its	  relationship	  to	  morphological	  variability	  
(Morard	  et	  al.,	  2009)	  and	  the	  possible	  underlying	  biological	  processes	  (Aurahs	  et	  al.,	  2009).	  
	  
To	   fill	   the	   gaps	   in	   our	   knowledge	   and	   understanding	   of	   these	   organisms	   is	   an	   important	   and	  
urgent	   challenge	   in	   the	   light	   of	   ongoing	   ocean	   acidification	   and	   ocean	   warming.	   There	   is	  
evidence	   for	   reduced	  calcification	  since	   the	  start	  of	   the	   industrialization	   (Moy	  et	  al.,	  2009,	  de	  
Moel	  et	  al.,	  2009)	  by	  about	  30%	  and	  clear	  shifts	  in	  assemblage	  composition	  have	  been	  observed	  
in	  pace	  with	  the	  warming	  trends	  of	  the	  last	  150	  years	  (Field	  et	  al.,	  2006).	  Will	  these	  organisms	  
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go	  extinct	  as	  a	  result	  of	  increasing	  ocean	  acidification	  and	  how	  will	  their	  distribution	  change	  as	  a	  
result	  of	  temperature	  changes?	  
	  
Until	   now,	   individual	   lines	   of	   research	   have	   been	   pursued	   largely	   independently	   and	   a	  
coordinated	   action,	   summarizing	   the	   consequences	   of	   this	   knowledge	   for	   the	   further	  
applications,	   is	  missing.	   This	   is	  most	   unfortunate	   as	   the	   paleoclimate	   community	   increasingly	  
appreciates	  the	  potential	  of	  climate	  reconstructions	  based	  on	  these	  organisms	  (Ivanova,	  2009)	  
to	   further	   improve	   climate	   models.	   The	   situation	   is	   further	   aggravated	   by	   the	   multitude	   of	  
disciplines	   involved	   in	   the	  studies	  of	   these	  organisms,	  and	   it	   is	  a	  prerequisite	   that	   the	  various	  
communities	  “speak	  the	  same	  language”	  to	  facilitate	  future	  cooperation.	  The	  proposed	  working	  
group	  will	   therefore	  contribute	  not	  only	  to	  a	  synthesis	  of	  knowledge	  on	  planktic	   foraminifera,	  
but	  it	  will	  set	  standards	  and	  benchmarks	  in	  their	  taxonomy	  and	  ecology,	  in	  an	  accessible	  way	  for	  
a	  range	  of	  disciplines.	  
	  
	  
Terms	  of	  Reference	  
	  
The	  main	  goal	  of	  the	  proposed	  WG	  is	  to	  synthesize	  the	  existing	  knowledge	  of	  modern	  planktic	  
foraminifera,	   to	   build	   on	   this	   knowledge	   for	   identifying	   priority	   research	   and	   to	   transfer	  
expertise	   to	   the	   generation	   of	   young	   researchers.	   For	   these	   reasons,	   the	  membership	   of	   the	  
working	   group	   reflects	   the	   ambition	   to	   achieve	   worldwide	   coverage	   and	   involve	   young	  
researchers	  across	  gender	  boundaries.	  
	  
The	  proposed	  working	  group	  will:	  
	  
1.	   Synthesize	   the	   state	   of	   the	   science	   of	   modern	   planktic	   foraminifera,	   from	   pioneering	   to	  
ongoing	  research	  including	  

l 	  their	  spatial	  and	  temporal	  distribution	  in	  the	  world	  ocean	  
l 	  their	  calcification	  mechanisms	  and	  shell	  chemistry	  	  
l 	  and	  their	  eco-‐phenotypical	  and	  genotypical	  variability	  

as	  a	  peer-‐reviewed	  	  publication	  in	  an	  open-‐access	  journal	  (deliverable	  1).	  
	  
2.	   Provide	   guidelines	   (cookbooks)	   in	   terms	   of	   species	   identification,	   experimental	   setup	   for	  
culture	  studies,	  laboratory	  treatment	  prior	  to	  geochemical	  analysis	  (deliverable	  2)	  by	  identifying	  
existing	  gaps	  in	  the	  available	  knowledge	  in	  order	  to	  direct	  future	  research.	  
	  
3.	  Establish	  an	  active	  Web-‐based	  network	  in	  cooperation	  with	  ongoing	  (inter)national	  research	  
programmes	   and	   projects	   to	   guarantee	   an	   open-‐access	   world-‐wide	   dissemination	   of	   results,	  
data	  and	  research	  plans	  (deliverable	  3).	  
	  
4.	  Document	  the	  work	  of	  the	  group	  in	  a	  special	  issue	  of	  	  an	  open-‐access	  journal	  (deliverable	  5)	  
in	  connection	  with	  a	  specialized	  symposium	  with	  special	  emphasis	  on	  modern	  ocean	  change	  i.e.	  
thermohaline	   circulation	  and	  ocean	  acidification,	  during	  one	  of	   the	  AGU	  or	  EGU	  conferences,	  
ideally	  held	  at	  the	  joint	  EGU/AGU	  meeting	  (envisaged	  for	  2013	  or	  2014)	  and/or	  at	  the	  FORAMS	  
2014	  meeting	  in	  Chile	  (deliverable	  4).	  
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Working	  Group	  Activities	  
	  
The	  working	  group	  will	  organize	   its	  kick-‐off	  (Meeting	  1)	   in	  mid	  2011	  in	  Amsterdam,	  benefiting	  
from	  additional	  funding	  available	  to	  WG	  Co-‐Chair	  Gerald	  Ganssen.	  	  
	  
During	  this	  meeting	  WG	  group	  members	  will	  	  

l present	  their	  expertise	  with	  short	  presentations	  
l set	  up	  the	  roadmap	  for	  science	  activities	  within	  the	  WG	  in	  detail	  following	  the	  terms	  of	  

reference,	  assigning	  different	  WG	  members	  to	  lead	  on	  each	  term	  of	  reference	  	  
l define	  and	  distribute	  tasks	  for	  the	  writing	  of	  the	  overview	  publications	  with	  topics	  and	  

deadlines	  for	  submission	  to	  the	  lead	  author(s)	  
l initiate	  and	  set	  up	  of	  Web-‐based	  networking	  and	  Web	  page	  (including	  an	  “electronic”	  

atlas	  with	  photographs	  and	  detailed	  description	  of	  modern	  species)	  
	  
Meeting	  2	  would	  be	  held	  in	  late	  2012	  or	  early	  2013	  to	  	  

l finalize	  the	  overview	  publication	  for	  submission	  during	  or	  shortly	  after	  the	  meeting	  
l finalize	  and	  make	  the	  Website	  available	  to	  the	  community	  and	  activate	  network	  	  
l launch	  network	  goes	  into	  its	  active	  phase	  
l conduct	  planning	  of	  the	  specialized	  symposium	  for	  2014.	  

	  
Meeting	  3	  would	  be	  envisaged	  for	  spring	  2014	   in	  conjunction	  with	   (potentially)	   the	  EGU/AGU	  
joint	  spring	  meeting	  and/or	  the	  FORAMS	  2014	  meeting	  in	  Chile.	  
During	  this	  session	  the	  latest	  results	  of	  the	  WG	  members	  and	  associates	  will	  be	  presented.	  The	  
meeting	  will	   be	   open,	   inviting	   contributions	   from	   non-‐members	   and	   closely	   related	   research	  
with	  special	  emphasis	  on	  'ocean	  acidification'.	  A	  contribution	  to	  the	  special	  issues	  of	  the	  open-‐
access	   journal	   Biogeosciences	   (preferably)	   is	   obligatory	   for	   members	   and	   invited	   for	   other	  
participants	  of	  the	  symposium.	  
	  
The	  overarching	  philosophy	  of	  the	  WG	  is	  the	  active	  knowledge	  transfer	  from	  highly	  experienced	  
experts	  to	  the	  younger	  scientists,	  supported	  by	  modern	  communication	  media.	  
	  
Additional	   funding	   will	   be	   requested	   from	   organisations	   like	   AGU,	   EGU	   and	   (indirectly)	   from	  
active	   research	   programmes.	   The	   work	   of	   the	  WG	   has	   strong	   affiliation	   with	   ongoing	   global	  
ocean	   programmes	   like	  GEOTRACES,	   the	   FP7	   program	   EPOCA	   and	   others	   and	   links	  with	   such	  
programs	  will	  ensure	  dissemination	  of	  the	  activities	  and	  results	  via	  links	  to	  these	  activities.	  	  
	  
As	   an	   additional	   priority,	   the	  WG	  will	   strive	   to	   establish	   a	   set	   of	   targeted	   Summer	   Schools/	  
Workshops	  that	  should	  optimally	  continue	  to	  exist	  beyond	  the	  duration	  of	  the	  WG	  activities	  and	  
act	   to	   enhance	   the	   knowledge	   transfer	   and	   contribute	   to	   capacity	   building	   within	   the	  
international	  research	  community.	  
	  
Specifically,	  we	  intend	  to	  pursue	  the	  possibility	  of	  building	  on	  the	  planned	  foraminifera	  culturing	  
workshop	  at	  the	  Wrigley	  Institute	  of	  Marine	  Sciences	  on	  Catalina	  Island	  in	  late	  July/early	  August	  
2011,	   which	   will	   be	   held	   by	   WG	   member	   Howard	   Spero.	   This	   workshop	   includes	   hands-‐on	  
training	   in	   culturing	   and	   could	   evolve	   into	   a	   regular	   course	   targeted	   more	   towards	   grad	  
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students/post-‐docs.	  In	  addition,	  we	  will	  pursue	  the	  possibility	  to	  set	  up	  a	  new	  summer	  school	  on	  
ecology	  and	  taxonomy	  of	  modern	  planktonic	  foraminifera	   in	  Tübingen,	  to	  be	  organised	  by	  the	  
WG	  Co-‐Chair	  Michal	  Kucera.	  
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