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Abstract

Understanding the effect of environmental stress on the morphology of a population can
be developed into a versatile tool to reconstruct stress levels. Such knowledge could help
to reconstruct past environments and to predict the state of a population, including future
extinction. Especially for the latter aspect, morphometrics could be a valuable alternative
for population-dynamics approaches, which suffer from the naturally high variability of
population sizes. Calcitic marine microplankton, such as planktonic Foraminifera, offers an
excellent model system for such studies. Planktonic Foraminifera occur in high abundances
in the fossil record and their chambered shells allow the reconstruction of individual
morphologies during their entire ontogeny. Their excellent fossilisation potential further
allows to study natural experiments, which occurred over ecologically effective timescales
that would have been impossible to simulate during laboratory experiments.

Planktonic Foraminifera have already been broadly applied for geochemical and popula-
tion studies to reconstruct past environments. Their morphology and shell calcification have
in contrast been subject to comparably few studies so far. This is unfortunate, since both
parameters could be useful for past environmental reconstructions, recent environmental
monitoring, and phylogenetic research. Since planktonic Foraminifera have a large share on
the worldwide marine calcite deposition, environmentally induced changes in their shell
calcification could furthermore significantly influence the oceanic carbon pump. This study
therefore aims at a better understanding of the influence of changing environments, includ-
ing results of environmental stress, on the biometry of planktonic Foraminifera. For this
purpose, several foraminiferal species were investigated within three selected environmental
settings: two Pleistocene sediment cores and one sediment trap series. The shell calcification
intensity and morphology have been investigated in light of their relation to environmental
forcing and biological stress.

The shell calcification intensity (amount of calcite present in the adult shell) shows signs
of a universal positive correlation with carbonate saturation of the sea water. When the
carbonate saturation is kept nearly constant, however, it is evident that shell calcification
intensity is also influenced by other factors like temperature and productivity. Those
secondary influences act species-specific and are presumably able to mediate or modify the
effects of carbonate saturation. It could further be shown that cryptic speciation is a severe
problem for calcification studies, because shell calcification is already significantly different
between pseudo-cryptic species that have been commonly pooled together in the past. Shell
size was in no case related to species abundance, what would have been expected under
the assumption that species are most abundant under optimal environmental conditions.
Together with the fact that shell calcification intensity is also variably correlated to species
abundance, this implies that either species abundance is no versatile proxy for optimal
growth conditions, or that optimal conditions are not uniformly related to biometric traits.
Other phenotypic traits were observed to show characteristic deviations in relationship to
environmental stress. The observed trends all led to a clear change in population morphology
over ecologically relevant timescales as result of natural selective patterns. In a community
which is exposed to near-lethal stress levels, this can culminate in a unique morphology that
is clearly different from that of a less stressed population.

The obtained results imply that foraminiferal biometry, despite their unicellular level of
organisation, reacts in complex ways toward changes in the environmental setting. Those
reactions are complicated by the interplay of abiotic (environment) and biotic (stress) factors
and the presence of hidden diversity. Further research is needed to minimize those problems.



Kurzfassung

Ein genaueres Verstindnis dariiber, auf welche Weise Umweltstress die Morphologie einer
Population beeinflusst, konnte sich als wertvolles Werkzeug fiir die Rekonstruktion vergan-
gener Stress-Intensititen und Umweltbedingungen herausstellen. Insbesondere kénnte es
hilfreich sein, den Zustand einer Population (inkl. der Vorhersage von Aussterbeereignissen)
zu bestimmen. Morphometrische Studien eignen sich hier besser als Populations-Dynamik
Ansitze, da letztere von den natiirlicherweise grofien Schwankungen der Populationsgrofie
beeinflusst werden. Kalzitisches marines Mikroplankton (z. B. planktonische Foraminiferen)
sind ein ideales Modellsystem fiir solche Studien, da sie in hohen Haufigkeiten im fossilen
Befund erhalten bleiben und ihre gekammerte Schale eine Rekonstruktion der gesamten
Ontogenie zuldsst. Ihr hervorragendes Fossilisationspotential erlaubt aufierdem nattirliche
Experimente auf 6kologisch wirksamen Zeitskalen zu untersuchen, die nicht im Labor
simuliert werden konnten.

Planktonische Foraminiferen werden bereits haufig fiir geochemische und Populations-
Studien verwendet, um vergangene Umweltbedingungen zu rekonstruieren. Ihre Schalen-
Morphologie und -Kalzifikation wurden jedoch bisher selten untersucht, obwohl sie po-
tentiell niitzlich sind um vergangene Umweltbedingungen und Foraminiferen-Phylogenie
zu rekonstruieren und rezente Okosysteme zu monitorieren. Durch ihren hohen Anteil an
der weltweiten Karbonat-Produktion kiénnte eine umweltbedingte Anderung ihrer Schalen-
Kalzifikation zudem das ozeanische Karbonatsystem stéren. Diese Studie versucht daher
den Einfluss von Umweltdanderungen (inkl. Stress) auf die Biometrie von Foraminiferen zu
untersuchen. Zu diesem Zweck wurden mehrere Foraminiferen-Arten aus zwei pleistozdnen
Sedimentkernen und einer Sediment-Fallenserie beziiglich des Umwelteinflusses auf deren
Morphologie und Schalen-Kalzifikation untersucht.

Die Kalzifikations-Intensitit (Menge an vorhandenem Kalzit) ist generell positiv mit der
Karbonat-Sittigung des Meerwassers korreliert. Unter konstanter Karbonat-Sattigung zeigen
sich jedoch aufierdem Spezies-spezifische Einfliisse von Temperatur und Produktivitédt auf
die Kalzifikations-Intensitdat der Schalen, welche den Einfluss der Karbonat-Séttigung auf
diesen Parameter vermutlich zu jeder Zeit modifizieren. Kryptische Speziation stellt zudem
ein signifikantes Problem fiir Kalzifikationsstudien dar, da die Schalen-Kalzifikation auch
zw. kryptischen Spezies die traditionell oft zusammengefasst wurden deutlich unterschied-
lich ist. Die Schalen-Grofse war in keinem Fall mit der Spezies-Haufigkeit korreliert, was man
erwartet hitte, wenn Letztere ein Maf3 fiir optimale Umweltbedingungen wire. Zudem zeigt
auch die Schalen-Kalzifikation unterschiedliche Korrelationen mit der Spezies-Haufigkeit,
so dass entweder die Spezies-Haufigkeit kein brauchbarer Indikator fiir optimale Umweltbe-
dingungen ist, oder dass optimale Bedingungen die Schalen-Biometrie von Foraminiferen
nicht einheitlich beeinflussen. Andere morphologische Parameter zeigten charakteristische
Anderungen welche auf Umwelt-Stress zuriickzufiihren sind. Diese Trends resultierten
samtlich in deutlichen Anderungen der Populations-Morphologie, ausgeldst durch selektive
Prozesse, im Rahmen 6kologisch relevanter Zeit-Skalen. Nahezu lethale Stress-Intensitdten
resultierten hierbei in einer Populations-Morphologie, die deutlich von der einer weniger
gestressten Population abwich.

Diese Studie konnte zeigen, dass Foraminiferen-Biometrie (trotz ihrer uni-zelluldren
Organisationsstufe) komplex auf Umweltdnderungen reagiert. Die beobachteten Reaktionen
werden vom Zusammenspiel der abiotischen Umwelt, biotischer Stress-Reaktionen und
kryptischer Diversitét beeinflusst, so dass weitere Studien notwendig sind um diese Probleme
Zu minimieren.
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1 Introduction

1.1 Phenotypic plasticity, developmental stability, and the
theory of shape

The shape of organisms has always been used to distinguish different ‘kinds” of
animals and plants, in the earliest days mostly for practical purposes. Later, scientists
began to look closer into the topics of shape and form, and began to gradually
develop a system by which the natural world could be divided into smaller units
for descriptive purposes (e.g. Galilei 1638). The work by Linnaeus (1758) established
our current taxonomical system, which divides the biosphere into species, genera,
and higher taxa based on morphology. This morphospecies-concept, which would
distinguish species purely on the basis of their morphological characteristics, was for
a long time the prevailing method for systematics, and is still often applied today.
Based on observations of the morphology of organisms, scientists began to realize
that shape is not an invariant parameter within a taxon, but that it can vary as a
result of exogenic forcing during the life of the organism in what is called phenotypic
plasticity (e.g. Bumpus 1898). From those early beginnings, the field of morpho-
metrics began to develop, which studies shape variation and its covariance with
other parameters within taxa (Bookstein 1991). Until the early 1990s, morphometric
approaches commonly applied multivariate analyses of traditional morphological
parameters like length measurements (Jolicoeur 1963, Sundberg 1989). Thereafter,
new concepts of morphometric analyses were developed, that could accommodate
the analysis of shape as a whole, instead of a collection of individual measurements.
Those new concepts were the outline analyses, in which the outer contour of an
organism is described by mathematical shape descriptors derived from a large set of
outline point coordinates, and geometric morphometrics, in which shape is described
by the relationship of size-normalized landmarks towards each other (Adams et al.
2004). These new approaches, which were considered a revolution by Rohlf and
Marcus (1993), inspired a much more detailed analysis of the shape of individual

organisms, its relationship to external parameters, and its evolutionary value.



1.1 Phenotypic plasticity, developmental stability, and the theory of shape

To better understand the nature and potential implications of phenotypic plasticity,
research soon focused on developmental stability within individuals. In principal,
the two aspects that influence phenotypic plasticity are variation and variability
(compare Wagner and Altenberg 1996). Variation is the observed phenotypic plasti-
city of a community, which is the sum of the deviation of all individuals from the
grand mean of the population. In contrast, variability describes the potential of the
community to vary within the limits of its genetic constraints. The variability of a
population, i.e. the range of possible phenotypes given the genetic background, is
often much larger than the actually observed variation. The discrepancy between
both, i.e. the fact that populations do not under all circumstances exhibit the full
spectrum of their potential morphological variation, is in agreement with the concept
of microenvironmental canalization (Waddington 1942, Schmalhauzen 1949) and
stabilizing selection (Van Valen 1965). Microenvironmental canalization describes
a process that yields a stable phenotype in a variable environment by buffering
the phenotype against deviations, and is closely linked to stabilizing selection that
reduces the variation in the community (Zelditch et al. 2012). Both concepts imply
a selective process on the community that removes certain morphologies from the
population by natural selection. As a consequence, a relationship between develop-
mental stability (i.e. the ability of each individual to constrain its form during growth
irrespective of environmental protrusions) and canalization within the population
has been proposed (e.g. Debat and David 2001, Hallgrimsson et al. 2002).

Indeed, several subsequent studies found a relationship between developmental
stability and individual fitness (Clarke 1993, Lens et al. 2002, Hendrickx et al. 2003,
Beasley et al. 2013, De Coster et al. 2013, Sanchez-Chardi et al. 2013). Developmental
stability would then provide a link between individual stress and a selective compon-
ent in the population, perpetuating the idea of a universal relationship that would
allow morphological parameters to be invoked as proxies for environmental stress.
Nevertheless, this idea has not stood unchallenged for long. On the one hand, it
was argued that while the environment could influence individual morphologies,
the morphology would not necessarily impact the individual fitness. Morphology
could thus not be coupled with canalization, because selection would work on other
traits than the phenotype. If that would be true, then there should be no selective
process that could alter the phenotypic composition of the population (Hoffmann
and Woods 2001, Santos et al. 2005). On the other hand, the concept of biological
integration (Klingenberg 2008) was invoked to argue against the impact of develop-

mental stability on population morphology. To that end, some studies have shown



1 Introduction

that several morphological parameters can be controlled by the same genes, so that
those parameters are biologically integrated and could not vary independently of
each other (Breuker et al. 2006, Breno et al. 2011, Klingenberg et al. 2012). This
idea can be developed up to the level were canalization is hypothesized to be the
natural development in any system that reached a certain amount of complexity and
interlacement. This is because it was hypothesized that in such a system, virtually
all involved parts are interdependent and no part can vary independently (Siegal
and Bergman 2002).

Despite those uncertainties about the broad applicability of particular aspects
of easy models, the mechanistics behind phenotypic plasticity are basically well
understood (Klingenberg 2008). After Wagner (1996) and Wagner and Altenberg
(1996) developed the theory of modularity, morphology was seen as a complex
interaction between genes and phenotypic traits. Importantly, while the model
suggests biological integration within so-called modules (i.e. phenotypic traits that
are mainly controlled by the same genes) it allows broad independence between
modules. Elaborating on that idea of modularity, Klingenberg (2003) introduced
the model of developmental mapping (Fig 1.1). This model combines biological
modularity with covariance between traits within modules due to interaction, non-
linear genetical control of development pathways, and the modifying influence of
external factors.

Following on those conceptual ideas, recent studies progressively tried to under-
stand the link between variability and variation (e.g. Hoffmann and Woods 2001,
Willmore et al. 2005, Debat and Peronnet 2013) and what factors control variation.
To that end, the consolidation of chaperone proteins is widely believed to be the
mechanistic base of controlling developmental stability during individual growth
(e.g. Smith et al. 2005, Debat et al. 2006, Takahashi et al. 2010, Takahashi et al.
2011). This hypothesis suggests, that production of such proteins could stabilize
the morphology of an organism during growth, reducing developmental instability.
This is achieved by the chaperones mediating the correct folding of vital proteins in
the cell that would otherwise become denaturated due to the effects of a stressor
acting on the organism. While this mechanism might be further complicated by high
degrees of interactions between genes (Breuker et al. 2006, Hayden et al. 2012) or
genes and the environment (Milton et al. 2003, Hannig 2013) it seems to overall offer
a valuable explanatory basis for further research.

On an individual basis, developmental stability is often quantified using the

asymmetry of an organism. For this purpose, three types of asymmetry can be



1.1 Phenotypic plasticity, developmental stability, and the theory of shape
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Figure 1.1 Scheme of the theory of developmental mapping (Klingenberg 2003). Instead of
being directly influenced by the genes, phenotypic traits are developed via developmental
pathways predetermined and on various occasions influenced by one or several genes. These
pathways can interact with each other, so that not all traits within the same module can vary
independently and are biologically integrated. Different modules are widely independent of
each other, but occasionally the same genes control phenotypic traits in different modules.
Environmental factors can further modify developmental pathways within the borders of

variability, leading to phenotypic plasticity. Redrawn and modified after Klingenberg (2008,
fig. 4).

distinguished (compare Graham et al. 1993): (1) directional asymmetry, (2) anti-
symmetry, and (3) fluctuating asymmetry. Directional asymmetry results from a
one-sided or directional trait on the population level being predominantly developed
on one side of the organisms symmetry axis or into one direction, as for instance
the heart of mammals (which is predominantly developed on the left side if the
bilateral axis). Antisymmetry means that a one-sided trait is equally often found
on either side of the organisms symmetry axis or into both directions within the
population. Due to this definition, the same general trait can be displaying either
directional asymmetry or antisymmetry, depending on the species in question. Most
planktonic Foraminifera, for instance, show no preferred coiling direction—and
coiling direction therefore would be antisymmetric in those species—while some
species (e.g. Globigerinoides sacculifer) prefer one coiling direction, so that this trait
shows directional asymmetry in that species (Brummer and Kroon 1988). Fluctuating
asymmetry refers to an instability in morphology induced by the inability to retain a
symmetric growth pattern during ontogeny. This concept in particular was originally
designed for bilateral organisms, but can be adapted to planktonic Foraminifera by
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investigating their chamber-by-chamber growth pattern (compare Manuscript 3).

1.1.1 Selective mechanisms and patterns in morphology within a
population

To leave a discernible imprint within a population, certain trends in individual
morphology have to accumulate within the population over time. Such manifesta-
tions of developmental patterns within a population, may they be morphological or
otherwise, are the consequence of selective patterns that favour certain traits over
others, leading to changes in the distribution of traits over considerably long time
intervals. The two main patterns of selection in this regard that alter the perceived
variation in a population are either stabilizing selection or disruptive selection.
Stabilizing selection (Schmalhauzen 1949, Van Valen 1965) leads to a narrowing of
the reaction norm (i.e. the width of the phenotype distribution curve) of a population
by favouring a mean phenotype over extremal phenotypes in individuals. Stabilizing
selection is often associated with stable environments, but has also been shown to
be resulting from fluctuating selection in a highly unstable environment, where
a mean trait is only of statistical advantage (Pélabon et al. 2010). The concept of
stabilizing selection channels into the idea of canalization (Waddington 1942, Schmal-
hauzen 1949, Wagner et al. 1997), which itself can be separated into environmental
canalization (e.g. Debat and David 2001, Hallgrimsson et al. 2002, Willmore et al.
2005) and genetic canalization (e.g. Kawecki 2000). Environmental canalization is
easily perceived as the reduction of phenotypic plasticity in regard to environmental
influences. It is therefore closely linked to developmental stability, i.e. the ability of
each individual to constrain its growth pattern irrespective of environmental forcing
(Debat and David 2001, Klingenberg 2003). Genetic canalization, on the other hand,
is a reduction in variability of the community by selecting against genes that would
theoretically allow for higher variation. Neither the relationship between environ-
mental and genetic canalization (Hansen 2006), nor the exact mode of selection that
could influence the variability instead of the manifestation of a trait are yet well
understood, however (compare Pélabon et al. 2010, and references therein).
Disruptive selection, in contrast, is the broadening of the reaction norm of the
population (Schmalhauzen 1949, Bull 1987), which often but not always leads to a
bimodal distribution of traits (Doebeli 1996). It is therefore often associated with
decanalization when active over long time scales, although decanalization has also

been found to result from directional selection (Hayden et al. 2012). Such decanal-
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ization can result in bet-hedging (Slatkin 1974, Philippi and Seger 1989), which is
a process that can serve to enhance survivability of a species under unfavourable
environmental conditions. The fitness of the population equals the geometric (in
contrast to arithmetic) mean of the fitness of all individuals. Therefore, a lower but
rather constant fitness of all individuals can result in a higher population mean
fitness than a bimodal fitness distribution with some individuals having much higher
fitness while others have very low fitness. The bet-hedging hypothesis therefore
predicts that under unfavourable, especially variable environmental conditions it
can be a selective advantage to have offspring that has a high variation. In this way,
chances are maximized that at least part of the offspring will be adapted to future
environmental conditions, resulting in a stable, mediocre fitness of all individuals.

Directional selection, in contrast to the two other modes of selection described
before, changes the mode of a population trait from one status to another. By itself,
directional selection does not change the width of the reaction norm, but it can often
lead to decanalization with a result similar to disruptive selection ‘when genotypes
with new phenotypes sweep through a population” (Hayden et al. 2012, p. 1).

Over long enough time intervals, those modes of selection are inherently respons-
ible for evolutionary patterns, with the variability of a population directly influencing
its evolvability (i.e. its potential to evolve, Wagner and Altenberg 1996). While it was
commonly believed that evolution would mainly result from a directional change,
associated with a clear trend in the population mean trait, it recently transpired that
evolution might more often act on a random walk pattern (Hunt 2007, Bookstein
2013). This means, that directional selection may not play as important a role in
evolutionary processes, but that other (more random) means of selection are equally
important to explain evolutionary patterns.

In conclusion, while some of the mechanistics behind phenotypic plasticity are
well understood, there is still a need to establish how environmental stress impacts
the morphology of a population over time. Especially, it needs to be established
to what degree the morphology truly represents the amount of environmental
stress a population was exposed to, and how morphological reactions are linked to
environmental forcing.

To study these questions, it is important to use a representative model system.
Such a model system must allow to track the morphological reactions of a population
to environmental stress/change over ecologically effective timescales. Since such
timescales cannot be simulated in the laboratory, but must rather be based on natural

experiments, a suitable model system must allow to quantify morphological change
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by providing high individual numbers of specimens which allow to draw reliable
conclusions. Calcareous marine microplankton, such as planktonic Foraminifera,
occur in large abundances and show a high fossilisation potential (Kucera 2007).
They thus provide a representative model system to address those questions, and

have therefore been chosen for the studies presented in this thesis.

1.2 Introduction to planktonic Foraminifera

The taxon Foraminifera comprises a taxonomically diverse group of unicellular
eukaryotes, many of which are characterized by the possession of a biomineral-
ized shell!. Their phylogenetic position was uncertain for a long time, and only
relatively recent molecular analyses have revealed their evolutionary relationships
with other protist taxa (Caron et al. 2012). Foraminifera now belong to the taxon
Rhizaria (compare Keeling et al. 2009), within which they form a monophyletic
group branching within the now paraphyletic ‘Radiolaria’ (Sierra et al. 2013). As is
typical for the taxon Rhizaria, the cytoplasm of Foraminifera forms characteristic
flow-structures called rhizopodia (Allen 1964). The taxon can be separated into
benthic and planktonic Foraminifera, which is an artificial subdivision purely on
the basis of their lifestyle. Accordingly, most Foraminifera species have a benthic
lifestyle, but (probably repeated) invasions of the open water column occurred, lead-
ing to a low diverse but numerically large community of planktonic Foraminifera.
The latter group is the focus of this thesis. While benthic Foraminifera comprise
a taxonomically highly diverse group, which originated at least in the Cambrian
and is rather variable concerning their shell mineralogy and ultrastructure (compare
Armstrong and Brasier 2005, and references therein), planktonic Foraminifera are a
lot more homogeneous in both regards.

Planktonic Foraminifera are exclusively marine, and first evidence for an invasion
of the plankton dates to the Early to Middle Jurassic (Hart et al. 2002). Currently, the
taxon contains 47 extant morphospecies belonging to 21 genera (compare Hemleben
et al. 1989, Darling et al. 2006, Darling et al. 2009, Aurahs et al. 2011, Weiner 2014,
Weiner et al. 2015). It is likely that recent planktonic Foraminifera are a polyphyletic
group, which were derived independently from at least two ancestral lineages of
benthic Foraminifera (Darling et al. 1997). Nevertheless, they all share a comparable
shell ultrastructure and morphology. The shells of planktonic Foraminifera are

1Traditionally, the shell of Foraminifera is also called ‘test’.
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composed of calcite, and consist of several chambers that are built in consecutive
order throughout ontogeny. Foraminifera construct new chambers throughout
their entire lifespan, which equals several weeks to a few months in most species
but possibly considerably longer in others (Bé 1977). The shells are perforated by
pores and normally have one or more larger openings which are called apertures.
Through these openings, rhizopodia can protrude outside the shell to interact with
the environment and facilitate the intake of nutrients, while oxygen uptake is mainly
conducted via the pores (Bé 1977, Hemleben et al. 1989, Schiebel and Hemleben
2005). Upon building a new chamber, the old aperture becomes a foramen, which
shell-internally connects older chambers with each other (Hemleben and Bijma
1994, Schiebel and Hemleben 2005). During the formation of new chambers, the
rhizopodia construct a radial cytoplasm network that is then surrounded by a
primary organic membrane which in a consecutive step is calcified to form a new
chamber (Bé et al. 1979) (Fig. 1.2). Several species posses spines on their shell surface,
which are elongated, flexible structures composed of calcite that radially protrude
from the shell.

Figure 1.2 Chamber form-
ation: Radially streaming
rhizopodia form a trans-
lucent bulge (a) where a
primary organic membrane
is secreted (b) and then
calcified (c). Redrawn and
modified after Grell (1973) - Translucent bulge - - - Primary organic membrane
and (Bé et al. 1979). - Rhizopodia

—— Calcified shell wall old/new

On the basis of different features of the shell structure, four different morphogroups
of planktonic Foraminifera can be distinguished, as is shown in Fig. 1.3 (compare
also Hemleben et al. 1989). In the microperforate group (Fig. 1.3a, f), pores are
considerably smaller than 1pm in diameter, and therefore not visible in light mi-
croscopic (LM) observation, where the surface rather appears soft and velvet-like.
In scanning electron microscope (SEM) observations it is evident, that the shell is
perforated by numerous small pores and covered with little pustules, but is lacking
spines.

The other three morphogroups have pores with diameters > 1um and are thus
summarized within the macroperforate group, but can be distinguished on the basis

of presence or absence of spines and shell structure. The spinose (Fig. 1.3d, i) and
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non-spinose (Fig. 1.3c, h) Foraminifera morphogroups both have a bilamellar shell,
where a calcitic layer is secreted on both sides (internal and external) of the primary
organic membrane (Fig. 1.3e). The spinose morphogroup possesses calcitic spines
which reach down to the primary organic membrane, are round in cross-section,
and mainly serve as a floating and prey capture device for the cell. Instead of spines,
pustules are covering the shell surface of the non-spinose morphogroup.

Species of the monolamellar group (Fig. 1.3b, g), as the fourth main morphogroup
of planktonic Foraminifera, do posses both spines and large pores, but are set apart
from the spinose group by their monolamellar shell structure. In this morphogroup,
the shell wall is reinforced by a calcitic layer that only covers the exterior side of the
primary organic membrane, and it is covered with thick but fragile spines, which
are only attached to the shell surface and are triangular in cross-section (Fig. 1.3e).
Phylogenetically all four morphogroups of planktonic Foraminifera seem to be
monophyletic (Pawlowski 2000, Aurahs et al. 2009).

Macroperforate

Microperforate  Monolamellar Non-spinose Spinose

Globigerinita glutinata Hastigerina pelagica Globorotalia scitula Globigerinoides sacculifer
e) . :
spine : pustule
''[ pore 2 ; pore

Figure 1.3 Planktonic Foraminifera are commonly divided into four different morphogroups,
based on their shell structure, as shown here by light microscopic (LM) images of exemplary
species (a—d), schematics of the shell wall (e), and scanning electron microscope (SEM)
close ups (f-i). The primary organic membrane (POM) seals the pores and serves as
calcification seed during chamber formation (e, compare Fig. 1.2). Modified after Schiebel
and Hemleben (2005, fig. 1) and Kucera (2007, fig 2). Additional image sources: G. glutinata,
G. scitula, and G. sacculifer LM images — Workgroup Mikropalaeontology-Palaeoceanography (2013); H. pelagica
LM image — WG Micropalaeontology—Palaeoceanography; H. pelagica SEM close up — B. Hayward, WoRMS, http:
//www.marinespecies.org/photogallery.php?album=772&pic=38545
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1.2 Introduction to planktonic Foraminifera

The abundance and diversity of planktonic Foraminifera is regionally and locally

3 in polar regions

highly variable. Abundances reach from > 1000 specimensm™
during bloom conditions to < 100 specimens m~? in oligotrophic waters (Schiebel
and Hemleben 2005). The diversity follows a standard pattern, with low diversity
and high individual abundances in the polar regions and increasing diversity towards
the equator (Rutherford et al. 1999, Kucera et al. 2005). Despite the fact that only
c.25 per cent of the carbonate primarily produced by planktonic Foraminifera settles
to the ocean floor, they are important marine calcifiers, which contribute between
30 and 80 per cent to the total carbonate budget that is deposited above the calcite
compensation depth in the world oceans (Schiebel 2002).

Planktonic Foraminifera are primarily heterotrophic (Schiebel and Hemleben 2005).
The foraminifer is floating in the water, and food particles that come in contact with
the rhizopodia are transported towards the shell and digested in food vacuoles within
the cell. Non-spinose Foraminifera are largely believed to be herbivorous and/or
suspension feeders, but species of the spinose and monolamellar morphogroup are
normally carnivorous (Schiebel and Hemleben 2005). The spines help to significantly
increase the cross-sectional area of the individual, promoting the chance of prey
to be captured. When a prey organism touches the spines it is immobilized by
the cytoplasm that flows around them and also by the flexible spines which bend
around the prey, forming a weir-like structure. The foraminifer then proceeds by
dissecting the prey via cytoplasm activity and transporting bits of it towards the shell
for digestion (Anderson and Bé 1976). Planktonic Foraminifera are rather flexible
concerning their prey size, which can be much larger than the foraminifer itself, and
are not limited to unicelullar prey organisms—conversely, metazoans like copepods
and nauplius larvae are frequently consumed by larger Foraminifera like Hastigerina
pelagica (Anderson and Bé 1976). While all planktonic Foraminifera are heterotrophic,
some species engage in symbiosis with algae, mainly dinoflagellates (Bé and Hutson
1977, Gast and Caron 1996) and occasionally other taxa like haptophytes (Gast et al.
2000). The symbionts are not inherited from the mother cell, but are gathered from
the open water during the early life of the foraminifer (Hemleben et al. 1989).

Apart from symbiont-bearing species, which are restricted to the photic zone of
the upper water column due to light requirements (Bé and Hutson 1977, Bé et al.
1982), planktonic Foraminifera as a group inhabit a wide depth-habitat. Within
the taxon, however, different species seem to be more or less restricted to, or at
least most abundant in, species-specific depth-ranges (Pujol and Vergnaud Grazzini
1995, Kuroyanagi and Kawahata 2004, Schiebel and Hemleben 2005). It has been
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suggested, however, that the preferred depth habitat of species might change during
ontogeny, resulting from a postulated vertical migration during their life-cycle
(Emiliani 1971, Schiebel and Hemleben 2005). Such a migration pattern could be
enforced by the fact that in contrast to benthic Foraminifera, sexual reproduction
by fusion of two gametes into one zygote is currently the only known mode of
reproduction in planktonic Foraminifera (Hemleben et al. 1989). Resulting from their
low abundance in the world oceans, it is perceivably difficult to ensure the encounter
between two gametes which, despite their ability for active locomotion using two
flagella, must be very limited in their range due to energy constraints of their small
size (Hemleben et al. 1989). Accounting for this problem, both vertical migration
into a very limited depth interval (Emiliani 1971, Schiebel and Hemleben 2005) and
temporal synchronization of reproduction (Spindler et al. 1979) have been invoked
to solve this problem by spatially and temporally maximizing the gamete density
to significantly increase chances for encounter. The empty shell of the mother cell
settles down into the sediment as soon as the gametes have been released. While
individual Foraminifera could potentially die by other causes prematurely, it is
believed that the majority of shells found in the sediment (and sediment traps, for
that matter) are from adult specimens that underwent gametogenesis.

It is remarkable that the size range of planktonic Foraminifera spans a whole
order of magnitude, even when only regarding adult specimens. The taxon includes
species like Berggrenia pumilio or Turborotalita clarkei, which shells are often not much
more than 50 pm in diameter, and Hastigerina digitata or Orbulina universa, which
can reach final sizes of approximately 1 mm (compare Hemleben et al. 1989).

A persistent pattern in planktonic Foraminifera that has been revealed during the
last decades is their commonly high degree of cryptic speciation. Early approaches
of molecular analyses hinged towards the existence of a higher biodiversity of the
group than was commonly believed at the time and could be deduced from mor-
phology alone (e.g. Darling et al. 1997, de Vargas et al. 1999). Subsequent analyses
revealed that many commonly acknowledged morphospecies® within planktonic
Foraminifera actually comprise a few or even several different biospecies® (compare
Darling and Wade 2008), which are partly characterized by differing environmental
requirements (e.g. Darling et al. 2003, Weiner et al. 2012). While more detailed
investigations have shown that some genetic types can indeed be differentiated on

the basis of morphological characteristics that were formerly believed to represent

2Organisms with a similar morphology are combined into one species.
30rganisms which form a reproductive community are combined into one species.
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phenotypic plasticity (Morard et al. 2009, Aurahs et al. 2011, Morard et al. 2011),
other morphospecies still exhibit an unconstrained degree of cryptic diversity (e.g.
Huber et al. 1997, Weiner et al. 2015). Contrasting to this general pattern of cryptic
or pseudo-cryptic (i.e. species are only distinguishable by minor morphological
differences) speciation, the reverse can also exist. For instance, in Globigerinoides
sacculifer it was found that despite the spectrum of morphological plasticity within
the plexus, which resulted in the traditional subdivision into several species, the
whole morphospace is accommodated within a single biological species (André et al.
2013). Morphology and biological systematics in planktonic Foraminifera therefore

seem not to be uniformly related to each other.

1.2.1 Biometric analyses of planktonic Foraminifera

Biometrics is an expansion of morphometrics, that not only covers morphology s.str.
but also other aspects of phenotypical traits like shell calcification. The biology of
planktonic Foraminifera makes this group of marine protists ideally suited for bio-
metric analyses that would be impossible in many other protist groups. Their shell
mineralogy, which is not susceptible to dissolution, together with their relatively
high abundance in the world oceans means that they comprise a rich and represent-
ative record (Kucera 2007). As such, they are readily available in statistically useful
abundances in sedimentary material and recent samples taken with plankton nets or
sediment traps alike. Furthermore, due to their unique shell structure, the whole
ontogenetic growth history is preserved within the shells, allowing to reconstruct
the whole lifespan of each individual cell. While cryptic diversity can be a problem
in such analyses (compare for instance Naik et al. 2013, Thirumalai et al. 2014), using
current knowledge about minor morphological differences and/or distribution pat-
terns of (pseudo-)cryptic species can widely circumvent such problems. Conversely,
in species where such cryptic diversity can be precluded, often a high degree of
morphological disparity can be observed (Caron et al. 1982, Caron et al. 1987, André
et al. 2013), which presumably must then be driven by exogenic factors. In contrast
to what might be expected, relatively few studies to date approached the problem
of the use of biometric analyses in planktonic Foraminifera for reconstructing past
environmental conditions or environmental stress levels. In part, this is likely due to
the fact that environmental research in planktonic Foraminifera mainly focuses on
shell geochemistry and transfer functions (e.g. Erez and Honjo 1981, Spero and Lea
1993, van Eijden and Ganssen 1995, Niebler et al. 1999, Kucera et al. 2005, Siccha
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et al. 2009, Lin et al. 2011), while widely neglecting shell biometry.

Most studies investigating shell morphology focused on the incidence of clearly
abnormal growth forms (i.e. chamber insertions, torsions, and shell excesses) in
benthic Foraminifera (Alve 1995, Geslin et al. 2000, Geslin et al. 2002, Ballent and
Carignano 2008, Debenay et al. 2009). Several possible explanations for those irreg-
ularities have been proposed, including anthropogenic pollution, salinity changes,
and shell regeneration (compare Boltovskoy et al. 1991, Geslin et al. 2000). Such
studies are problematic, because they are dependent on what one considers to be
‘abnormal” and also suffer from the large uncertainty associated with the commonly
low abundances of abnormal morphotypes. Furthermore, it is not always easy to con-
strain the environmental factor that was responsible for the morphological reaction.
While some authors propagate the applicability of such analyses for environmental
pollution-monitoring (Alve 1995, Le Cadre and Debenay 2006, Debenay et al. 2009),
others object that environmental stress due to natural changes like sediment input
can cause comparable signals (Geslin et al. 2002).

Within planktonic Foraminifera, biometric analyses to a large degree have been
focused on shell size and shell calcification. Shell size is often hypothesized to be
linked to optimal growth conditions (i.e. the sum of all environmental factors is
close to the optimum of the species), with a larger mean size of the population
indicating more suitable environmental conditions (Hecht 1976, Malmgren and
Kennett 1978b). This phenotypic trait was subject to some research over the years
(Schmidt et al. 2006), and the hypothesis of a correlation between shell size and
optimal growth conditions has been tested independently by approximating optimal
environmental conditions on the basis of the temperature preferences of individual
species (Schmidt et al. 2004). Other studies, however, found more straightforward
explanations. Haenel (1987), for instance, found that shell size in Orbulina universa is
linked to sea water salinity (seemingly undisturbed by environmental stress levels),
which he interpreted as an adaptation to obtain stable buoyancy in water of different
densities.

Shell calcification in planktonic Foraminifera has been an emerging field of study
from the late 1990s onwards. Starting as a by-product of understanding isotope
incorporation into the shells (Spero et al. 1997, Bijma et al. 1999) it soon emerged
as a research topic in its own right (e.g. Broecker and Clark 2001, Barker and
Elderfield 2002). The idea, inspired by Lohmann (1995), was, that shell calcification
in planktonic Foraminifera should be mainly influenced by the carbonate saturation

state of the sea water. Should this be true, calcification intensities (i.e. the amount of

17



1.3 Motivation and objectives of this work

calcite present in the adult, post-gametogenetic shell) of foraminiferal shells could be
a versatile proxy for past and present saturation states and acidification values of the
oceans. This proxy could in theory be complicated by the presence of gametogenetic
calcite, which is a calcite layer deposited on the shell surface in preparation of
gametogenesis, and thus not part of the ontogenetic shell calcification (Bé 1977,
Hemleben et al. 1989). However, recent studies suggest that the contribution of this
gametogenetic calcite has been drastically overestimated in earlier studies (Hamilton
et al. 2008), and it might therefore not pose a serious problem in that regard. It was
assumed that shell calcification is strongly influenced by carbonate saturation of
the ambient sea water, but that other factors like temperature and productivity also
play an influencing or at least mediating role (for details compare Manuscript 2,
especially Table 5.6). Further, relationships between shell calcification intensity and
environmental factors seem to be species-specific (Table 5.6), and to a degree also
biotically controlled by environmental suitability, widely disentangled from direct
influence by one particular environmental factor (de Villiers 2004, Naik et al. 2013).

More advanced morphometric analyses have only been applied on Foraminifera
on rare occasions, and if so with varying results. A number of studies have found
links between certain—seemingly narrowly restricted—morphological parameters
(e.g. lobateness, porosity) and particular environmental factors like salinity or tem-
perature (Malmgren and Kennett 1976, Baumfalk et al. 1987). Interestingly, some of
these studies suggest that those morphological parameters are exclusively influenced
by the environmental factor itself, without further modification by the environmental
stress reaction which results from changes in that parameter (Malmgren 1984, Baum-
falk et al. 1987). Yet other studies, while further elaborating shell size as being
influenced by environmental factors, did not find any clear results in other morpho-
logical parameters at all (Moller et al. 2013). However, due to the relatively small
effort yet invested in this particular research topic, there are not enough data for any
conclusive interpretations of the influence of the environment on foraminiferal shell

morphology.

1.3 Motivation and objectives of this work

Planktonic Foraminifera are already widely used as environmental proxies in geo-
chemical and transfer function analyses (Guiot and de Vernal 2007, Ravelo and
Hillaire-Marcel 2007). They have proven to be a useful model system in both regards,

owing to their excellent fossilisation potential and relatively high abundance in the
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marine plankton that ensures large sample sizes (Kucera 2007). Biometric analyses,
on the other hand, have been applied relatively scarcely to the foraminiferal record.

Planktonic Foraminifera are ideal candidates for biometric analyses within the
microplankton, because their unique shell growth structure records the entire life
cycle of an individual (Fig. 1.2). This makes it possible to reconstruct influences
that occurred during the ontogenetic development of the specimen. Therefore, it is
worthwhile to enhance our understanding of foraminiferal morphology, to make
it available as an environmental proxy. Especially so, when keeping in mind that
the traditional environmental proxies are also subject to partly uncontrollable error
terms (Ganssen et al. 2011, Telford and Kucera 2013). Additionally, since natural
selection mostly works on the phenotype, understanding phenotypic changes in
response to the environment can increase our understanding of evolution within the
taxon.

While the concept of morphological malformation in response to environmental
stress is relatively well understood (Debat et al. 2006, Takahashi et al. 2011) and
is already widely used in phylogenetically more advanced taxa (e.g. Clarke 1993,
Leung et al. 2000, Hendrickx et al. 2003, Beasley et al. 2013, De Coster et al. 2013,
Séanchez-Chardi et al. 2013), its role in foraminiferal shell formation remains to
be established. Several studies suggest that extreme environmental perturbations,
like near-lethal poisoning, can lead to severe malformations in foraminiferal shells
(e.g. Alve 1991, Sharifi et al. 1991, Coccioni 2000, Burone et al. 2006, Le Cadre and
Debenay 2006, Frontalini et al. 2009), and that comparable malformations are found
in the fossil record (Ballent and Carignano 2008). However, only very few studies
(e.g. Malmgren and Kennett 1976, Malmgren 1984, Moller et al. 2013) have looked
into a more thorough analysis of subtle morphological deviations of the chamber-
by-chamber growth pattern of Foraminifera. While extremely abnormal shells are
immediately obvious, they only occur under extreme conditions that are rarely found
in nature, and are often fatal to the community. Deviations in the small-scale shell
morphology, on the other hand, are not easily detectable, but bear the potential to
occur in varying intensities and manifestations across a wide range of environmental
conditions. Understanding their pattern thus offers the possibility to use the overall
shell morphology in Foraminifera as a versatile environmental proxy that can be
indicative of a variety of environmental changes and environmental stress.

Shell calcification of planktonic Foraminifera is principally the only already widely
applied biometric trait, that has been used to reconstruct parameters of the oceanic
water column. Nevertheless, this proxy still has some limitations. There is wide
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disagreement about the nature of environmental influence on foraminiferal shell
calcification. The ideas of which parameter exactly influences shell calcification in
planktonic Foraminifera range from oceanic CO5%~ contents (e.g. Lohmann 1995,
Barker and Elderfield 2002, de Moel et al. 2009, Marshall et al. 2013) over sea surface
temperature (Manno et al. 2012, Davis et al. 2013) and phosphate content of the
sea water (Aldridge et al. 2012) to a pure biological factor as function of overall
environmental suitability, that is not influenced by any particular environmental
parameter (de Villiers 2004). Further experiments are therefore needed to solve some
of those issues, so that shell calcification can be adopted as a reliable environmental
proxy.

All biometric analyses further suffer from the problem of cryptic speciation
within planktonic Foraminifera. Cryptic species have been shown to occasionally
favour different environments (e.g. Darling et al. 2003) and pseudo-cryptic species
differ in minute morphological characteristics (e.g. Renaud and Schmidt 2003).
Arguably, a biometric deviation observed in any population could therefore also be
the result of changing abundances of several unperceived pseudo-cryptic species
in the population. Likewise, some candidate morphologies amongst planktonic
Foraminifera exist which where conceived to be ecophenotypes of the same species,
while in reality they are different biospecies. Traditionally, those species have been
combined for analyses (e.g. Wang 2000) and it is therefore of great importance to
understand how this artificial pooling disturbs observed patterns.

In order to investigate the impact of environmental change and stress on the
biometry of planktonic Foraminifera the null-hypotheses of the present thesis were
defined as follows:

1. Shell calcification intensity in planktonic Foraminifera is homogeneously influ-
enced by one environmental parameter, and there is no difference in reaction

between different species!

2. Shell morphology in planktonic Foraminifera does not show any deviations
in regard to environmental stress, but is rather robust against environmental

fluctuations!

If Hypothesis 1 would be correct, then this would imply that shell calcification
intensity in planktonic Foraminifera is an unproblematic proxy for exactly one
environmental parameter, completely decoupled from the actual species used for an
analysis. If Hypothesis 1 could be disproven, however, the application of this bio-

metric parameter would be more complicated. Shell calcification intensity could still
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be a versatile proxy to reconstruct past environments, but only if certain precautions
would be taken. First, if shell calcification intensity is influenced by more than one
environmental parameter, it could not be applied to reconstruct past environments
straightforward. Rather, it could only be used as a proxy for one environmental
parameter, if fluctuations in other influencing parameters could be either excluded or
independently quantified. Second, if shell calcification intensity and its relationship
to one or more environmental parameters is not fully comparable between species,
then this means that only species-specific analyses are comparable with each other.
Importantly, this would imply an unreliability of analyses for which it cannot be
excluded that several pseudo-cryptic species were pooled together in the analysis.
If Hypothesis 2 would be true, then shell morphology of planktonic Foraminifera
could not be used as an environmental proxy of any kind. If this hypothesis could
be disproven, then shell morphology could be a versatile proxy to reconstruct
past environments. It would then be necessary, however, to test this proxy for its
dependence on changes in particular environmental factors as well as its dependence
on the species. In this case, the derived Hypothesis 2.1 could be formulated as
‘Shell morphology in planktonic Foraminifera is homogeneously influenced by one
environmental parameter, and there is no difference in reaction between different
species’. The falsification of this hypothesis would have equivalent implications
to the falsification of Hypothesis 1 for shell morphology instead of calcification

intensity.
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2 Material and methods

2.1 Choice of sampling material

Investigating the proposed research questions required sample material that fulfilled
certain requirements. First, the sample material had to the furthest possible extent
limit the problem of cryptic speciation, so that observed trends could be safely inter-
preted as morphological changes instead of species-composition changes. Second,
the material had to be chosen such that observed trends are likely the reaction of
a local community to environmental forcing, instead of the result of migration of
another population with different morphology into the sampling area. For both
aspects, it is beneficial to use material from relatively isolated marginal seas. Their
limited water exchange with the open ocean limits migration of other populations
and cryptic species into the area. To further constrain the problem of cryptic speci-
ation, it is additionally beneficial to use samples from areas were the cryptic diversity
of the investigated species is supposed to be low. Third, using settling foraminiferal
shells instead of life specimens ensures that most specimens investigated are adults,
and the observed trends are not likely to be complicated by ontogenetic patterns.
Fourth, it had to be made sure that the populations were exposed to natural ranges of
environmental change on ecologically effective timescales. Such timescales could not
have been reproduced in the laboratory, but the sedimentary record and trap series
are ideally suited for that purpose. Fifth, to investigate the effect of environmental
change and stress on shell biometry, samples had naturally to be from environments
that were subject to changes during the investigated time interval. In the ideal
case, the environmental forcing was limited to a few factors, while others remained
constant, so that influences of individual factors could be quantified.

In accordance with the above requirements, three sampling locations have been
chosen to allow the assessment of planktonic Foraminifer biometrics under varying
environmental parameters and stress conditions, including material from sediment
cores and sediment trap samples. The environmental setting of the studied samples

will be shortly summarized here, for a more detailed discussion the reader is referred
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to the respective manuscripts included in Part II of this thesis. The position of all

sampling localities is presented in Fig. 2.1.

Sedimentary material was taken from either gravity core M51-3/SL104 or piston
core M5-2/KL09 (aka: Geo-TU/KL09). The core M51-3/SL104 was taken during the
RV Meteor cruise M51 (Hemleben et al. 2003) in the Eastern Mediterranean, and the
studied interval (128.2-124.4ka) covers the Eemian insolation maximum, including
the onset of the Mediterranean Sapropel S5 (Rohling et al. 2002) (Manuscripts 1
and 3). This sapropel occurred during the Eemian as a result of a failing vertical
circulation of the water masses in the Eastern Mediterranean (Rossignol-Strick et al.
1982, Rohling et al. 2000), induced by increasing freshwater influx (Williams et al.
1978). This process resulted in a complex change of environmental parameters in the
Eastern Mediterranean, including dysoxic deep-water layers and reduced salinity
in the upper water column. Resulting from this development, local extinctions
of several planktonic Foraminifera species can be observed in the entire Eastern
Mediterranean at that time (Cane et al. 2002).

Piston core M5-2/KL09 was taken in the Red Sea during RV Meteor cruise M5
(Nellen et al. 1996), and the interval studied in the present work covers the time from
479.7 to 463.1 ka, including the onset of the aplanktonic zone associated with Marine
Isotope Stage 12 (MIS 12) (Fenton et al. 2000) (Manuscript 4). Several aplanktonic
zones occurred in the Red Sea during the Pleistocene, induced by glacio-eustatic
sea-level changes and resulting increases in sea water salinity (Fenton et al. 2000).
Aplanktonic zones are therefore barren of virtually any planktonic life, replicating
the local extinction setup investigated in core M51-3/SL104. But in contrast to the
Mediterranean core, the environmental stressors leading to local extinction in core

M5-2/KL09 can nearly exclusively be limited to salinity increase.

Sediment trap material was taken from the JGOFS trap 53 at station L1/K276
in the northeastern Atlantic Ocean, close to the Azores Front (Manuscript 2). At
this station, a time series of settling planktonic material was sampled between
February 2002 and April 2003, using a sediment trap as described by Kremling
et al. (1996). This time series spans one full year, and thus covers a full seasonality
cycle at that station. This region is characterized by very low variabilities of the
local carbonate saturation state and a high seasonality of temperature, salinity, and
productivity (Ingleby and Huddleston 2007, http://c1imexp.knmi.n1/).
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Figure 2.1 In the present thesis, material from three different sampling sites was used.
Manuscripts 1 and 3 are based on material from gravity core M51-3/SL104 (34.81° N, 27.28°E)
taken in the Pliny Trench southeast of Crete in the Eastern Mediterranean (Hemleben et al.
2003). For Manuscript 2, material from the JGOFS sediment trap 53 at station L1/K276
(¢.33°N, ¢.22°W) in the North Atlantic close to the Azores Front was used, which was
collected during spring 2002 to spring 2003. Manuscript 4 is based on material from
piston core M5-2/KL09 (19.80°N, 38.10°E) from the central Red Sea (Nellen et al. 1996).
Topography based on ETOPO1 data (Amante and Eakins 2009).

2.2 Sample preparation

Material from sediment cores was sampled using a U-channel, i.e. a “U’-shaped
plastic-rail of 1m length and roughly 2cm width. For that, the core was cut in
half and the U-channel was inserted lengthwise into the sediment material of the
working-half of the core. The U-channel was then sealed at the bottom with a
similarly shaped counter-piece as to remove a cuboid-shaped core sample. The core
sample in the U-channel could then be cut into slices using a knife, and the thus
derived samples were freeze-dried and stored for later use. For further processing,
those samples were soaked in tap water and then sieved under flowing tap water
over a 63 pm screen, with the fraction < 63 um having been disposed. The fraction
larger 63 um was dry sieved into the fractions < 150um and > 150 pm, and the

two fractions were stored separately in glass vessels. For the present studies the
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fraction > 150 um was used exclusively in order to only use adult specimens and
thus eliminate the influence of ontogenetic processes.

In order to obtain sediment trap samples, a sediment trap containing a series of
sampling cups that are replaced via rotation in a barrel on a pre-defined schedule,
were fixed on the sea-floor with an anchor-like mooring. Sampling-cups of the
sediment trap had been filled with a solution of four parts in situ sea water and one
part 5 % sodium acide in order to inhibit biological activity and thus degradation in
the sample cups during sampling (Storz et al. 2009). After recovery of the sediment
trap, the sample cups were stored in the dark at approximately 4-6°C for later
analysis and freeze-drying. For analysis of planktonic Foraminifera, the freeze-dried
sample material was soaked in distilled water and wet-sieved under flowing tap
water over a 63 pm screen. The fraction < 63 pm was disposed, while the fraction
> 63 um was dried and later dry-sieved into the fractions 63125 pm, 125-150 pm,
150-250 pm, 250—-400 pm, and > 400 pm. As with the sediment core samples, only
the fraction > 150 pm was used for the present work.

2.3 Choice of species

A total of eight morphospecies of planktonic Foraminifera were used as model
species for the studies presented here. Exemplary images of those species are
shown in Fig. 2.2, and further information are summarized in Table 2.1. From the
spinose planktonic Foraminifera the species Globigerina bulloides (d’Orbigny, 1826),
both Globigerinoides ruber (d’Orbigny, 1839) morphospecies (i.e. G. ruber (white) and
G. ruber (pink)), Globigerinoides elongatus (d’Orbigny, 1826), Globigerinoides sacculifer
(Brady, 1877), and Orbulina universa (d’Orbigny, 1839) were used. From the non-
spinose morphogroup the two species Globorotalia inflata (d’Orbigny, 1839) and
Globorotalia scitula (Brady, 1882) were used.

The species were chosen to fulfil a variety of requirements in the respective studies.
First, it was generally tried to limit the influence of cryptic speciation on the analyses
(compare Sec. 1.2). Only two of the chosen morphospecies (G. ruber (pink) and
G. sacculifer) are supposed to represent only one biospecies, whereas the other six
either comprise several biospecies or have not been investigated concerning their
genetic diversity, yet. The studies have therefore been designed in a way that limits
the potential influence of cryptic speciation in such cases, by choosing sampling
localities such that the community should have been dominated by (if not been
composed exclusively of) a single genotype (Darling and Wade 2008, Morard et al.
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2011). It must be kept in mind, however, that the current knowledge about genetic
diversity in planktonic Foraminifera is far from complete, so that additional yet
undiscovered genetic types could potentially exist, or already known genotypes
could occur in regions where they have not been found yet. In combination with the
potential of migration of genotypes over long time spans, such as thousands of years,
it was not always possible to fully exclude the presence of an unresolved cryptic
diversity in the samples. Those uncertainties have in each case been dealt with as
good as possible, however, and the reader is referred to the individual manuscripts
in Part II of this work for a case-specific discussion of this matter.

For the studies presented in Manuscripts 1-3 it was further important to cover
a wide range of ecologies of the studied species, in order to test whether the
same patterns occur in symbiont-bearing and symbiont-barren species as well as
species inhabiting different depth habitats. Especially in the study for Manuscript 2,
G. bulloides (symbiont-barren, cold-adapted) was chosen as a contrasting species to
the warm-adapted, symbiont-bearing G. ruber (white) which nevertheless inhabits
a comparable depth habitat and was thus subjected to comparable environmental
change. In the same study, G. elongatus was chosen because it was traditionally
considered to be a phenotype of G. ruber and therefore both species were often
pooled for analyses in the past (Wang 2000). Here, it should be explicitly tested what
effect that artificial pooling could have on calcification studies. To achieve those
goals, in the species chosen for Manuscript 2 the requirement for a well-constrained
hidden diversity in the populations studied had to be relaxed.

For the study presented in Manuscript 4, species with comparable environmental
requirements and habitats were explicitly chosen to investigate whether the same
environmental change triggers different reactions under such conditions. This
should help to further unravel to what extend observed morphological changes are

comparable when the inducing factors are as similar as possible.

2.4 Methods for biometric analyses

The biometric analyses conducted for this thesis include measurements of shell
calcification and shell growth patterns. For shell calcification analyses (Manuscripts 1
and 2) foraminiferal shells were cleaned by sonication and weighed either in small
groups (up to ¢.50 specimens) or as single shells in tin weighing boats using a
microbalance with a high precision (d = 0.1pg). Afterwards, the shells were

mounted on glass-slides using double-sided adhesive tape or permanent glue,
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Table 2.1 List of the morphospecies of planktonic Foraminifera used in this thesis, providing
information about their morphogroup, possession of symbionts, approximated depth habitat,
currently known genetic diversity, and manuscripts of the present thesis in which the species
was used. Note that for G. elongatus no studies specifically investigating their depth habitat
exist, but there is good reason to assume that this species prefers slightly deeper and cooler
water masses than G. ruber (e.g. Steinke et al. 2005).

Group Species Symbionts Depth Gen. div. Man.
Globigerina bulloides - 20-300 m! 73 2
Globigerinoides ruber (white) + 20-100m? 4+ 2

o . 1 4

Spinose Globz‘gerz'noz'des ruber (pink) + 20-100m 14 1
Globigerinoides elongatus + 20-100m(?) 4* 2
Globigerinoides sacculifer + 20-50m! 1° 4
Orbulina universa + 20-100 m? 30 1,3, 4

Non- Globorotalia inflata - 20-300 m! 27 1

spinose  Globorotalia scitula — 200-500 m? ? 1,3

1Pujol and Vergnaud Grazzini (1995), 2Schiebel et al. (2002), 3Darling and Wade (2008), *Aurahs et al. (2011),
5André et al. (2013), ®de Vargas et al. (1999), "Morard et al. (2011)

oriented in a standardized position, and photographed under a binocular microscope
in transmitted light with constant magnification per species. From the photographs,
shell size could be approximated by measuring the cross-sectional area of the shell.

Figure 2.2 (on the next page) Scanning electron microscope (SEM) and light microscope (LM)
images of species used in this thesis. 1: Globigerina bulloides as SEM image. 2: Globigerinoides
ruber contains two morphospecies. Globigerinoides ruber (white) is characterized by a white
shell (2a (SEM image), 2b (LM image, live specimen)), whereas Globigerinoides ruber (pink)
shows an orange to red colour of the shell (2c, LM image, live specimen), although this
colouring is often less prominent and restricted to ontogenetically early chambers in fossil
material (2d, LM image). 3: Globigerinoides elongatus with its typically flattened chambers,
here shown as an LM image of a live specimen, was first recognized as a separate phenotype
within the Globigerinoides ruber plexus (Wang 2000), but molecular analyses have shown
that it is a separate biospecies (Aurahs et al. 2011). 4: Orbulina universa shows a very
derived morphology, where an initial trochospiral juvenile shell—which is often visible
in life specimens (4b, LM image) due to the deeply coloured cytoplasm—is overgrown
by a spherical terminal chamber. In the SEM the juvenile shell is only visible when the
terminal chamber is cracked open (4a). 5: Globigerinoides sacculifer (5a, LM image, live
specimen) is known for its high phenotypic plasticity, including forms which built a sac-like
terminal chamber (5b (SEM image), 5¢ (LM image, sedimentary specimen)). 6: Globorotalia
inflata as SEM images from spiral (6a) and umbilical (6b) side. 7: Globorotalia scitula from
spiral side as SEM image (7a), and LM images from sedimentary (7b) and live specimens
(7C). Scale bars equal 100 pm. Image sources: la, 2a, 5b, 6a, 6b, 7a — Hesemann (2009); 2b, 2¢, 3a —
WG Micropalaeontology-Palaeoceanography, MARUM, Bremen; 2d, 4a, 5¢, 7b — M. E. G. Weinkauf; 4b, 5a, 7c —
Workgroup Mikropalaeontology—Palaeoceanography (2013)
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The calcification intensity of individual shells was then calculated as area density in
pgum~—2 (Marshall et al. 2013), by dividing the weight by the cross-sectional area.

For shell morphological analyses (Manuscripts 3 and 4), foraminiferal shells were
mounted on glass slides and photographed as described above. In dependence
of the planned type of analysis either transmitted or reflected light images have
been taken. Morphological parameters have been extracted directly from the images
using image-analysis software. Data extraction was performed semi-automated or
manually depending on the anticipated data and the software capabilities. Especially
in case of manual data gathering, the resulting datasets have been analysed for the
contained error using standard procedures (Yezerinac et al. 1992). Ensuing analyses
with the thus derived data covered the spectrum of traditional morphometrics
and geometric morphometrics. Those included quantification of shell size, shell
roundness, spiral growth pattern, and shell shape descriptors. A detailed explanation
of those methods is beyond the scope of this section. The reader is referred to
the individual manuscripts in Part II of this thesis and the introductory standard
literature (e.g. Bookstein 1991, Hammer and Harper 2006, Claude 2008, Zelditch
et al. 2012).
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3 Results and discussion

3.1 Summary of main results

The main objective of this thesis was a broad assessment of the influence of en-
vironmental factors on shell features of planktonic Foraminifera. It was aimed
at understanding in which way shell biometry in this taxon is influenced by the
environment and potentially induced by stress reactions, so that it would be useful
as an environmental proxy. The analyses conducted can be roughly divided into two
categories, viz. shell calcification and shell morphology. For both topics, the purely
abiotic influence of sea water parameters on the measured phenotypic traits as well
as the biotic component that reflects a reaction of the organism to environmental
stress was investigated.

The first two manuscripts mainly deal with shell calcification, with Manuscript 2
also investigating shell size. In Manuscript 1, four species of planktonic Foraminifera,
two symbiont-bearing and two symbiont-barren, from a Mediterranean sapropel
were analysed concerning their shell calcification intensity. A distinct positive
relationship between shell calcification intensity and stable oxygen isotope values
from shells of G. ruber (white) was discovered amongst all four species. In the unique
setting of the onset of Sapropel S5, the §'%0 values of G. ruber (white) shells represent
the amount of freshwater influx into the Eastern Mediterranean Sea. Therefore, the
observed pattern is mainly driven by salinity, which itself is strongly correlated
with carbonate saturation of the sea water. Results of this study thus imply that
shell calcification in planktonic Foraminifera is indeed tightly linked to the () value
(saturation state with respect to the solids) of the sea water across species of different
habitats and trophic modes. Conversely, no impact of optimum growth conditions
on shell calcification could be observed, under the assumption that optimal growth
conditions are positively correlated to the abundance of the species. Neither a
long-term correlation between species abundance and calcification intensity, nor
short-term excursions of shell calcification in response to terminal environmental

stress levels leading to local extinction could be detected.
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Manuscript 2 presents results of a one-year-long sediment trap series from the
Northeast Atlantic Ocean. This region is marked by a stable carbonate equilibrium
system, so that it allowed to study the influence of parameters other than () on the
shell calcification in planktonic Foraminifera. Here, three species at the edge of their
respective regional distribution were investigated concerning the size-weight scaling
and calcification intensity of their shells. In addition to the symbiont-barren species
G. bulloides, this study included the two symbiont-bearing species G. ruber (white)
and G. elongatus. The latter two species were traditionally considered ecophenotypes
of the same species, and thus their analysis in separation as conducted in this
study allowed an assessment of the potential influence of cryptic speciation on shell
calcification studies. The results of the study implied that the size-weight scaling is
fairly constant per species and widely unrelated to environmental factors, so that
shell calcification studies can provide a reliable environmental proxy that is not
subject to any second-level variation. However, the size-weight scaling is significantly
different between species, so that absolute values of calcification intensity (although
normalized for shell size) are not comparable between species. Both Globigerinoides
species show a correlation of shell calcification intensity with temperature (positive)
and productivity (negative). However, it could be shown that G. ruber (white) and
G. elongatus exhibit different base calcification intensities and show non-parallel
reaction terms in regard to environmental parameters. Furthermore, mixing both
species introduces spurious deviations of their combined size-weight scaling slope.
This implies that non-selective mixtures of cryptic species lead to systematic errors
in shell calcification studies, that more reflect the relative abundances of the species
rather than actual changes in shell calcification. Additionally, it was found that shell
calcification is not correlated with species-abundance in G. ruber (white), that it is
positively correlated with abundances in G. elongatus, and that it shows a negative
correlation in G. bulloides. It must therefore be concluded, that the correlation
between shell calcification intensity and optimum growth conditions in planktonic
Foraminifera is highly species-specific. Furthermore it was found, that shell size
is correlated with temperature and productivity in G. bulloides, but that no species
exhibited a relationship between shell size and optimum growth conditions as
inferred by species abundance.

Manuscripts 3 and 4 present results from morphometric studies. In Manuscript 3
the morphology of two species, the symbiont-bearing O. universa and the symbiont-
barren G. scitula, from samples in the vicinity of Sapropel S5 in the Eastern Medi-

terranean Sea was studied. This period was marked by a variety of environmental
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changes that led to a relatively fast and pronounced change in the habitats of the
foraminifer community. The existence of long-term changes in morphology as
seemingly being the result of either directional or stabilizing selection was observed.
These changes were likely a response to environmental changes in relationship to
the salinity and stratification overturn related to the onset of Sapropel S5. Further-
more, it was shown that unfavourable environmental conditions lead to disruptive
selection, bet-hedging, and increased levels of developmental instability, all of which
are processes that leave a discernible imprint in the morphology of foraminiferal
communities. In both species, the community reached a unique morphological
state in relation to terminal stress levels immediately before the occurrence of local
extinctions.

Manuscript 4 analyses the morphological development of the two symbiont-
bearing species O. universa and G. sacculifer during MIS 12 in the Red Sea, as response
to drastic changes in sea water salinity. The study could show that reaction norms
of morphological parameters are highly species-specific. While disruptive selection
prevailed in O. universa during phases of increasing environmental stress, G. sacculifer
showed trends for canalization under the same framework parameters. Moreover,
only a limited link between shell morphology and environmental parameters as well
as species abundance could be observed. Especially, while the abundance patterns
differ dramatically, the timing of morphological changes in both investigated species
is nearly synchronous. In this regard, it is remarkable that O. universa shows a
first severe drop in abundance to nigh-extinction approximately 6000 yrs before
the onset of the aplanktonic zone, without any evidence for a contemporaneous
morphological deviation of the population. Both observations indicate a strong
relationship between morphology and the environment in those species, that is not
related to optimum growth conditions as they could be approximated by species
abundances.

3.2 Discussion

The studies summarized in this thesis contributed significantly to answering many
open questions in biometric studies of planktonic Foraminifera. As will be detailed
hereafter, it was possible to enhance understanding of yet not fully understood
phenomena, to identify further problems in foraminiferal biometrics, and to unravel
so far unknown processes concerning foraminiferal ecology.

In agreement with several earlier studies (e.g. Lombard et al. 2011, Manno et al.
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2012, Marshall et al. 2013) it could be shown that shell calcification in planktonic Fo-
raminifera seems to be driven by the carbonate saturation state of the sea water. This
relationship appears to apply uniformly throughout species of all morphogroups
and trophic modes (compare Manuscript 1). However, when eliminating the influ-
ence of carbonate saturation, still a large environmental influence on calcification
intensity of foraminiferal shells could be observed (Manuscript 2). It can be assumed
that this influence is always present, and modifies shell calcification reactions even if
carbonate saturation is the main driving factor (Manno et al. 2012).

While the influence of carbonate saturation seems to have the same effect on
all species, other environmental parameters differ species-specific in the direction
of their impact on shell calcification intensity. More troublesome, the effects exer-
cised by some parameters are not even intuitive. While de Villiers (2004) proposed
a universal positive correlation between optimum growth conditions and shell
calcification intensity, the works included in this thesis do not support this idea
(Manuscripts 1 and 2). Theoretically higher calcification intensities would be expec-
ted under more favourable environmental conditions. Since shell calcification is an
energy-consuming process (Spero 1988) it likely participates in a trade-off of energy
allocation within the cell. More suitable environmental conditions should provide
more energy for the cell and consequently also more energy that can be channelled
into calcification, since more energy should be available for the cell under such con-
ditions. Nevertheless, during the deposition of Sapropel S5 (Manuscript 1) neither a
general correlation between shell calcification intensity and species abundance nor
a calcification reaction to terminal stress levels could be observed. Sediment trap
samples from the northeast Atlantic Ocean (Manuscript 2) draw a similar picture,
with no correlation between shell calcification intensity and abundance of G. ruber
(white). While shell calcification and abundance are indeed positively correlated in
G. elongatus in the same samples, a negative correlation between shell calcification
and abundance in G. bulloides could be observed. This replicates results by Aldridge
et al. (2012), making it unlikely to be an exceptional case for that species.

Taking into account that shell sizes in the samples from sediment trap L1/K276
also did not show any correlation with either absolute or relative abundances, it is
questionable whether or not species abundance is a reasonable proxy for optimal
growth conditions at all. This idea is further perpetuated by the complete lack of
morphological changes in O. universa during a first significant drop in abundance
before the onset of the aplanktonic zone in the Red Sea (Manuscript 4). Under the
assumption that population sizes are highly variable at all times (Ludwig 1999),
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it might therefore be complicated to assess environmental suitability by species
abundance alone.

On the other hand it could be shown that cryptic speciation and non-constant
mixing of different biospecies introduces large systematic errors into shell calcific-
ation studies, and probably morphological studies as well (compare Morard et al.
2009, Morard et al. 2011, Weiner et al. 2015). While this influence could be shown
in the case of G. ruber (white)/G. elongatus in the northeast Atlantic, it could not be
controlled for in G. bulloides from the same samples. Therefore, it is possible that the
patterns observed by Aldridge et al. (2012) and in Manuscript 2 are both the result
of such mixing of cryptic species. Nevertheless, even with this possibility in mind,
the problem of cryptic speciation was shown to be severe in biometric studies on
planktonic Foraminifera. Studies that use non-selective mixtures of different species
(e.g. de Moel et al. 2009, Naik et al. 2013) might therefore be highly susceptible
for spurious patterns in their data, leading to misconceptions and complicating
the interpretation of biometric markers. A prominent example for this is the spe-
cies Globorotalia truncatulinoides, where the height-width ratio of the shell had been
suggested as palaeoceanographic proxy for temperature (Healy-Williams and Willi-
ams 1981, Lohmann and Malmgren 1983, Healy-Williams 1983 /84, Healy-Williams
et al. 1985) until it was shown that this morphological difference corresponds to
pseudo-cryptic speciation with distinct distribution patterns of the different bio-
species (de Vargas et al. 2001, Renaud and Schmidt 2003). Another example is the
coiling-direction in Neogloboquadrina pachyderma, which was supposed to represent
a valuable morphometric proxy (e.g. Ericson 1959, Kennett 1968b). Later, molecu-
lar analyses revealed that the old concept of N. pachyderma, on which this proxy
was based, combines two different biospecies (N. pachyderma and N. incompta) with
inherently different coiling-directions (Darling et al. 2006).

The selective patterns in shell morphology documented in this thesis are to a large
degree exceptional considering that few studies have so far assessed morphological
parameters other than shell size and coiling direction in planktonic Foraminifera.
And even for those parameters results obtained by earlier studies are controversial
(compare Table 3.1). On the one hand, morphological reactions seem to vary species-
specifically, and different species can exhibit completely opposite patterns when
exposed to virtually identical environmental conditions (Manuscript 4). Given that
different species occupy different ecological niches that is what one would expect,
especially when reactions are driven by the environmental factors instead of the

stress reaction itself. On the other hand, reactions within the same species seem to be
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rather universal. For example, the negative correlation of shell size with temperature
in G. bulloides has already been observed before (Malmgren and Kennett 1976,
Manuscript 2). Such a reaction would be expected from a species like G. bulloides
that favours lower temperatures, if shell size is correlated with environmental
suitability. Remarkably, all studies inferring optimal growth conditions directly
seem to confirm this view, while only studies where optimal growth conditions
were approximated by abundance data disagree (compare Table 3.1). This is yet
another hint, supported by Manuscripts 2—4, that species abundance is not a reliable
indicator for optimal environmental conditions and should be abandoned for that
purpose in the future.

A comparison of the other morphometric trends reported in this thesis is not
as straightforward. Many of these analyses have rarely or not at all been applied
to planktonic Foraminifera before. The abundance of abnormal morphotypes in
O. universa has been reported to be correlated with environmental stress before
(Caron et al. 1987), but also to be positively correlated with productivity (Robbins
1988). One could argue that increased productivity leads to lower penetration depths
of the light into the water column due to the higher algae density, thus inducing
environmental stress in a symbiont-bearing species like O. universa. But this does not
explain the lack of abnormal morphotypes in the Red Sea samples in Manuscript 4.
It is, however, consistent with the assumption that increased productivity leads to
increases of the abundance of abnormal morphotypes (Robbins 1988), while stress
itself if induced by other environmental parameters does not. This would, however,
contradict results by Caron et al. (1987), where abnormal morphotypes were induced
by salinity changes. It might be that the generally very low abundances of abnormal
morphotypes in the Red Sea dispersed an existing pattern, that therefore could not
be discovered.

Shell roundness in O. universa shows a fairly consistent pattern, indicating unfa-
vourable environmental conditions irrespective of the particular parameter respons-
ible. It normally decreases when stress levels arguably increase (higher productivity
in Manuscript 3, higher salinity in Manuscript 4). In this regard it is interesting, that
at the same time the variation of shell roundness increased in the Red Sea samples
(Manuscript 4) but not the Mediterranean samples (Manuscript 3).
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Table 3.1 Representative summary of results from earlier works investigating the impact of environmental factors on planktonic foraminifer morphology. The majority of the studies deals with shell
size, with only a minority studying other morphological parameters. For shell porosity the review is limited to such studies which at least partly tried to understand the environmental influence on
porosity, disregarding those which solely aim at using porosity differences for species differentiation. For coiling direction only a few selected examples were cited because too many studies exist on
that topic to fit within the framework of this thesis (compare Hemleben et al. 1989) and their results have always been rather comparable.

Symbionts Species Publication Material type Phenotypic trait Temp. Sal. Prod. Optimum growth cond. Other

NA Assemblage Bé (1968) Life Foraminifera Porosity +

NA Hecht (1976) Life Foraminifera Shell size +

NA Kennett (1976) NA Shell size +

NA Schmidt et al. (2003) Fossil sediment Shell size — +

NA Schmidt et al. (2004) Fossil sediment Shell size + + + with stratification

NA S. linaperta MacLeod (1990) Fossil sediment Shape Progenesis with abundance increase and habitat change
NA MacLeod et al. (1990) Fossil sediment Shape Progenesis with abundance increase and habitat change
NA MacLeod et al. (2000) Fossil sediment Shape Progenesis with abundance increase and habitat change
NA MacLeod (1990) Fossil sediment Shell size b

NA MacLeod et al. (1990) Fossil sediment Shell size -b

NA MacLeod et al. (2000) Fossil sediment Shell size —b

+ G. glutinata Naidu and Malmgren (1995) Fossil sediment Shell size + with upwelling

+ Ortiz et al. (1995) Plankton net samples Shell size —

+ G. ruber’ Hecht (1974) Surface sediment Chamber expansion 0 - + with latitude

+ Naidu and Malmgren (1995) Fossil sediment Shell size + with upwelling

+ Ortiz et al. (1995) Plankton net samples Shell size + -

+ Hecht (1974) Surface sediment Shell size variation + -

+ G. ruber (white) This work, Manuscript 2 Sediment trap samples Shell size 0 0 ob

+ G. elongatus This work, Manuscript 2 Sediment trap samples Shell size 0 0 o>

+ N. dutertrei Naidu and Malmgren (1995) Fossil sediment Shell size + with upwelling

+ Ortiz et al. (1995) Plankton net samples Shell size -

+ G. sacculifer Hecht (1974) Surface sediment Chamber expansion 0 0 0 with latitude

+ This work, Manuscript 4 Fossil sediment Antisymmetry of coiling - —b

+ This work, Manuscript 4 Fossil sediment Disparity - +b

+ Hemleben et al. (1987) Laboratory experiments Shell size + +

+ This work, Manuscript 4 Fossil sediment Shell size = +b

+ Hecht (1974) Surface sediment Shell size variation 0 0 0 with latitude

+ This work, Manuscript 4 Fossil sediment Shell size variation + +b disruption with stress

+ O. universa Caron et al. (1987) Laboratory experiments Abnormal morphotypes abundance - + with stress

+ Robbins (1988) Surface sediment Abnormal morphotypes abundance +

+ This work, Manuscript 3 Fossil sediment Abnormal morphotypes abundance -b + with stress, + with sapropel onset
+ This work, Manuscript 4 Fossil sediment Abnormal morphotypes abundance o>

+ Colombo and Cita (1980) Fossil sediment Porosity questionable with climate

+ This work, Manuscript 3 Fossil sediment Shell roundness 0 with stress, — with sapropel onset
+ This work, Manuscript 4 Fossil sediment Shell roundness 0 +b

+ This work, Manuscript 3 Fossil sediment Shell roundness variation 0 with stress, 0 with sapropel onset
+ This work, Manuscript 4 Fossil sediment Shell roundness variation + _b

+ Bé and Duplessy (1976) Fossil sediment Shell size +

+ Bé et al. (1973) Plankton net samples and surface sediment Shell size +

+ Caron et al. (1987) Laboratory experiments Shell size +

+ Colombo and Cita (1980) Fossil sediment Shell size + with climate (lagged)

+ Haenel (1987) Fossil sediment Shell size + -

+ Malmgren and Healy-Williams (1978) Fossil sediment Shell size No clear correlation with palaeoclimate
+ Ortiz et al. (1995) Plankton net samples Shell size —

+ This work, Manuscript 3 Fossil sediment Shell size 0 with stress, 0 with sapropel onset
+ This work, Manuscript 4 Fossil sediment Shell size 0 +b

+ This work, Manuscript 3 Fossil sediment Shell size variation 0 with stress, — with sapropel onset
+ This work, Manuscript 4 Fossil sediment Shell size variation bimodal with stress

- G. bulloides Malmgren and Kennett (1976) Surface sediment Kummerforms -

— Malmgren and Kennett (1976) Surface sediment Shell size - +b

— Malmgren and Kennett (1978b) Fossil sediment Shell size —

— Malmgren and Kennett (1978a) Fossil sediment Shell size -

— Naidu and Malmgren (1995) Fossil sediment Shell size + with upwelling

— Boltovskoy (1973) Life Foraminifera(?) Sinistral coiling —

- Malmgren and Kennett (1976) Surface sediment Sinistral coiling —

- Naidu and Malmgren (1996) Fossil sediment Sinistral coiling +

- This work, Manuscript 2 Sediment trap samples Shell size - + ob

- G. siphonifera/G. calida/G. radians Weiner et al. (2015) Life Foraminifera Porosity Provincialism

— G. scitula Baumfalk et al. (1987) Fossil sediment Chamber lobateness +

— Baumfalk et al. (1987) Fossil sediment Chamber number -

- Vasicek (1953) Fossil sediment Coiling direction selection by environmental factors
- This work, Manuscript 3 Fossil sediment Sinistral coiling ob 0 with stress

- This work, Manuscript 3 Fossil sediment Growth regularity ~b — with stress

— Baumfalk et al. (1987) Fossil sediment Kummerforms + with reproductive stress

- This work, Manuscript 3 Fossil sediment Kummerforms o> 0 with stress

— Baumfalk et al. (1987) Fossil sediment Porosity —

— Itou et al. (2001) Life Foraminifera and sediment trap samples Porosity — with carbonate saturation state
— This work, Manuscript 3 Fossil sediment Shell size o> 0 with stress

- G. truncatulinoides Ericson et al. (1955) Fossil sediment Coiling direction Provincialism, selection by environmental factors
- Lohmann and Malmgren (1983) Surface sediment Degree of conic shape and spiral convexity® +

— Renaud and Schmidt (2003) Fossil sediment Degree of conic shape and spiral convexity?® + pseudo—cryptic species

- Healy-Williams (1983/84) Surface and fossil sediment Degree of conic shape?® — with latitude

- Healy-Williams and Williams (1981) Surface sediment Degree of conic shape® — with latitude

- Healy-Williams et al. (1985) Surface sediment Degree of conic shape? — with latitude

— Kennett (1968a) Surface sediment Lateral shell compression® —

- Takayanagi et al. (1968) NA Lateral shell compression® -

- Kennett (1969) Surface sediment Sinistral coiling —

- N. incompta Moller et al. (2013) Surface sediment Shell size +

— Ortiz et al. (1995) Plankton net samples Shell size 0

- N. pachyderma Moller et al. (2013) Surface sediment Chamber lobateness 0

— Moller et al. (2013) Surface sediment Shell roundness 0

— Moller et al. (2013) Surface sediment Shell size -

- N. pachyderma™ Kennett (1968b) Surface sediment Chamber number highest in intermediate latitutudes
- Dow (1977) Fossil sediment Porosity +

Kennett (1968b)

Surface sediment

Shell thickness

—towards north







3 Results and discussion

While this could be the result of different forcing of the stress reaction, another
explanation is also perceivable. The shell size and shell roundness could be shown to
correlate significantly in the Red Sea O. universa specimens, mirroring the bimodality
observed in the shell size data alone. This bimodality could also be responsible for
the observed increase in roundness variance, and could be explained in two ways.
Either, there is a threshold size below which the terminal chamber in O. universa
cannot be built nearly spherical due to geometrical limitations enforced by the
juvenile shell which has to fit within the sphere. This explanation is supported by
the fact, that the smallest specimens from the Red Sea (Fig. 7.4) are much smaller than
those from the Mediterranean (Fig. 6.5), and that the subgroup with lower variation
in the Red Sea corresponds well to the specimens observed in the Mediterranean
(Fig. 7.10). Alternatively, the two sub-populations encountered in the Red Sea could
represent two different biospecies. While at present in both the Mediterranean Sea
and the Red Sea only one biospecies of O. universa is known to occur (Darling and
Wade 2008) this does not exclude the possibility that other species were present
in the past. If this hypothesis should be true, it would be the first instance that
O. universa pseudo-cryptic species can be differentiated by other means than porosity
and shell thickness (Morard et al. 2009). However, the increasing abundance over
time of the morphotype which would then have to be the invader species makes
this unlikely. If another species from the open-marine Indian Ocean would have
invaded the Red Sea at that time it is imperceivable that it would have been better
adapted to the persistently very high salinity levels during this phase. A purely
morphological reaction within a homogeneous community is thus the much more
likely explanation for observed roundness changes in the O. universa community.

Of special interest are the developmental patterns that can be observed across
species, and that are seemingly worthwhile candidates for further research. A
variety of selective patterns could be observed in different species when exposed to
environmental stress, which most interestingly tend to vary between species under
the same conditions although their environmental requirements are comparable.
While canalization seems to dominate the G. sacculifer community from MIS 12 in the
Red Sea when salinity increases, at the same time O. universa exhibits decanalization
(Manuscript 4). Comparably, the same environmental change that leads to bet-
hedging (and thus increase in variance) in G. scitula also yields canalization of shell
size in O. universa (Manuscript 3). It is reasonable to assume different modes of
selection in species with varying environmental preferences occupying different
niches, when exposed to the same kind of environmental change. Nevertheless, at
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3.2 Discussion

Table 3.2 Summary of apparent relationships between biometric and environmental para-
meters, as inferred from studies included in this thesis.

Species Biometric parameter Indication

G. ruber (white) Calcification intensity Temperature

G. ruber (pink)  Calcification intensity Carbonate saturation

G. elongatus Calcification intensity Temperature, optimal environ-

ment

G. sacculifer Sacculifer-morphotype Favourable environment
Antisymmetry Environmental stress/salinity
Canalization Environmental stress/salinity

O. universa Calcification intensity Carbonate saturation
Incidence of abnormal mor- Productivity/terminal
photypes stress(?)
Shell size variation Vertical circulation(?)
Shell roundness Environmental stress

G. bulloides Calcification intensity Optimal environment (neg.)
Shell size Temperature, productivity

G. scitula Calcification intensity Carbonate saturation
Growth irregularity Terminal Stress

G. inflata Calcification intensity Carbonate saturation

least part of the observed trends, e.g. disruptive selection in shell size in O. universa,
seem to be linked to particular environmental changes, for instance salinity changes.
A summary of all biometric parameters inferred from the studies included in this
thesis is shown in Table 3.2.

Most remarkably, regardless of the exact kind of reaction actually shown, several
communities exposed to terminal stress levels leading to extinction showed promin-
ent morphological changes in association with raising levels of environmental stress.
Such reactions, ranging from disruptive selection and bet-hedging to stabilizing
selection and canalization occurred in some way in all species investigated in the
manuscripts comprising this thesis. We can therefore assume that such patterns,
leading to a unique state of the population morphology, can be used to deduce
stress levels and to predict future extinctions. Admittedly, the type of reaction
differs not only between species, but also between different populations of the same
morphospecies, as evidenced by O. universa from the Mediterranean Sea and Red
Sea (Manuscripts 3 and 4). Further elaboration is needed to fully understand those
selective patterns in planktonic Foraminifera and to make them broadly applicable
as proxy for environmental reconstructions and monitoring in recent environments.
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3 Results and discussion

Once those patterns are better understood, we can use them as an alternative to
population dynamics (which suffer from the naturally large variability of population
sizes, compare discussion above) to predict extinctions and to better understand
evolutionary and selective patterns that lead to (regional) extinctions of planktonic
Foraminifera.

In conclusion this work could show that many biometric patterns in planktonic
Foraminifera are mainly influenced by environmental parameters. Some of those
relationships have already been described before and could be confirmed here, while
other previously postulated relationships cannot be supported by the present work.

The effect of cryptic speciation and a hidden diversity in planktonic Foraminifera
must be considered with great caution in biometric studies. There have been
examples in the past were promising environmental proxies turned out to be the
result of misconceptions concerning the hidden diversity within a morphospecies.
Within this thesis, some more examples of such pitfalls could be discovered, so that
they can be hopefully avoided in the future. Nevertheless, there are more potential
candidates for such problems, and some uncertainties concerning the interpretation
of observed patterns can also be found within the present work.

The work could show that a variety of biometric markers exist that can be used to
reconstruct past environmental conditions, assess levels of environmental stress a
community was exposed to, and even predict impending extinctions. It could be
shown that many of the selective patterns that govern evolution in multicellular
animals can already be observed in planktonic Foraminifera, and that they likely
also had an influence on the evolvability of that taxon. This thesis, however, also
serves as an example that the situation in planktonic Foraminifera is equally difficult
to that in many other taxa that have yet been extensively studied biometrically, and
that much more work is needed to unravel the mechanisms behind those patterns.

3.2.1 Future prospects

The results of several previous studies and also from this thesis indicate a large
potential for biometric analyses on planktonic Foraminifera. Alas, except for stud-
ies concerning size and coiling direction not much effort was put into that field,
especially during recent years. For instance, only approximately one shell calcific-
ation study per year has yet been published worldwide, although several studies
have shown the value of foraminiferal shell calcification as environmental proxy.

For morphometric studies this value is even lower when disregarding studies that
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exclusively focus on shell size or coiling direction (Table 3.1).

Many studies have shown, that certain biometric parameters are valuable envir-
onmental proxies (e.g. Malmgren and Kennett 1976, Baumfalk et al. 1987, Moller
et al. 2013, Manuscripts in this thesis), but more studies are needed to unravel
their full potential. Particularly, there is need to (1) further investigate the effect
of environmental factors other than CO,>" in mediating shell calcification, (2) in-
vestigate further species under comparable conditions to gain more insights into
species-specific biometric reactions, and (3) consolidate our knowledge about the
role environmental change and stress plays in biometric reactions and how these
reactions are different in dependence of the stressor. If these goals can be achieved,
it is perceivable that with time and further research, biometric proxies could poten-
tially aid in judging the applicability of other analyses (such as isotope analyses)
on particular samples, or replace more traditional proxies in situations where they
are not useful for the samples in question (e.g. because of contamination of isotopic
signals or selective dissolution which prevents the use of transfer functions).

Furthermore, our understanding of phenotypic plasticity and factors that influence
selection on phenotypic traits (e.g. Wagner 1996, Debat and David 2001, Klingenberg
2003) as well as our ability to analyse morphology (compare Adams et al. 2004)
have significantly increased during the past decades, calling for a resurrection of
morphometric studies on planktonic Foraminifera for phylogenetic studies. The
field of molecular biology on Foraminifera has made large advances during the
last decades (e.g. Pawlowski 2000), but while the taxonomy of extant species is
nearly unravelled meanwhile, their phylogenetic pathways are partly still in question.
Building on traditional models for speciation in the plankton (Norris 2000), biometric
analyses in combination with molecular biology are potentially very useful in further
elucidating how species of planktonic Foraminifera evolve.

This thesis tried to ascertain yet another part of the mechanism behind shell
biometry in planktonic Foraminifera, and to further our understanding of the
imprint environmental stress leaves in the growth pattern and shell symmetry of
planktonic Foraminifera. It thus stands in line with many studies that have done so

in the past, hopefully lending some ideas to like-minded approaches in the future.
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Abstract. Planktonic Foraminifera are important marine cal- in surface-dwelling species, but all species calcified more
cifiers, and the ongoing change in the oceanic carbon sysstrongly prior to the sapropel deposition and less strongly
tem makes it essential to understand the influence of enviwithin the sapropel than at similar conditions during the
ronmental factors on the biomineralization of their shells. present-day. These results indicate that the high-salinity en-
The amount of calcite deposited by planktonic Foraminiferavironment of the glacial Mediterranean Sea prior to sapro-
during calcification has been hypothesized to reflect a rang@el deposition induced a more intense calcification, whereas
of environmental factors. However, it has never been asthe freshwater injection to the surface waters associated with
sessed whether their calcification only passively responds t@apropel deposition inhibited calcification. The results are ro-
the conditions of the ambient seawater or whether it reflectdust to changes in carbonate preservation and collectively
changes in resource allocation due to physiological stress. Tanply that changes in normalized shell weight in planktonic
disentangle these two end-member scenarios, an experimekbraminifera should reflect mainly abiotic forcing.

is required where the two processes are separated. A natural
analogue to such an experiment occurred during the depo-

sition of the Mediterranean sapropels, where large changes

in surface water composition and stratification at the onset _

of the sapropel deposition were decoupled from local ex-1 Introduction

tinctions of planktonic Foraminifera species. We took ad-

vantage of this natural experiment and investigated the reaclne amount of calcite present in a planktonic foraminifer
tion of calcification intensity, expressed as mean area densitghell at a certain time in relation to its size, hereafter re-
(MAD), of four species of planktonic Foraminifera to chang- ferred to as calcification intensity, has been suggested to re-
ing conditions during the onset of Sapropel S5 (126—121 ka)lect various physical and chemical properties of the ambi-
in a sediment core from the Levantine Basin. We observec®nt seawater that affect the inorganic precipitation of cal-
a significant relationship between MAD and surface wa-Cite. In contrast to calcification rate, calcification intensity
ter properties, as reflected by stable isotopes in the calcitéS here used as a measure of calcification independent of
of Foraminifera shells, but we failed to observe any re-the time over which the calcification took place. Decreased
action of calcification intensity on ecological stress during Shell weight of Foraminifera has been interpreted as result-
times of decreasing abundance culminating in local extincAng from ocean acidification and decreased;C@ontent of
tion. The reaction of calcification intensity to surface water the seawaterLohmann 1995 Broecker and Clark2003.

perturbation at the onset of the sapropel was observed onlyherefore, in theory, a reaction of the calcification inten-
sity of Foraminifera on ocean acidification resulting from
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anthropogenic atmospheric GOcould severely influence mains to be established whether calcification intensity simply
the oceanic carbon cycle. tracks the conditions of the ambient seawater or whether it
On geological timescales a relationship betweenreflects a physiological stress reaction of the organism at an
Foraminifera calcification and the ocean carbonate sysappropriate ecological timescale.
tem has been reported iGlobigerina bulloides from Therefore, prior to further work attempting to isolate abi-
a sediment core record in the North Atlantic Barker and  otic factors responsible for differences in calcification inten-
Elderfield (2002. The existence of a relationship between sity in planktonic Foraminifera, the effect of environmental
carbonate ion concentration and calcification intensity hasstress on this process has to be characterized. Environmental
been confirmed in laboratory culturing studi@sjiha et al, stress is here defined as the sum of physical, chemical, and
1999 Lombard et al.2010. Similarly, observations of shell  biological factors influencing the productivity of a species.
thinning of planktonic Foraminifera in the Arabian Sea Provided growth and calcification are linked by a trade-off in
and Southern Ocean have been interpreted as a reaction ofsource allocation, then if environmental stress affects the
these organisms to anthropogenic carbon sequestration iproductivity of a species, it could conceivably play a role for
the oceande Moel et al.2009 Moy et al, 2009. However, its calcification. Whereas it is difficult to disentangle indi-
a subsequent study of plankton material from the Arabianvidual aspects of environmental stress, its net result is easily
Sea byBeer et al.(20100 revealed that the relationship quantifiable in terms of changes in the biomass of the studied
between calcification intensity and carbonate ion concenspecies or population. This quantity is indirectly preserved
tration is not straightforward and may be species-specificjn the fossil record, making it possible, in principle, to quan-
whereadAldridge et al.(2012 identified phosphate concen- tify how fossil populations were affected by stress. What is
tration as the strongest determinant of calcification intensitymore, unlike the present-day situation, the fossil record al-
in G. bulloides from North Atlantic plankton samples. lows investigating the effects of environmental stress result-
Marshall et al(2013 suggested the cjo content of the ing in a range of a priori known outcomes for the stressed
seawater to be the main influential factor on the calcificationpopulation, including its total demise.
intensity of Globigerinoides ruberand Globigerinoides The amount of calcite preserved in fossil Foraminifera can
sacculifer on the basis of trap samples from the Cariaco be strongly influenced by post-mortem diagenetic processes.
Basin (Venezuela). However, since temperature was useth order to circumvent this complication, the optimal set-
to calculate the C@ values, the two variables were not ting to study calcification in the fossil record should be such
independent. For this reason, the authors could not excludeshere oversaturation of the entire water column with respect
the possibility that ambient temperature played an importanto carbonate can be demonstrated throughout the target time
role in mediating this relationship. All three studies provided interval. The Eastern Mediterranean Sea is separated from
evidence against the hypothesis @g Villiers (2004, that  the Western Mediterranean by the Sicilian Sill and Malta Sill
calcification intensity reflects optimum growth conditions, (Wust 1961). Due to high evaporation rates in summer, sur-
whereasManno et al.(2012 showed that ambient tempera- face ocean salinities can reach values larger than 39 %o in the
ture modulates the effect of changes in carbonate chemistrgastern Levantine Basil\iist 1961), making the water col-
on calcification in ArctidNeogloboquadrina pachyderma umn highly oversaturated with respect to calctelineider
Fundamentally, factors which are likely to control cal- et al, 2007).
cification intensity in planktonic Foraminifera depend on In addition, the Eastern Mediterranean is strongly influ-
the degree to which the biomineralization process is cou-enced both by changes in monsoon intensity that alter fresh-
pled to physiological processes in the cell. Studies searchwater input via the Nile, and changes in mid/high latitude
ing for candidate environmental factors affecting calcifica- climate patterns. Due to its small size and high sensitivity
tion assume that the biomineralization mimics inorganic pre-to hydrological processes, the basin amplifies environmental
cipitation. However, it is possible that biomineralization in response to climate changedhling et al, 2002 2009, and
Foraminifera could participate in a trade-off in the allocation therefore offers an excellent opportunity to study the reaction
of resources between biomass and biomineral. The existenaaf indigenous marine organisms on stress.
of such trade-off is implied by the hypothesisd# Villiers Here we take advantage of the unique environmen-
(2004, which suggests that populations inhabiting environ-tal setting of the Eastern Mediterranean to study the re-
ments, where all environmental parameters are close to theponse of calcification intensity in four species of planktonic
optimum of a species, are characterized not only by peakforaminifera to the environmental perturbation that led to
productivity but also by highest calcification intensities in the deposition of Sapropel SR@hling et al, 2002. The
that species. This is consistent with the observation that sizenvironmental change associated with this perturbation in-
in planktonic Foraminifera reflects optimum growth condi- duced a sequence of local extinctions and re-colonizations by
tions (Schmidt et al.2004). Considering the seemingly con- planktonic Foraminifera species that can be tracked through-
tradictory results of existing studies on calcification intensity out the whole Eastern Mediterranea@afie et al. 2002
in planktonic Foraminifera, it appears that the process shouldqFig. 1). The sapropel deposition reflects an abrupt environ-
be considered at a more fundamental level. Specifically, it reimental change leading to enhanced surface stratification and

Biogeosciences, 10, 6636655 2013 www.biogeosciences.net/10/6639/2013/
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Fig. 1. Position of core M51-3/SL104 (red) in the Pliny Trench about 100 km east-southeast of Crete, as well as the position of the four other
main cores (black), where the local extinction sequence of planktonic foraminifer species across Sapropel S5 has been &Staigdished (
etal, 2002.

stagnation of the water columR@ssignol-Strick et 811982 extinction events) is known, since the events took place in
Rossignol-Strick 1983 Myers et al, 1998 Rohling et al, the past, whereas in recent environments the ultimate impact
2000. 1t is reflected in a drop in oxygen and carbon sta- of the stressor on the community (e.g. adaptation, extinction)
ble isotope values of planktonic Foraminifera at the onsetis unknown. Those advantages, however, come at the cost of
of sapropel deposition, recording enhanced freshwater disnot being able to exactly constrain the main stressor(s).
charge from Africa \Villiams et al, 1978.
Our hypothesis is that there are two possible modes of re-
action of Foraminifera calcification intensity to the events 2 Material and methods
surrounding the onset of Sapropel S5 deposition: (a) long-
term ecological-scale reactions, due to the persistent envi2.1 Choice of species
ronmental change associated with the onset of the sapro-
pel, and (b) short-term physiological-scale effects, associateth order to characterize the reaction of calcification inten-
with the terminal environmental stress leading to local ex-sity across a spectrum of ecological preferences, habitats,
tinction of the species. Point (a) can be further divided intoand multiple extinction events, four species of planktonic
the hypotheses that there is either an influence (al) of thé&oraminifera were selected in this stu@jobigerinoides ru-
environmental change itself (abiotic) or (a2) of the environ- ber (pink) is a symbiont-bearing species and a strict shallow
mental stress associated with such a change (biotic) on thdweller with a main depth habitat at present of about 20 m
calcification intensity of planktonic Foraminifera. in the Eastern Mediterranea®jol and Vergnaud Grazz-
Using palaeontological data extracted from the sedimenini, 1995. The same depth habitat has been inferred for
record, instead of samples taken in recent environments cthis species byRohling et al.(2004 during the deposition
laboratory cultures, allows us to observe the reaction of natof Sapropel S5Aurahs et al.(2011) have shown that at
ural communities that were exposed to natural levels of enpresentGlobigerinoides rubefpink) represents a single ge-
vironmental stress over genuine ecological timescales. Furnetic type of theGlobigerinoides rubes. str. group. Thus the
thermore the outcome of the environmental stress (i.e. locatlerived weight data are unlikely to be influenced by changes
in species ecology or by the presence of multiple cryptic

www.biogeosciences.net/10/6639/2013/ Biogeosciences, 10, G585-2013
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species with different calcification behaviour. This species2.2 Sample processing and environmental data

appears in the Eastern Mediterranean shortly before the on-

set of Sapropel S5 deposition and remains in the basin at loviror this study a portion of gravity core M51-3/SL104
relative abundances throughout the sapropel inte®@ahé¢  (Hemleben et al.2003, taken in the Pliny Trench south-

et al, 2002. east of Crete in the Eastern Mediterranean Sea, was used
In order to observe a reaction in a shallow dwelling (Fig. 1). This core contains an exceptionally thick and well-
symbiont-bearing species to ecological str&dulina uni- preserved Sapropel S5, which is considered to have been

versawas chosen, because this species exhibits two local exdeposited shortly after the Eemian Insolation Maximum
tinctions across the studied interval of which at least one is(c. 126—121 ka) Nloller et al, 2012. Using a combination
observed basin-wideC@ane et al.2002. This species has at of event-based stratigraphy followinGane et al.(2002
present a shallow dwelling depth of 20-100 m in the Mediter-with layer counting in the laminated part of the S5 sapro-
ranean Pujol and Vergnaud Grazzinl995, and Rohling pel, Moller (2012 showed that the major part of the stud-
et al.(2004) interpret isotopic signatures in this species as in-ied section at the onset of Sapropel S5 in the studied core
dicative of growth in the summer mixed layer during Sapro- recorded an even sedimentation rate of about 4.8 crikyr
pel S5. UnlikeG. ruber (pink), Orbulina universashows  An abrupt change in the sedimentation rate occurred at
a higher degree of cryptic speciation with several known437.2cm (Fig.2). This age model is adopted in this study,
genotypes. Thus, although until now only one genotype ofbut for our purposes, the absolute dating is left out, and we
O. universahas been reported in the Mediterranede Yar-  report ages relative to the onset of the sapropel.
gas et al.1999, it cannot be excluded that the derived calci-  Across the studied interval, the core was sampled in three-
fication intensities during the Sapropel S5 were affected bymillimetre intervals, which yields a sample resolution of
genetic diversity. about 60-70yr in the majority of that section and approx-
In order to extend the observations to deep dwellingimately 11yr in the topmost 6 cm. Samples were washed
species and replicate a response of a species to local exver a 63 um screen and dry-sieved, and only the fractions
tinctions, the specie§loborotalia inflataand Globorotalia > 150 um were used for this study. For this study, 70 sam-
scitulahave also been studied. Both species show a promiples from a section of the core have been selected to cover
nent local extinction at the onset of the Sapropel S5 deposithe onset of Sapropel S5, as well as local extinctions of the
tion (Cane et al.2002. Globorotalia inflatais an asymbiotic ~ studied species within the early part of the sapropel inter-
species dwelling slightly deeper th&h universa Though  val (Fig.2). Specimens for weight analysis have been picked
its main habitat lies above 100m, it can be found alive atfrom representative aliquots of the sample. In the majority of
depths up to 700 mRujol and Vergnaud Grazzinil995 the cases, the entire sample has been used (Table S1).
van Raden et gl.201)). It has been interpreted to dwell A total of 2025 specimens dD. universawere picked
primarily within the winter mixed layer during the deposi- from samples 1-70 (455.5-434.8cm). This interval covers
tion of Sapropel S5Kohling et al, 2004. The entire North-  two local extinctions of the species, one in sample 44, af-
ern Hemisphere population of this species appears to reprder which the community was rapidly re-established, and one
sent a single genetic typ&prard et al, 2011). In contrast, in sample 70, after which the species was absent from the
the asymbioticG. scitulais considered as a deep dwelling sediment record for at least 240 yr. Gf scitulal1290 spec-
species. It is rare in the Mediterranean Sea at pregenol  imens were picked from samples 1-29 (455.5-447.1cm),
and Vergnaud Grazzirfil 995 recorded peak abundances of covering an interval until the prominent local extinction from
only 9 specimens/1000%of filtered seawater) but analyses sample 29 to 30, after which the species is absent in the
in the Atlantic Ocean show th&. scitulais most abundant core for at least 360 yGloborotalia inflatashows a promi-
between 200 and 500 m water depth in the Azores regioment local extinction after sample 31, after which the species
(Schiebel et a).2002. Rohling et al.(2004 reconstructed remained virtually absent for the remainder of the sapro-
a dwelling depth corresponding to the intermediate waters irpel. From that interval (455.5—446.5 cm) 4129 specimens of
the Mediterranean, below the summer thermocline, for theG. inflatawere picked for analyses. A total of 243 specimens
time interval during which Sapropel S5 was deposited. Theof G. ruber (pink) were picked from a narrow size fraction
genetic diversity irG. scitulahas not been studied, yet. of 180-212 um from samples 23-59 (448.9-438.1 cm), after
By including the four species in the analysis, our data setthe species re-invaded the Eastern Mediterranean.
can be expected to record the reaction of calcification in- The transition from sample 29 to 30 (446.95 cm) marks the
tensity on both the environmental and biotic forcing acrossonset of the sapropel, th. scitulabecame extinct shortly
multiple species and timescales of centuries to thousands diefore the onset of the sapropel aBdinflataimmediately
years. afterwards, wherea®. universasurvived for about 4000 yr
after onset of the sapropel (with the exception of sample 44)
and G. ruber (pink) is hardly present before the sapropel
onset at all. Relative abundances of the species were deter-
mined from assemblage counts, using 12.5-100 per cent of
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Fig. 2. Abundances of the investigated species of planktonic Foraminifera across the onset of Sapropel S5 in core M51-3/SL104, expressec
as accumulation rates (blue bars) and relative abundances (red lines). Bioevents that have been used in this study are highlighted witt
arrows. Labelled arrows refer to bioevents (local extinctio®ofiniversaandG. inflatg and occurrence d&. ruber (pink) in “detectable
quantities”), that have been used Ggne et al(2002 Table 2) to construct the Eastern Mediterranean biostratigraphy for Sapropel S5. The
grey shaded area represents the extent of the sapropel. A core photograph is provided for comparison. Ages are given in years relative tt
sapropel onset. Note th@. universashows no local extinction at 435.7 cm, it only occurs in such small abundances that it was not detected
in the split used for abundance reconstructions.

the sample volume (divided with a microsplitter, Table S1); fraction was used. All those fractions were chosen as to fall
these counts were used to determine absolute abundances, &#to the peak abundance size of the respective species as best
suming constant sample volume. The relative abundances ams was possible. The thus selected specimens were cleaned
considered a proxy for the reproductive success of a specidsy sonication and dried in a compartment dryer. After dry-
relative to the other species in the planktonic Foraminiferaing, specimens were transferred into microslides and left to
community, and thus provide information about the compet-equilibrate with air moisture for at least 24 h. The speci-
itiveness of the species. The absolute abundances could baens were subsequently picked with a needle, discarding
recalculated to accumulation rates (specimendyn1) on all damaged individuals and specimens which showed re-
the basis of the age model, generating a proxy for speciesains of sediment filling. This process yielded 239 speci-
productivity, and thus represent a measure of absolute repranens ofO. universa743 specimens db. scitulg 462 speci-
ductive success of a species. mens ofG. inflata and 166 specimens &. ruber(pink) that

For the reconstruction of the hydrological regime, oxygenwere suitable for weighing. For the weighing process sev-
and carbon stable isotope ratios (VPDB standard) were meaeral shells were placed together in a tin weighing boat and
sured in specimens d@blobigerinoides rubel(white) taken  weighed together repeatedly (10-20 times). Followiegr

from the narrow size fraction of 250-315 pum. et al. (20103 we aimed to weigh at least six specimens of
_ Orbulina universaand ten specimens @loborotalia scit-
2.3 Areadensity ula, Globorotalia inflatg andGlobigerinoides rubeKpink),

] ] _respectively, per sample. After weighing, specimens were
The mean area density (MAD) was determined by weigh-mounted on glass slides, using double-sided adhesive tape,
ing the shells using a Mettler Toledo UMX 2 microbalance, photographed with a Leica Z16 stereomicroscope, and their
and a Sartorius SE 2 f@. ruber (pink) (accuracy 0.1pg for - cross-sectional area was measured using either the Image-
both scales), following procedures for determining the size-p;® pjus v. 6.0 softwareMedia Cybernetics, Inc2008 or
normalized weight measurements suggestedegr et al. 3y, 1.47 Schindelin et al.2012. For each of the weighed
(20109 andMarshall et al(2013. Shells for weighing were  samples, the mean area density (MAD) was determined as
selected by first narrowing the possible size distribution ofihe mean measured weight, divided by the number of speci-

specimens by means of sieving. Faruniversahe fraction  mens weighed, normalized for the mean size of the weighed
425-500 pm, forG. scitulaand G.inflata the 150—200 pm

size-fraction, and fofs. ruber (pink) the 180-212 um size-
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specimens (EdL). a bar hereafter, as opposed to the unmarked statistics of the
original measurement values.
MAD — W/n ) Orbulina universais known to consist of multiple cryp-
s tic species, so the observed signal could in principle be in-

fluenced by a non-constant mixing ratio of different geno-
whereW is the total weight of all specimensweighed to-  typesin the samples. To test for that possibility, specimens of
gether ands is the mean cross-sectional area of those speciO. universarom four selected depths were weighed individ-
mens. ually in tin weighing boats (weighing was repeated six times
Normalizing the weights for the cross-sectional area po-per specimen, and then the mean value was calculated), and
tentially introduces a certain error, because shell weight issimilar to the calculation of the MAD the obtained weight
primarily dependent on shell volume. However, assumingwas then normalized for the size (cross-sectional area) of
that the form of specimens of the same species remains sinthat specimen. This provided data sets with several values
ilar, the resulting error can be considered very small, sinceper depth level. Should any observed signal be the result
shell volume and its cross-sectional area (assuming the sanw a changing genotype composition in the assemblage, we
viewpoint was used in all images) are directly proportional. would assume to see the same bi- or multimodal area density
The normalization to area makes comparisons of MAD val-distribution in all levels, but with changing amplitudes of the
ues among different species impossible. For that purpose wdifferent modes. A unimodal distribution, in which the posi-
therefore normalized the data to their modern reference santion of the mode changes with depth level, on the other hand,
ples before comparison (compare S&ck). would indicate a concerted reaction of the entire population
Since the applied weighing procedure provided only oneirrespective of the number of cryptic species involved. Con-
mean weight value per sample, instead of several individuakequently, Hartigan’s Dip Testrtigan and Hartigari 985
values, confidence intervals for weight measurements couldvas performed, to test for unimodality in the data.
not be calculated by common approaches. To overcome that
problem, confidence intervals were estimated by random re2.4 Data analysis
sampling manually implemented in R v. 2.13R Develop-
ment Core Team2011). For each investigated species one All statistical tests were conducted in R v. 2.130 Devel-
sample that yielded a relatively large number of weighableopment Core Tean2011). Stable isotopic data (i.&120)
specimens was chosen. From that sample Gikylina uni- of shells of G. ruber can be considered to be representa-
versg or ten specimens3loborotalia scitula Globorotalia  tive for the environmental change, especially the amount of
inflata, and Globigerinoides rubern(pink)), were randomly  freshwater inflow at the time of deposition of Sapropel S5.
picked, weighed together, and then the MAD for that randomFor that reason, a general correlation between stable iso-
sample was calculated as described in Ejy.The specimens topes and MAD should be tested using independent linear
were then put back and the whole procedure was repeated 2@gressions. Several assumptions to use a model | linear re-
times, yielding 30 partial values for the MAD of 30 random gression were violated, so a Kendall-Theil robust line fitting
subsamples representative for the variability of the popula{KTRLF) (Kendal| 1938 Theil, 1950 Sen 1968 was im-
tion. Since those partial values were completely random theylemented in R v. 2.13.0R Development Core Teari011)
can be considered to represent individual weights of 30 hypousing equations given iklelsel and HirscH2002, and the
thetical specimens. In the next stéyvalues from that pool equation ofConover(1980 to calculate the intercept. Be-
of 30 partial values were randomly chosen (with replace-sides being robust against all disturbances as long as values
ment) and their mean was calculated — this procedure waare measured on a meaningful scale, this method also offers
repeated 2000 times patf, for all observed: of the respec- the benefit that the confidence intervals of the MAD do not
tive species. For each of the random replication sets the 0.02Beed to be prescribed.
and 0.975 quantiles were calculated according toQgep)
definition recommended yyndman and Fa(l996. Inthat 2.5 Comparison with reference values from present-day
way for each observed sample siz& corresponding 95 % samples
confidence interval for the MAD was approximated for each
species. Since the confidence intervals were estimated in thiso obtain values for comparison of our results with a rep-
way, the variability of the data could not easily be consideredresentative reference value, we analysed core-top samples
when investigating the relationship between the MAD and(1-0cm) from multicorer cores, using the same procedures
other parameters. This problem was dealt with by anothers outlined above. Fdglobigerinoides rubefpink), Orbu-
randomization test, in which MAD values of the individual lina universa and Globorotalia inflatawe used a sample
samples were randomly chosen from within the range of thefrom Cruise POS334, Leg 79 from the Western Mediter-
95 % confidence interval. After 5000 reruns the mean of theranean Sea north of Afric&s€hulz et al.2006. This sam-
test statistics was calculated and compared to the test statiple has been chosen because it derives from a region where
tics of the original data. Those mean values are marked wittthe abundance of these three species is the highest in the
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Fig. 3. Records of mean area density (MAD) for the four selected species of planktonic Foraminifera across the onset of Sapropel S5 in core
M51-3/SL104, with 95 % confidence intervals. Red circles highlight samples where the MAD value is based on fewer specéfens (
Orbulina universaand < 10 for all other species). The blue vertical line shows the MAD value of a modern reference for each species. The
grey shaded area represents the extent of the sapropeR(Figes are given in years relative to sapropel onset.

Mediterranean Sea at preseHiafes et al.2005. Globoro-  where MAD,orm is the normalized MAD per sample, on the
talia scitulais not abundant enough anywhere in the Mediter- basis of the recent comparison value MAERn:and stan-
ranean today. Modern references for that species were therelard deviatiors(MAD) of all measured MAD values of the
fore taken from Cruise M34-3, Station 3810RBI€il et al., species.

1997 from the Southern Atlantic Ocean, halfway between

Africa and South America, where the distribution of the

species in modern core tops indicates a proximity to its eco-3 Results
logical optimum Kucera et al.2005. Considering typical
sedimentation rates in the vicinity of the two modern sam-
ples (3.6 cmkyr?! in the Atlantic Seiter et al. 2005 and
7.2 cmkyrt in the Western Mediterraneallgyward et al.
2009) and the date when the samples were collected (200
for POS334 and 1996 for M34-3/3810-2), only a small pro-
portion of the Foraminifera in these samples is likely to have
been deposited during the industrial period wit6O, val-
ues more than 20 per cent above the pre-industrial baseGI
line. Therefore, we consider the analysed Foraminifera to bei'm
largely representative of pre-industriaCO; levels.

The relative and absolute abundances of the studied species,
together with the position of the regionally established local
extinctions and re-populations are shown in FigThe sta-
le isotope records @. ruber(white), shown in Fig3, con-
irmed a close association of the onset of the sapropel with
freshwater discharge and the local extinctionsGofinflata
andG. scitula
The MAD data for all species are depicted in FR&).
obigerinoides ruber(pink) yielded relatively few spec-
ens that were suitable for weighing, so that only 0-
... 20specimensample fulfilled the criteria for weighing (Ta-
vie S1), with a median sample size of just=4. The
€ data were normally distributed with = 0.275 according to
a Shapiro-Wilk testhapiro and Wilk1965, with a mean
MAD of 9.45x 102 ugunt2. Shells of G. ruber (pink)
were always lighter than in the modern reference, where an
MAD of 12.16 x 105 pgpnt2 was determined (FigB). In
O. universa2—22 specimensample § = 6) fell in the re-
spective size range for weighing (Table S1), yielding MAD
data that were not normally distributegh £ 0.034). The
Snean MAD of that species is. 24 x 10~4 ugpunt2, which
is close to the value derived from the modern references
MAD . — MAD — MAD recent @ (1.70x 1074 pugunt?2). o N
norm s(MAD) ’ To test for the potential influence of non-constant mixing
of different cryptic species dd. universaon the mean values

(Eq. 2), MAD values of the different species could be mad
comparable with each other. Subsequently, YateJest of
Association Yates 1934 could be used to test the inde-
pendence of the MAD from environmental factors, and the
strength of a potential association could be determined b
calculating thep Coefficient of AssociationGrameér 1946).

For this step only, post-extinction MAD values Globoro-
talia scitula from two samples from within the sapropel
(443.05 and 442 cm) were used to confirm the general trend
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lina universaspecimens in individual samples across Sapropel S5 inFig. 5. Variance of the mean area density values for the four studied

core M51-3/SL104. These samples represent conditions before an%pecies_, expressed as coefficient of variation. The variance is based
after the onset of Sapropel S5 as well as conditions after the firsP" replicated measurements of random subsamples from samples
local extinction of the species (Fig). Hartigan's Dip Test arti- 35, 32, 6, and 21 in core M51-3/SL104. The 95% confidence inter-
gan and HartigarL985 indicates no significant deviation from unj-  ValS were estimated aftsfangel(1996 Eqg. 16).
modality in any of the samples, suggesting that the detected trend
of decreasing mean area density over time within the sapropel is
not the result of a changing community composition, but a general
trend in the overall calcification of the shells of the species. mentioning, that the variance of the MAD . inflata as
obtained from the coefficients of variation, was significantly
larger than in any of the other species investigated @)ig.
in the samples, weight measurements of individual speci- In order to investigate to what degree the obtained MAD
mens for four selected depth levels were performed: samplemean values are representative of the samples, we took ad-
17+ 18 and 24 28 before sapropel onset, sample 32 aftervantage of the data obtained in the procedure to estimate the
sapropel onset, and sample 53 after the first local extinctiorconfidence interval. These data allowed us to estimate the
in sample 44. The data (Fid) for all samples showed a gen- minimum number of specimens to be weighed together to
eral trend towards lighter shells in the upper samples, withobtain a representative MAD for each species. These data
a generally similar variability of the weight. No significant revealed that in all species a change in the slope of the re-
deviation from unimodality could be detected in any of the gression between the size of the confidence interval and the
depth levels pmin = 0.240). number of specimens considered can be observed. In sam-
Globorotalia  scitula yielded between 8 and ples larger than that threshold size, the confidence interval
50 specimensample § =25) for weighing purposes decreased slowly with further increasing sample size in com-
(Table S1). The MAD was normally distributed & 0.950), parison to samples smaller than that threshold size. To de-
but with a mean MAD of B4 x 10 °pgunm? G. scitula  termine such threshold values for each species objectively,
was the least intensely calcified of the studied species. Théwo regression lines were fitted to the data, one to the steep
MAD of this species in M51-3/SL104 was nearly always slope for small sample sizes, one to the shallow slope for
higher than in the recent material from the Southern Atlanticlarger sample sizes. The border between those two subsets
(6.38 x 10> ugpnt2). per species was chosen such that the product oRtheal-
Between 4 and 31 specimgsample § = 15) of G. in- ues of both regression lines was minimal (F).The result-
flata were suitable for weighing (Table S1), providing nor- ing threshold sample sizes were=5 for O. universan = 4
mally distributed MAD data g = 0.109) with a mean of for G. ruber (pink), n = 22 for G. scitulg and»n = 11 for
1.36x 10~4pgun2. As in G. scitula shells ofG. inflata  G. inflata Thus, with the exception dB. scitula the target
were always heavier in the studied samples than in moderisamples sizes used in this study to determine MAD should
Mediterranean sediments.81 x 10~* pgpunt2). It is worth yield a good approximation of the MAD value. @& scitulg
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respectiveR? values is minimal.

a larger sample size would have been desirable to reduce thapidly, within 404+ 20 yr (Marino et al, 2007) after the on-
uncertainty of the MAD values. set of the elevated freshwater influx. TBEO stable iso-
topic signal is found almost coevally in shallow-dwelling and
deep-dwelling species of planktonic Foraminifera, including
4 Discussion the here-studieds. scitulaand G. inflata (Rohling et al,
2004, indicating that the resulting perturbation of the up-
4.1 Environmental change at the onset of Sapropel S5 P€r wate.r column_ a_ffected a major portion of the habitat of
planktonic Foraminifera.
The stable isotope curves 6f rubershowed a large change ~ While anoxic conditions developed in the deeper water
with the onset of Sapropel S5. The values and magnitude of0lumn (€.gRinna et al. 2002 the surface waters were sub-
change are compatible with hypotheses attributing this phei€ct to different environmental changes. The data indicate
nomenon to the inflow of freshwater from Africa with much that the sea surface temperature rose by ab6@ uring
lower isotopic values in comparison with seawatagse  the first 1000 yr after the onset of the sapropel, and remained
2000 Hoelzmann et a]2000), due to an enhanced monsoon high for the remainder of sapropel depositidafino et al,
activity over Africa Rossignol-Strick1983 Rohling et al, ~ 2007. Concomitant with the freshwater influx must have
2002 Moller et al, 2013. In response to the freshwater in- Peen a reduction of surface water salinities towards normal
flux, a layer with strongly reduced salinity is assumed to haveMarine values (compare, for instandiist 1961 Rohling
formed at the top of the water column in the Eastern Mediter-€t al, 2009. Because a palaeo-salinity reconstruction on
ranean, causing a stagnation of the vertical circulation andhe basis 0f§'°0 is complicated in the Eastern Mediter-
the deposition of Sapropel SR¢ssignol-Strick et al1982 ~ ranean SeaRohling et al, 2004, an alternative approach
Myers et al, 1998 Rohling et al, 2000 2009. The collapse ~ uUsed the isotopic composit.ion_ of aIkenon_ear( der Meer
of the vertical circulation of the water column occurred very €t @l, 2007). This approach indicates a rapid drop in surface
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Fig. 7. Kendall-Theil robust line fitting (solid lines) of the mean area density (MAD) in the investigated four specietif@tata of
Globigerinoides rubeduring the onset of Sapropel S5 in core M51-3/SL104. The MAD data are significantly positively correlated with
isotopic data for the two shallow-dwelling species. Dashed lines represent the 95 % confidence interval of the regression lines.

water salinity from c. 39 to c. 35 psu with the onset of the G. ruber at the onset of the sapropel. In contrast to those
sapropel, which then prevailed for about 2000 yr, i.e. for thefindings, there is no correlation between MAD and stable
whole time interval investigated here. Such change in the surisotopes detectable {&. scitulaandG. inflata These species
face salinity is unlikely to have affected the physiology of the calcify in a deeper layer in the ocean and both exhibit a local
Foraminifera by itself, but it would have led to a large changeextinction at the onset of the sapropel, so the lack of correla-
in carbonate chemistry of the surface water, resulting in detion between their calcification intensity aétfO only refers
creased calcite saturation (empirical results, e.gTkask to the unperturbed conditions prior to the freshwater-induced
1937 Chierici and Franssqr2009) stratification of the water column.

Although the latter two species cannot provide informa-
tion on their reaction to environmental change at the on-
set of the sapropel deposition, their MAD values may pro-

In order to test whether abiotic factors have influenced thevIde clues to the general relationship between calcification

calcification intensity of the studied Foraminifera, the MAD Intensity and surface water chemistry. Because the g_lobal
3 I sea level was lower than at present during the transitional
values were compared to th#80 record of Globigeri-

noides rubey which here serves as a proxy of surface wa- and deglacial times prior to sapropel deposition, the con-

o o . nection of the Mediterranean Sea with the Atlantic Ocean
ter composition. A KTRLF indicates the presence of a Slg_was more restricted, and the resulting increase in residence
nificant relationship betwees*80 and MAD in G. ruber ' 9

(pink) andO. universaFig. 7). Additionally, in O. universa time of seawater made the Mediterranean salfRah{ing

g . 4 p) 1999. A comparison of the MAD values of the two deeper-
a significant drop in the MAD from .20 10~ ugpnm dwelling species indicates that at that time, they built consis-
to 144 x 10~*pgunr? (W = 257, p < 0.001 according to gsp , (€Y

a Mann—WhitneyU Test) can be observed, which coincides tently s?ronger_calcmed_shells than th_e reference Holocene
. ) . opulations (Fig.3). A similar pattern is observed for the
with the fast decrease of stable isotope values in shells of

4.2 Abiotic factors vs. physiological stress
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Table 1.Results of Spearman’s Rank-Order Correlation of the mean
area density of the species with its abundance. The analysis was “. W
performed for the relative abundance (in per cent) and the calculated < ‘. 2
accumulation rate (in specimens®yr—1). - et J E
g ) =
Relative abundance Accumulation rate g ° . Lo e ‘;“
Species b 7 value b 7 value 5 N C e . 5
>
O.universa  0.149  0.397 0.085 0.631 - g
G. ruber(pink)  0.264 0.265 0.115 0.622 b
G. scitula 0.024 0.804 —0.075 0.692 I k .
G. inflata 0.263 0.190 0.082  0.663 ‘_g §
g 5
a ©
< O. universa c
= « G. ruber (pink) . g
populations of the two surface-dwelling species in sediments . g ?Cf:it; .
prior to the onset of the sapropel, whé&@euniversaalso cal- Y - : : £

cifies more than the modern reference, but the pattern is re- pre-sapropel

versed in the sapropel, where both surface-dwelling species
seem to have calcified lighter than the reference (B)g.
As a result, there is a strong and highly significant relation-

ship between MAD values of all species normalized against ] .
their modern references (Eg) ands80 values ofG. ru- Fig. 8. Correlation between normalized (for recent samples) mean

2 _ _ _ . area density (MAD) data of the four investigated speciessdfi®
ger(x N 7?'3'h39?' o = 1’:’ : 0'0?1'?: N f?ﬁ823, Flg'g\)/;/ llinyalues ofGlobigerinoides rubeduring the onset of Sapropel S5
ecause of the re-appearance of one ol the deep-awelling, ..o \51-3/sL104. Al species reflect a consistent pattern of

species(loborotalia scitula within the investigated portion stronger calcification during times of higher isotopic values.
of the sapropel (Fig2), the implied abiotic forcing of calci-
fication in the studied Foraminifera can be further tested. To
this end, two additional samples of this species from withinthe species, the results indicate that calcification in plank-
the sapropel have been analysed for MAD. In both cases, thgynic Foraminifera is de-coupled from environmental stress
calcification was lighter than the modern reference (B)g.  and likely not affected by trade-offs between biomineraliza-
supporting the abiotic forcing hypothesis. tion and biomass production. This decoupling is observed at
In order to test the alternative hypothesis of calcifica- 5 timescale of centuries, leaving a possibility that the reaction
tion intensity being linked to varying levels of physiolog- of calcification on physiological stress could be a short-term,
ical stress, the MAD values were compared to changes ifhreshold process, operating first at near-lethal levels of stress
the abundances of the species (relative abundance and accyich as would be expected immediately prior to extinction.
mulation rate) as a measure of the suitability of the environ-q this end, we have examined the MAD values in the last
ment for the species. Close to the environmental optimum okamples prior to local extinctions (Fig) in all four species.
aspecies its production rates should be highest and accordingone of the MAD values of the last sample prior to extinc-
to de Villiers (2004 we should expect to find highest calcifi- tjon were the lowest values for the respective species in the
cation rates under such favourable environmental conditionsstydied interval (Fig3). This observation indicates either an
However, in no species a significant correlation between theyhsence of a notable effect of stress on calcification or the
relative abundance or the accumulation rate and the MADgyistence of such a relationship only at timescales of a few
could be detected (Fig8.and10, and Tablel). To assess the decades or less, that could not be resolved by our sampling.
existence of such relationship, when all species are consid-
ered, in analogy with the concept in Fig. the normalized 4.3 Factors influencing calcification intensity in plank-
(Eq. 2) MAD data of all species were plotted against their tonic Foraminifera
standardized accumulation rates. In contrast to the high cor-
relation between stable isotopic data and normalized MAD,The observed trends in calcification intensity of the stud-
no correlation between standardized abundances and normaded species are very unlikely to be the result of changing
ized MAD values could be detecteg{= 0.9563, df =1, carbonate preservation throughout the time interval. Due to
p =0.328,¢ = —0.110, Fig.11). the high salinities in the Eastern Mediterranean, the sea-
These results indicate that changes in calcification intenwater saturation with respect to calcite has likely remained
sity occurred irrespective of changes in productivity of the high (Schneider et al.2007), so that no calcite dissolution
studied species. Since the magnitude of the considered vakhould be expected. In fact, from our observation the preser-
ues of productivity reached all the way to total demise of vation of Foraminifera within the sapropel was better than

o) (G. ruber)
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Fig. 9. Correlation between relative abundance and mean area density (MAD) of the four investigated species. No significant correlation
can be observed, indicating that the calcification rate and competitiveness of the species were independent of each other during the onset ¢
Sapropel S5 in core M51-3/SL104.

before the sapropel, with pristine, glassy specimens of evespecies could reflect a change in their relative proportions.
tiny thin-walled species. This effect is directly comparable This possibility has been investigated by individually weigh-
to the “sealing” effect in hemipelagic sediments as describedng specimens from four selected time horizons (Table S2,
by Pearson et al2001). The final evidence against carbon- Fig. 4). These data indicate a shift of the entire popula-
ate dissolution as a factor affecting the measured MAD istion towards lower calcification intensities, with kernel den-
the continuous presence throughout the studied interval o$ity curves for each of the four levels not significantly dif-
pteropods — which are very sensitive to carbonate dissolutiorierent from unimodality. While this is no proof for a con-
due to their aragonitic mineralogy. stant community composition, it shows that our calculated
In addition to dissolution, the precipitation of inorganic MAD values represent a reaction of the whole community,
secondary calcite in pre-sapropel samples could also influnot a switch from one bimodal state to another. The pre- and
ence our results. The precipitation of secondary calcite in thegpost-sapropel-onset MAD distributions are so distinct that if
pre-sapropel sediment, however, is unlikely because all spedhey were solely due to differences in the calcification among
imens appear clean and well preserved even before the saprdifferent cryptic genetic types, then these values alone could
pel, and the MAD values d&. ruber (pink) in pre-sapropel be easily used to distinguish among them, which is difficult
sediments are similar to the modern reference. If secondarjo reconcile with their cryptic nature.
inorganic precipitation affected the MAD values, it should Excluding the effect of carbonate dissolution and genotype
have done so equally strongly for all species, because suchbundance fluctuations on the observed decrease in MAD
a process is inorganic and could not be species-selective. with the onset of the sapropel, calls for an explanation involv-
Of the studied specierbulina universais known to  ing the effect of shifts in the parameters of the ambient water
harbour three distinct cryptic genetic types. If these geneticcolumn. Orbulina universashows the strongest reaction to
types, which likely represent biological speciee (Vargas the changing environment, with a clear drop in MAD at the
et al, 1999, calcify differently, the observed trend in the onset of the sapropel, a continuous decrease of calcification
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Fig. 10. Correlation between accumulation rates and mean area density (MAD) of the four investigated species. No significant correlation
can be observed, indicating that the calcification intensity and productivity of the species were not influenced by each other during the onset
of Sapropel S5 in core M51-3/SL104. Note the log-scaling ofitlaeis.

intensity within the sapropel, and a strong relationship within seawater carbonate chemistry. Such a link seems to be the
stable isotopic data and thus probably freshwater infBig- most commonly invoked hypothesis explaining differences
bigerinoides ruber(pink) shows similar results, though the in calcification rates among planktonic Foraminifelaker
drop in MAD with sapropel onset could not be clearly tested and Elderfielgd2002. Because it may be assumed th0O
because the species was not abundant enough at that timef G. ruberwas correlated with surface salinity during the
Both species calcify in the upper water colunifujol and  onset of Sapropel S%3@asse200Q Hoelzmann et al2000,
Vergnaud Grazzinil995 Rohling et al, 2004 and were the close link between this variable and the MAD of the
therefore strongly influenced by the freshwater inflow, thriv- studied species is consistent with a dominant forcing by car-
ing in a water mass with presumably reduced salinity in com-bonate chemistry of the ambient seawater, in line with the
parison to normal Eastern Mediterranean conditieas der  observations byBijma et al. (1999, Barker and Elderfield
Meer et al, 2007). Because multiple parameters changed in (2002, andMarshall et al.(2013. Higher carbonate satu-
parallel during the onset of the sapropel, it is difficult to iso- ration states at the time before sapropel deposition, as sug-
late the primary abiotic factor that may have led to reducedgested by higher MAD values (Fig), were most likely the
calcification intensity in these species. result of higher salinity in the glacial water body in the East-
Obviously, the freshwater influx have not caused reducecern Mediterranean Sea, which developed because of longer
carbonate production, sinddoller et al. (2012 reported residence times due to the lower sea level restricting water
a short-lasting rise in Ca content in the sediment from 13.9exchange with the open ocedRdhling 1999.
to 29.9 per cent with the onset of the sapropel, followed by The lack of a relationship between MAD iB. inflata
a return to pre-sapropel conditions, decoupled from changeand G. scitula and 8180 of G. ruber in the interval prior
in MAD of the shallow-dwelling species. to sapropel deposition likely reflects the deeper calcification
Therefore, we entertain the possibility that the observeddepth of those species, comparedQo universa We hy-
reduction in calcification intensity could be due to changespothesize that the subsurface layer, where the calcification
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from its accumulation rates. This is further supported by the
complete lack of a reaction of calcification intensity on ter-

. . [}
D Jee . g minal environmental stress leading to local extinction in any
R 2 of the species investigated in this study. These results support
. . % the use of calcification intensity in planktonic Foraminifera
~ o e . = as an environmental proxy. Even if we could not isolate,
. o . 5;3 which environmental factors acted on the calcification pro-
§ cess in which combination, it is likely that the process of cal-

cification is not complicated by insurmountably complex bi-
: . ological relationships, and the observations in this study are

MAD (normalized for recent values)
0

. @ . . . . . . .
. L. o consistent with the hypothesis that calcification in planktonic
N s ’ E, Foraminifera is driven by carbonate chemistry of the ambient
i . e
! ' O. universa E Water'
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¢ ¢ G.inflata %
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more abundant L L
Our study has shown that the calcification intensity in four

-1 0 1 2 3 4 species of planktonic Foraminifera was likely related to en-
vironmental changes during the onset of Sapropel S5 in the
Eastern Mediterranean. Specifically, we observe significant

Fig. 11. The relationship between normalized (for recent samples)relationships between MAD and a proxy of surface water
mean area density (MAD) data of the four investigated species andproperties, and no relationship between calcification and pro-
their standardized accumulation rates during the onset of Saproductivity of the studied species.
pel S5 in core M51-3/SL104. The lack of correlation indicates that  Concerning our hypotheses we can thus state, that we were
calcification intensity is not related to stress on the studied time-gnly able to observe long-term changes associated with abi-
scale. otic factors of the environmental change (hypothesis al).
Neither long-term reactions of the calcification intensity and
L optimal growth conditions (hypothesis a2) nor short-term re-
of these species is likely to have been concentra®edhiing P 9 e (.yp . .) . :
actions of the calcification intensity during times of termi-

etal, 2009, experienced a weaker reaction to enwronmentalnal environmental stress (hypothesis b) could be observed in

changes prior to sapropel deposition than the surface layer. . . )
This possibility is also suggested by results frétnhling our data set. This observation supports the use of the cal

et al. (2004 Fig. 5). This study from the same time inter- cification intensity of planktonic Foraminifera as a palaeo-

. roxy for environmental reconstructions. Even though th
val and region shows, that the general trend of reduced stablgO y for environmental reconstructions en thoug €
. ) ) . . exact combination of environmental factors acting on calci-
isotopic values can be found in shell calcite of a variety of

. - . : ) fication of planktonic Foraminifera during the natural exper-
planktonic Foraminifera, includin. scitula However, the . :
: . . . Lo ment of the onset of Sapropel S5 could not be disentangled,
deeper dwelling species show isotopic values indicating tha . . e
: : ) he observed patterns are consistent with calcification inten-
their habitat was less affected by the freshwater discharge. In

accordance with our results (compare FBythis suggests, sgebremg driven by carbonate chemistry of the ambient sea

that the environmental change leading to the deposition mw '

Sapropel S5 affected the deeper water column as well, but to

a lesser degree. A broader calcification deptiGininflata Supplementary material related to this article is

not limited to the surface layer, is supported by the largerayailable online athttp://www.biogeosciences.net/10/

variability in calcification intensity in that species (Fi). 6639/2013/bg-10-6639-2013-supplement.zip

In summary, the analysis using normalized calcification in-

tensity data of all species together strongly supports a dom-

inant abiotic forcing of calcification intensity in planktonic

Foraminifera at timescales of decades to centuries. While all )
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Abstract. Using shells collected from a sediment trap se-
ries in the Azores region of the North Atlantic, we inves-
tigate the effects of seasonal variation of temperature, pro-
ductivity, and optimum growth conditions on calcification
in three species of surface-dwelling planktonic Foraminifera.
The series covers an entire seasonal cycle at three-week res-
olution and reflects conditions at the edge of the distribu-
tion of the studied species, manifesting more suitable growth
conditions during different parts of the year. The seasonal
variability in carbonate saturation at the studied site is much
smaller than in previous studies of calcification in planktonic
Foraminifera, allowing us to disentangle the effect of pa-
rameters other than carbonate saturation. In order to better
constrain the calcification process, we use weight and size
data collected from individual shells. We find that the size—
weight scaling within each species is robust against changes
in environmental parameters, but we observe that the scal-
ing slope differs among species. An analysis of the varia-
tion in calcification intensity, expressed as the average value
of the area density of individual shells in each sample, re-
veals species-specific response patterns. In Globigerinoides
ruber (white) and Globigerinoides elongatus, calcification
intensity is related with temperature (positive) and produc-
tivity (negative), whilst in Globigerina bulloides calcification
intensity shows no environmental forcing. The size—weight
scaling and base calcification intensity as well as the re-
sponse of calcification intensity to environmental change dif-
fered between G. ruber (white) and G. elongatus, implying
that patterns extracted from pooled analyses of these species
may reflect their changing proportions in the pooled samples.
Using shell flux as a measure of optimum growth conditions,
we observe significant positive correlation with calcification
intensity only in G. elongatus, but a negative relationship in

G. bulloides. The lack of a consistent response to optimum
growth conditions is mirrored by analysis of shell sizes in
these species. We thus conclude that calcification intensity
in planktonic Foraminifera is affected by factors other than
carbonate saturation, but the strength and even the sign of
the relationship with temperature, productivity and optimum
growth conditions are not consistent among species, poten-
tially complicating interpretations of calcification data from
the fossil record.

1 Introduction

Planktonic Foraminifera are important marine calcifiers, con-
tributing 30-80 % to the global pelagic carbonate flux (e.g.
Kucera, 2007). Considering the importance of planktonic
Foraminifera for the global carbon cycle, the processes con-
trolling how much calcite is secreted during the life of an
individual remain poorly constrained. Calcification in plank-
tonic Foraminifera is an energy-consuming process (Rob-
bins, 1988; Spero, 1988), making it likely that it participates
in trade-offs of energy allocation within the cell. Thus, in
theory, several environmental parameters could act in favour
of calcification, including seawater chemistry (e.g. carbon-
ate saturation) and ambient temperature but also the distance
from the ecological optimum of a species as a measure of
how much energy is free for calcification and how much is
needed to facilitate biomass growth under sub-optimal con-
ditions.

Most often, the amount of calcification in planktonic
Foraminifera has been correlated with the physical and
chemical properties of their environment, but there is broad
disagreement about the dominant controlling parameters and
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even about the nature of their relationship with calcification.
Based on field observations (Lohmann, 1995; Broecker and
Clark, 2001a; Barker and Elderfield, 2002; de Moel et al.,
2009; Moy et al., 2009; Marshall et al., 2013) and laboratory
culturing studies (Bijma et al., 1999; Lombard et al., 2010),
carbonate saturation state of the ambient seawater appears
to be the most promising parameter to explain variations
in the amount of calcification in planktonic Foraminifera.
However, an analysis of plankton samples from the Ara-
bian Sea (Beer et al., 2010b) revealed that the shape of the
relationship between carbonate saturation and shell weight
is species-specific and its sign is not always positive. Sub-
sequently, culturing experiments (Manno et al., 2012) have
shown that the effect of carbonate chemistry on shell cal-
cification in Foraminifera is also a function of temperature.
Similarly, a study based on Pliocene sediments (Davis et al.,
2013) also found no link between calcification in planktonic
Foraminifera and atmospheric pCQO- as a proxy for carbonate
chemistry, but rather identified temperature as a potential fac-
tor explaining the observed variability in foraminiferal shell
calcification. Because both parameters are tightly linked, it is
challenging to disentangle their relative contributions even in
well constrained studies based on recent sediment-trap mate-
rial (Marshall et al., 2013).

Carbonate chemistry and temperature are not the only vari-
ables invoked to explain changes in calcification of plank-
tonic Foraminifera. Thus, based on plankton material from
the North Atlantic, Aldridge et al. (2012) identified phos-
phate concentration in the ambient sea water as the poten-
tial dominant factor influencing the calcification of Globige-
rina bulloides. Conversely, de Villiers (2004) proposed that
shell calcification in planktonic Foraminifera could be linked
to growth under optimal environmental conditions, meaning
that shell calcification is highest when the combination of all
environmental factors is close to the optimum of the species.
A similar relationship was suggested for the calcification of
Globigerinoides ruber in sediment trap samples from the
Arabian Sea (Naik et al., 2013). Also, growth under opti-
mum conditions has been invoked as the best predictor of the
overall mean shell size of specimens within species of plank-
tonic Foraminifera (Hecht, 1976; Schmidt et al., 2004). As-
suming that optimal environmental conditions are mirrored
in the absolute and relative abundances of a species (with
higher abundances indicating more optimal environments),
the relationship between optimum growth and calcification
has been tested by Weinkauf et al. (2013) in fossil samples
from a Mediterranean sapropel. This study found no evidence
for a relationship between calcification and ecological op-
timum, but identified changes in seawater properties as the
most likely parameter affecting calcification.

A pre-requisite for any investigation of factors controlling
calcification in planktonic Foraminifera is a definition of a
meaningful measure of the amount of calcite precipitated by
one individual. This quantity can be easily determined as the
weight of the shell, but it reflects two parameters: calcifi-

120

125

130

135

140

145

150

155

160

165

170

cation intensity and shell size. In order to use shell weight
as a proxy for calcification intensity, one could thus either
normalize weight by size or determine the weight of shells
of equal sizes. Traditionally, calcification intensity in plank-
tonic Foraminifera has been quantified by using a parameter
known as size-normalized weight (SN'W), which is a com-
promise between the two possible strategies. Its most simple
form is the sieve-based weight (SBW; e.g. Lohmann, 1995;
Broecker and Clark, 2001a, b) where multiple individuals
in a narrow size fraction are weighed together and then the
mean of their weight is determined. A more advanced ver-
sion is the measurement-based weight (MBW; e.g. Barker
and Elderfield, 2002; Aldridge et al., 2012), where the SBW
is normalized for the actual measured mean individual shell
size of the specimens in the weighed size fraction. In theory,
when the actual size of the measured individuals is deter-
mined, the measure of calcification intensity does not have
to be limited to a narrow size fraction and the calcification of
an individual shell can be directly normalized to its size, typ-
ically approximated by the cross-sectional area of the shell
(area density, AD; e.g. Marshall et al., 2013) and then aver-
aged per sample.

All of these approaches make one critical assumption:
that calcification intensity is independent of shell size. In
plankton samples, an additional assumption is made: that the
measured specimens all represent an equivalent ontogenetic
stage. This additional assumption arises from the observation
of increased calcification with ontogeny (B¢ and Lott, 1964)
and renders data from plankton samples potentially difficult
to interpret. In sediment trap samples and in the sediment, the
majority of the deposited shells represent adult individuals
that have undergone the same ontogenetic pathway (Erez and
Honjo, 1981). However, sedimentary individuals attributable
to the same species vary in size considerably and it has never
been established how calcification intensity scales across the
analysed range of shell sizes. Until now, all studies have as-
sumed that calcification intensity is invariant to size and con-
sidered ‘mean’ calcification intensity within one size range
to be representative for all individuals in the analysed pop-
ulation. However, if calcification intensity varies with size,
the interpretation of calcification intensity data based on such
‘mean’ values will be ambiguous (Fig. 1). This assumption
can be easily tested by determining the relationship between
shell weight and size among individual shells across a range
of sizes for individual samples. If there is no change in calci-
fication intensity with size, the relationship will be linear (as
long as size is scaled to volume), the residuals will be small,
and the slope of the linear regression will be the same across
all samples studied.

This study therefore aims at specifically testing for the sta-
bility of the relationship between calcification intensity and
size across species and under different environmental con-
ditions, and at contributing to the understanding of factors
other than carbonate saturation affecting calcification inten-
sity in planktonic Foraminifera. Sediment samples, which in-
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Figure 1. Conceptual figure illustrating the difficulties of inter-
preting the SNW when the size-weight scaling is not constant.
Lines depict the size-weight scaling from three hypothetical com-
munities (colour-coded), boxes (a) and (b) are two possible sam-
ples from restricted size fractions of those communities. Within
the green and the red assemblage, the scaling remains constant at
0.05ug 1 x 107% um™3. Here, the chosen size fraction for measur-
ing the calcification intensity does not influence the results, since
the offset between both lines is constant for all shell sizes. The
blue assemblage, however, shows a lower scaling slope of only
0.03ug 1 x 107° um 3. Here the observed difference in calcifica-
tion intensity with both the green and red assemblage would be
larger in size fraction (b) than they are in size fraction (a).

tegrate shell flux over several years, are not suitable for such
a task, because the observed patterns of shell size and weight
relationships within the sample could not be attributed to
forcing. Similarly, analyses of plankton material will be dom-
inated by the ontogenetic process, bearing little relevance
for studies of the fossil record. Therefore, we consider sed-
iment trap samples as optimum choice for such an analy-
sis, providing both high temporal resolution with adequate
sample sizes and a limitation of the sample to specimens
equivalent to those as found in the sediment. Specifically, we
use material collected with a sediment trap in the North At-
lantic Madeira Basin close to the Azores Front (Fig. 2a). The
Azores Front is situated in the northeastern Atlantic, result-
ing from the Azores Current that flows towards east-south-
east as a branch of the North Atlantic Current (Klein and
Siedler, 1989). The Azores Front is separating the cooler re-
gions to the north from the warm North Atlantic Subtropical
Gyre (Longhurst, 1995) to the south (Locarnini et al., 2013).
Due to the annual variability in the position of the Azores
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Current, the catchment area of the studied sediment trap
shows a large seasonal cycle in surface conditions. The local
sea surface temperature (SST) ranges between ¢.17-18°C
early in the year and ¢.24-25°C during late summer and
autumn, with eutrophic late winter—early spring conditions
(January—March) and an oligotrophic summer and autumn
(Waniek et al., 2005). While no actual data for the carbonate
saturation of the seawater in our study exist, we could use
average data for temperature (Locarnini et al., 2013), salinity
(Zweng et al., 2013), phosphate and silicate content (Gar-
cia et al., 2013), and total CO; and alkalinity (Goyet et al.,
2000) to calculate the average seasonal variation of [CO?]
during the year. The average seasonal carbonate saturation
in the catchment area of the sediment trap (compare Waniek
et al., 2005, fig. 5) ranges from 214.1 umol kg~ in spring to
less than 215.3 umol kg™! in winter and summer, and only
reaches peak values of 220.4 umolkg™! in autumn (calcu-
lated with CO2Sys, MS Excel v. 2.1, Lewis et al., 1998). The
regional carbonate system is nearly exclusively influenced by
temperature, with salinity only contributing to slightly more
than 10 % to the total carbonate saturation change.

The average three-weeks sampling resolution assures that
each sample represents the deposition of one or very few
generations of Foraminifera (B¢, 1977), that were exposed
during life to equivalent, near-constant environmental condi-
tions. Because the sampling covers one entire seasonal cycle,
we can investigate how the size-weight relationship in mul-
tiple species behaves under different temperatures and under
different conditions relative to the optimum of those species.
Varying on average by no more than 7umol kg~!, the car-
bonate saturation at the studied locality changes only by a
small amount, allowing us to study the effects of temperature
and ecological optimum independent of carbonate chemistry.
Using this natural experiment, we can use measurements of
individual shell size and weight to determine the stability of
the size—weight relationship and assess the effect of several
environmental factors on the calcification intensity of plank-
tonic Foraminifera whilst accounting for that effect.

2 Material and methods
2.1 Sample collection and preparation

This study is based on material collected by the JGOFS trap
53 from station 1.1/276, located around 33° N and 22° W in
the Madeira Basin, in direct vicinity to the Azores Front, with
a local ocean depth of approximately 5500 m at the moor-
ing (Fig. 2). The trap has been deployed at about 2000 m
depth, sampling between February 2002 and April 2003 with
variable sampling duration (ranging between 6 and 61 days),
adapted to the expected seasonal particle flux (Suppl. 1). A
total of 18 sample cups were used for our study. Information
on trap design, sample treatment, and physical oceanogra-
phy during deployment are reported in Waniek et al. (2005);
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Figure 2. Regional setting and abundance pattern (MARGO database, Prell et al., 1999a, b) of investigated species around sediment trap
L1/K276 (red—white star), plotted with Ocean Data View v. 4.6.2 (Schlitzer, 2014). Original data points used for interpolation are indicated
with grey dots, light grey indicates areas with no data. (a) Annual mean sea surface temperature (SST, Locarnini et al., 2013) and main ocean
currents of the region. The trap is situated at the Azores Front (AF), in direct vicinity to the Azores Current (AC). The Azores Front separates
the North Atlantic Transitional Water (NATW) with mean SST below 20 °C from the North Atlantic Subtropical Gyre (NAST) with a mean
SST above 20 °C. NAC = North Atlantic Current. (b) The relative abundance (fraction) of Globigerina bulloides shows local abundances
between 10 and 20 % in the area, which is at the lower end of the northward increasing regional mean abundance of that species north of the
Azores Front. (¢) The relative abundance (fraction) of Globigerinoides ruber (white) sensu MARGO includes specimens of Globigerinoides
elongatus, for which no separate census counts exist in the database. Mean abundances of the morphospecies are approximately 30 %, and it
is thus approaching the borders of its distribution area, which shows higher abundances further to the south.

sample processing for analysis of planktonic Foraminifera
assemblage composition is described in Storz et al. (2009).
Only the fraction > 150 pm (separated by dry-sieving) was 27
used for this study.

2.2 Choice of species

The species for this study were chosen to represent a broad 27
environmental spectrum while at the same time occurring in
sufficient abundances to provide suitable sample sizes. Glo-
bigerinoides ruber (white) is a symbiont bearing species that
is bound to the upper water column due to the photosyn-
thetic activity of its symbionts. It was shown to be highly 2e0
abundant throughout the year, with peak abundances of up to
40 % of the total community of planktonic Foraminifera be-
tween July and January (Storz et al., 2009). The activity of
the symbionts in G. ruber (white) may buffer environmental
effects otherwise influencing the ability of the species to cal- 2s
cify its shells. Therefore, Globigerina bulloides has been se-
lected as the second species for this study. This species does
not possess symbionts, but shares a similar depth habitat with
G. ruber (white) in the studied region (maximum abundances
occur above 100 m water depth (Schiebel et al., 2002)). Dis-
tribution of G. ruber (white) and G. bulloides in the sediment
(Fig. 2b—c) indicates that the position of the sediment trap for 200
both species is close to their ecological limits. Their abun-

dance in the trap series as already reported by Storz et al.
(2009) is consistent with this observation: Globigerinoides
ruber (white) is more abundant in the warmer subtropical re-
gions whereas G. bulloides is a temperate species. The mor-
phological groups G. ruber s.str. (inflated chambers in the
last whorl) and G. ruber s.lat. (compressed chambers in the
last whorl) have been recognized within G. ruber (white)
(e.g. Wang, 2000). In a combined morphological and genetic
investigation, Aurahs et al. (2011) have shown that the mor-
photype G. ruber s.lat. represents a different species. Fol-
lowing the criteria in Aurahs et al. (2011), we use the name
G. ruber (white) for specimens of the morphotype G. ru-
ber s.str., and include in our analysis a third species Glo-
bigerinoides elongatus that refers to specimens of the G. ru-
ber s.lat. morphotype. The ecology of G. elongatus has not
been studied in detail, but it appears that the species has a
slightly broader ecological range than G. ruber (white) and it
appears to calcify deeper in the water column (Steinke et al.,
2005; Numberger et al., 2009).

2.3 Data acquisition

Specimens of the species G. ruber (white), G. elongatus, and
G. bulloides were picked from the > 150 pm fraction in all
samples and transferred into cardboard slides for further pro-
cessing. The flux of the three species was calculated by divid-
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ing their observed abundances in the > 150 um fraction by
the opening area of the trap (0.5m?, Kremling et al., 1996)
and by the sampling duration (in days) of the individual sam-

ples (Suppl. 1). We did not use the flux published in Storz sso

et al. (2009), because there fluxes for the fraction > 125 ym
are given and no distinction between G. ruber (white) and
G. elongatus is made. As a result, the flux presented here is
much smaller (up to 85 %) than that shown in Storz et al.
(2009), but this is consistent with the fact that the majority of
specimens in all species (on average 50 % in Globigerinoides
and 60 % in G. bulloides) is between 125 um and 150 um in
size (Storz, 2006). When qualitatively comparing our fluxes
with those from Storz et al. (2009) a Spearman rank-order
correlation shows a highly significant correlation (p < .001)
with correlation coefficients of p > 0.8, further indicating the
correctness of our data.

The size of all specimens of the three species has been de-
termined such that the specimens were photographed in um-
bilical view under constant magnification using a Leica Z16
stereomicroscope equipped with a 5 MPx industrial camera
and the photographs were analysed with the Image-Pro Plus
software (Media Cybernetics, Inc., 2006). As size parame-
ters, the length of the longest shell-axis (Feret diameter) and
the cross-sectional area of the shell were extracted from the
images of all shells.

To determine the calcification intensity, all specimens of
the three species within a certain size range were individ-
ually weighed. For G. ruber (white) and G. elongatus, all
specimens from the 200—250 um size range were measured,
to obtain values best comparable with previous investiga-
tions (compare Beer et al., 2010a). For G. bulloides the 200—
300 pum size range was used in order to obtain more individu-
als and to investigate the linearity of the size—weight relation-
ship across a broader size range. Individual shells were trans-
ferred into tin weighing boats and repeatedly (4-5 times)
weighed with a Mettler Toledo UMX 2 microbalance. The
mean value of the repeated measurements was used to rep-

resent the weight of each shell. This procedure also allowed 355

calculating the standard error of the weight measurements.
The measurements were repeated to alleviate the effects of
drift and external disturbance during the weighing process.

Because the weight of the Foraminifera was close to the o

lower end of the measurement range, the accuracy of the
measurements can be expected to be a function of weight,
with presumably higher relative accuracy in heavier ob-
jects. To quantify this effect, we used specimens of G. ru-
ber (white) and G. elongatus from the richest sample (cup \
number three; second half of March 2002, 42 specimens,
Suppl. 1) to determine the relationship between individual
standard errors (from repeated measurements of the same
specimen) and the mean weight of that specimen. We found
that lower weights indeed show higher relative standard er-
rors (Fig. 3). While the relative standard error of the mea-

surement is well below 4 % for the majority of the shells, s

it can rise up to 8 % for specimens lighter than 4 pg. Since

nearly 75 % of all weighed individuals are heavier than 4 ug
(Suppl. 1), the resulting mean relative error is below 5 %. On
the basis of the weight (1W;) and the cross-sectional area of
the shell (A4;), the individual area density (AD;) per speci-
men could be calculated as AD; = A; /W;.
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Figure 3. Relative standard error of weight measurements as func-
tion of mean weight of the specimen, using a Mettler Toledo UMX 2
microbalance (d = 0.1 pg). The measurement error can reach rela-
tively high values for weights below 4 pg, and generally decreases
with increasing weight (following a negative expontential function).

Environmental data were retrieved from online repos-
itories. Monthly sea surface temperature (SST) and sur-
face salinity (SSS) data were taken from the KNMI Cli-
mate Explorer website (http://climexp.knmi.nl/), using the
ICOADS 2°dataset (NOAA/OAR/ESRL PSD) for SST and
the UKMO EN3 analysis (Ingleby and Huddleston, 2007)
for SSS. Weekly surface Chlorophyll a concentrations of
the surface water were retrieved from the U.S. Joint Ocean
Flux Study (Yoder and Kennelly, 2005). All data were aver-
aged for the approximated catchment area (31.65°-35.70° N,
19.51°-26.96° W Waniek et al., 2005, fig. 5) of the sediment
trap and the sampling interval of the respective sample.

All raw data used in this study are provided in Supple-
ment 1.

2.4 Data analysis

All statistical analyses of the data were conducted using the
software R v. 3.1.0 (R Development Core Team, 2014). Con-
fidence intervals for sample means of shell size and calcifi-
cation intensity were calculated by bootstrapping using the
R-package ‘boot’ v. 1.3-10 (Davison and Hinkley, 1997).
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As suggested by Dixon (2002) we used basic bootstrapping
when the data showed a significant skewness, and accelerated
bootstrapping when they did not. Skewness was considered
significant when the skewness calculated according to Tabor 25
(2010, equation I, table 1) was larger than its approximated
standard deviation. The normality of data distribution was
tested with a Shapiro—Wilk test (Shapiro and Wilk, 1965),
while the homoscedasticity of data was tested with a Fligner—
Killeen test (Fligner and Killeen, 1976). 430

To test the linearity of the size—weight regression within
samples, the shell cross-sectional area was first scaled to
volume by taking the area to the power of 3/2. The thus
transformed size data were used as the independent variable
in a Kendall-Theil robust line fitting (Kendall, 1938; Theil,
1950; Sen, 1968), implemented in R on the basis of equations «ss
from Helsel and Hirsch (2002), against the dependent vari-
able shell weight. The slope (including its 95 % confidence
interval) of the resulting regression line and the strength of
the relationship (coefficient of determination R?) were cal-
culated. Since not all species were abundant enough in all
samples to yield significant results, we only used the slopes s
of regressions that were significant at o = .05 in the ensuing
analyses. To determine whether or not the relationship be-
tween size and weight is linear within the investigated size
range, each linear regression model was tested against an ex-
ponential model using the F'-distribution (McDonald, 2009). 4s

Differences in size—weight scaling among species were
analysed using a Kruskal-Wallis test (Kruskal and Wallis,
1952), with ensuing pairwise Mann—Whitney U tests (Mann
and Whitney, 1947) (with p-values corrected for the false dis-
covery rate according to Benjamini and Hochberg (1995)). 4s0
To test for the influence of environmental parameters on
the stability of the size—weight relationship, we used a ro-
bust multiple linear regression between the regression slopes
against multiple candidate controlling variables on the basis
of the MM-estimate (Yohai et al., 1991), as implemented in
the R-package ‘robust’ v. 0.4-15. To test for the influence
of environmental parameters on the calcification intensity of sss
the shells of each species, we applied a variety of general-
ized linear models (GLM) (Nelder and Wedderburn, 1972).
The models were ranked using the corrected Akaike infor-
mation criterion (AIC,, Akaike, 1974) calculated with the
R-package ‘bbmle’ v. 1.0.16, and the best model was used o
for further interpretation.

3 Results 465
3.1 Fluxes of the analysed species

The shell fluxes in the fraction larger than 150 um are shown
in Figure 4. Globigerina bulloides showed lower mean flux «7o
(5.01 specimensm~2day ') than G. ruber (white) com-
bined with G. elongatus (11.02 specimens m~2 day~!). The

flux of G. ruber (white) and G. elongatus were on average
rather similar.

Throughout the sampling period, all three species showed
highest flux between March and May 2002, and generally
lower flux during all other months, including March and
April 2003; though G. elongatus displays a second peak in
flux between August and September 2002 (Fig. 4). From
March to June 2002, G. bulloides generally showed the high-
est flux of all species, followed by G. ruber (white) and
G. elongatus. For the rest of the investigated time interval
the flux values were generally reversed, with G. elongatus
mostly showing the highest flux before G. ruber (white) and
G. bulloides (Fig. 4).

3.2 Shell size

Shell sizes (Feret diameter, Fig. 5) in Globigerina bulloides
range between 162.7um and 446.4 ym (mean: 257.2 uym).
Although on average the size distribution of G. ruber
(white) and G. elongatus combined is similar, ranging from
146.2 um to 449.3 pm (mean: 245.0 um), G. ruber (white)
(mean: 221.3 pm, Fig. 5b) is generally smaller than G. elon-
gatus (mean: 267.0 um, Fig. 5c). Shells of both Globigeri-
noides species are smallest during late winter and early
spring and largest in March—April and around July. In con-
trast, G. bulloides shows smallest shell sizes in early to mid-
summer (June—July) and relatively large shells during the rest
of the year (Fig. 5a). In all species the shell size distribution
is log-normal and unimodal in the vast majority of samples
(Suppl. 2, Table S1), indicating the presence of only one sta-
tistical population.

3.3 Shell calcification

The relationship between size (scaled to volume) and weight
of individual shells in representative samples is shown in
Fig. 6. In all samples and for all species, we observe strong
linear relationships between the two variables, indicating a
constant scaling between size and weight within the stud-
ied size range. To test this conclusion explicitly, we deter-
mined the exponential regression through the same points
and checked for a significant increase in R?. The R2-value
could be significantly increased in ¢.14 % of the cases, but
was decreased in nearly 35 % of the cases by fitting an ex-
ponential function (compare Suppl. 2, Table S2), confirming
that the scaling between size and weight is linear within the
studied size range.

Having established that the slope of a linear regression
can be used to describe the size—weight relationships within
samples, we can investigate differences among samples and
species. First, we note that variation within species is smaller
than differences among species (Fig. 7a). The size—weight
slope of G. bulloides appears consistently much smaller than
that of G. ruber (white) and G. elongatus, whereas the val-
ues for the two Globigerinoides species are similar. Neither



475

480

485

490

495

500

M. F. G. Weinkauf et al.: Calcification seasonality in Foraminifera 7

n _|
—
=
©
o
S
N
£
E
2
g 9 -
E
(5]
(]
o
n
g
x
=)
S b4
[J]
=
)]
o

‘LIJ]HMM

B G. bulloides
W G. ruber (white)
@ G. elongatus

(M JA v ]I ]I lA]ls o lINID ][I |F[w]

2002

2003

Figure 4. Flux of Globigerina bulloides, Globigerinoides ruber (white), and Globigerinoides elongatus sampled from March 2002 until
April 2003 with sediment trap L1/K276. The flux was calculated on the basis of counted absolute abundances in the size fraction > 150 pm,
the trap opening of 0.5 m?, and the sampling duration of each sample (Suppl. S1). Grey boxes with letters at the bottom indicate months, the

vertical, dashed, grey line marks the end of 2002.

could we detect a difference in the slope values between
G. ruber (white) and G. elongatus, nor were the pooled Glo-
bigerinoides values significantly different from those of ei-
ther species (Table 1). Second, we examine the temporal evo-
lution of the size—weight slope values for all three species
(Fig. 8). This plot reveals that only in one sample for G. bul-
loides does the slope deviate significantly from the average
value for the species. The significance is here assessed by
finding a hypothetical value of the size—weight slope that
falls within the 95 % confidence interval of as many sam-
ples as possible. Because the majority of the slope values for
each species do not deviate significantly from each other, it
seems that the size—weight scaling within each species did
not change throughout the studied period.

Because the size—weight scaling seems constant through
time for each species and the distribution of AD; values
within nearly all samples are unimodal (Suppl. 2, Table S1),
it is possible to use the average AD of all specimens within
a sample as a robust estimate of calcification intensity. This
is equivalent to comparing the intercepts of the size—weight
regression lines, assuming their slopes are the same. The re-
sulting values represent a reliable form of size-normalized
weight. The temporal evolution of calcification intensity in
all three species is shown in Fig. 9. This reveals that calcifi-

cation intensity of G. ruber (white) and especially G. elon- ”

gatus seems to be lower during late winter and the highest
values are reached during June and July. In contrast, calcifi-
cation intensity of G. bulloides appears to be rather constant
throughout the year. In all samples, the calcification inten-

Table 1. Pairwise comparison (Mann—Whitney U test with p-values
adjusted after Benjamini and Hochberg (1995)) of the size—weight
scaling slope of Globigerinoides ruber (white), Globigerinoides
elongatus, both species of Globigerinoides pooled together, and
Globigerina bulloides sampled from March 2002 until April 2003
with sediment trap L1/K276. Globigerina bulloides shows a signif-
icantly different size—weight scaling than Globigerinoides, but the
scaling of G. ruber (white) and G. elongatus are indistinguishable
(compare Fig. 7a).

Species 1 Species 2 adj. p-value
Globigerinoides  G. bulloides <.001
Globigerinoides  G. ruber (white) .493
Globigerinoides  G. elongatus .348

G. ruber (white)  G. elongatus 337

G. ruber (white)  G. bulloides < .001

G. elongatus G. bulloides < .001

sity of G. elongatus is generally larger than that of G. ruber
(white) and the values for G. bulloides are consistently the
smallest (Fig. 7b, Table 2).

4 Discussion

4.1 Scaling of size and weight among individual shells

All methods used to quantify calcification intensity in plank-
tonic Foraminifera normalize weight to a measure of shell
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Figure 5. Shell sizes of Globigerina bulloides (a), Globigerinoides ruber (white) (b), and Globigerinoides elongatus (c) sampled from
March 2002 until April 2003 with sediment trap L1/K276. Raw size values (expressed as Feret diameter) are indicated as symbols. The mean
size per species per sample (solid lines) and its bootstrapped 95 % confidence interval (dashed lines) is also shown. Grey boxes with letters
at the bottom indicate months, the vertical, dashed, grey line marks the end of 2002. Note the log-scaling of the y-axis.

size. This concept is based on the assumption that the scal-
ing of size and weight is consistent within the analysed size
range. Alternatively, if the scaling between size and weight
varied with size, differences in calcification intensity deter- sz
mined in a given size fraction could exist for two reasons
(Fig. 1). First, an observed offset could reflect an offset in
the scaling line, indicating that the shells in one of the popu-
lations were more heavily calcified irrespective of size. Sec-
ond, the same difference could reflect a change in the slope of s
the scaling line, implying that in one of the populations com-
pared to the other population, larger shells were more heavily
calcified than smaller shells. These alternatives would imply
fundamentally different processes responsible for the same

535

amount of observed change in calcification intensity, when
expressed as some form of size-normalized weight.
Theoretically, because the analysed planktonic
Foraminifera belong to the same spinose clade, have
the same general shell morphology, and build their shells
in a similar way, there should be no a priori reason why
the scaling slopes between shell size and weight should
be different. In this way, the assumption of the classical
methods to quantify calcification intensity appears justified.
Indeed our analysis reveals that the scaling, when expressed
as volume to weight relationship, is consistent within each
species and does not change for populations exposed to the
contrasting summer or winter conditions (Fig. 8). However,
we observe statistically significant, consistently large dif-
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Figure 6. Calculation of the size—weight scaling per sample exemplarily shown in the richest sample each of Globigerina bulloides (a,
Sample 3), Globigerinoides ruber (white) (b, Sample 4), and Globigerinoides elongatus (c, Sample 10), sampled from March 2002 until
April 2003 with sediment trap L1/K276. The measured cross-sectional area of the shell was recalculated to the approximated shell volume,
and its relationship with the associated shell weight was tested using a Kendall-Theil robust line fitting (solid black lines). The slope of the
regression line corresponds to the size—weight scaling plotted in Fig. 8. The best fitting exponential function through the points is also plotted
as dashed grey line in each case, but in the example it would only in the case of G. elongatus significantly increase the fit of the model.

Table 2. Pairwise comparison (Mann—Whitney U test with p-values

adjusted after Benjamini and Hochberg (1995)) of the calcifica- ss

tion intensity (expressed as area density) of Globigerinoides ru-
ber (white), Globigerinoides elongatus, both species of Globigeri-
noides pooled together, and Globigerina bulloides sampled from
March 2002 until April 2003 with sediment trap L1/K276. The cal-
cification intensity is different between all species, and most im-

portantly the calcification intensity of the pooled Globigerinoides 59

is not representative for either of the two species pooled together
(compare Fig. 7b).

adj. p-value

G. bulloides < .001
G. ruber (white) < .001

Species 1 Species 2

Globigerinoides
Globigerinoides

Globigerinoides  G. elongatus <.001
G. ruber (white)  G. elongatus < .001
G. ruber (white)  G. bulloides < .001
G. elongatus G. bulloides < .001 565

ferences in the scaling slope between Globigerina bulloides
and both Globigerinoides species (Fig. 7a). This means
that there is not a universal scaling slope between size and
weight among planktonic Foraminifera. The size-weight
relationships in the adult specimens analysed in this study
must be the result of different ontogenetic calcification
trajectories. If we consider that all planktonic Foraminifera
commence calcification as geometrically similar prolocular
stages (Brummer and Kroon, 1988, part I), then different
size—weight scaling slopes among species in their adult stage
require different ontogenetic trajectories in this scaling.
The differences in scaling imply that absolute values of the
size-normalized weight (irrespective of its precise formula-
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tion) are not comparable among species. Although we only
observe differences in the scaling slope between species, it
cannot be excluded that such differences also occur within
species.

The lack of significant temporal variation in the scaling
slope between size and weight within individual species may
reflect the large confidence intervals on the slope, which are
for obvious reasons mainly a function of sample size. There-
fore, we ventured to investigate whether the observed vari-
ation in slope within species correlates with any of the can-
didate environmental parameters: temperature, as main fac-
tor influencing the pace of cellular processes, and chloro-
phyll a concentration as an indicator of productivity and nu-
trient availability (Fig. 10). Given that the calcification inten-
sity of foraminiferal shells is itself considered to be driven by
one or more of those environmental parameters, a correlation
of the size—weight scaling with the same environmental pa-
rameters would introduce a cross-correlation that would ren-
der the calcification intensity prone to misinterpretation. A
robust multiple linear regression of the scaling slope values
indicates no significance of either environmental parameter
in any of the species investigated (Table 3), however. While
this does not rule out the environmental forcing of the scaling
slope with any as yet untested environmental factor, this anal-
ysis seems to support the observation that the scaling slope
may be an intrinsic characteristic of each species, which is
invariant to environmental perturbations. If this conclusion
holds, then size-normalized weight can be used as a proxy
for calcification intensity within species.
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Table 3. Robust multiple linear regression p-values for the influence of environmental parameters on the size—weight scaling of Globigeri-
noides ruber (white) and Globigerinoides elongatus, both Globigerinoides species combined, and Globigerina bulloides sampled from
March 2002 until April 2003 with sediment trap L1/K276. Neither chlorophyll a content nor temperature (SST) had an influence on the

scaling slopes in any species.

G. bulloides  G. ruber (white)  G. elongatus  Globigerinoides
Intercept .022 .934 .023 .729
Chlorophylla  .155 .967 .073 .836
SST 144 .970 141 .860
4.2 Measuring calcification intensity 20 and 8). Should this variability be systematically linked to

Our analyses of the size—weight scaling have shown that cal-
cification intensity within species can be approximated by
size-normalized weight. Because of the availability of single-
shell measurements, we can here use and analyse the distri-
bution of area density values as applied by Marshall et al.
(2013). This approach is exact, but time-consuming. There-
fore we test how the mean AD values would differ from
a mean area density (MAD) determined such that the size 4,
of the specimens is measured individually, but all speci-
mens from a single sample are weighed together (compare
Weinkauf et al., 2013). Confidence intervals for the MAD
can be estimated by repeated determination of the MAD in
random subsamples of one sample, and bootstrapping confi-
dence intervals for variable sample sizes on the basis of that
dataset (Weinkauf et al., 2013). Here we used our data to sim- ess
ulate MAD values for all three species and compared them
with the corresponding mean of the individual AD; values
per sample (Suppl. 2, Fig. S2a). We found, that both values
are highly and significantly correlated, with the slope of the
regression line in no case being significantly different from e
one. We can thus conclude that the more efficient method of
MAD is likely to yield comparative results to the more time-
consuming determination of individual AD; values. How-
ever, when comparing the bootstrapped confidence interval
for MAD calculated as in Weinkauf et al. (2013) with the es
confidence interval determined from the distribution of the
individual AD; values, a significant mismatch is observed.
The bootstrap procedure of Weinkauf et al. (2013) tends to
underestimate the uncertainty of the MAD values on average
by approximately a factor of two (Suppl. 2, Fig. S2b). Thus, eso
whilst the MAD approach seems to yield reliable mean val-
ues, the associated uncertainty seems difficult to estimate. As
shown previously, both AD and MAD methods are likely to
be much superior to the sieve-based approaches, especially
to the unqualified sieve-based weight (Beer et al., 2010a). s
An interpretation of calcification intensity measured in this
way requires that AD and MAD are independent of the size—
weight scaling. While there is no statistically significant sys-
tematic change of this scaling in the course of a year or in
relation to the environment, there remains a certain variabil- eso
ity within species that appears unexplained (compare Figs 7

625

calcification intensity, then the observed calcification inten-
sity could at least partly reflect changes in the size—weight
scaling, and the resulting difference in calcification inten-
sity would be difficult to interpret. To exclude this possi-
bility, we tested for such a relationship in all three species
by applying a Kendall-Theil robust line fitting to the calci-
fication intensity in dependence of the size—weight scaling
slope (Fig. 11). The relationship was not significant in any
of the three species, indicating a complete independence of
the variability in both values and supporting the interpreta-
tion that the observed variability in the size—weight scaling
slope within species is stochastic.

4.3 Determinants of calcification
species

intensity within

Considering the previous analyses, we may now use the tem-
poral distribution of area density values of all specimens
within one species to search for potential controlling envi-
ronmental parameters. Candidate parameters are temperature
and chlorophyll a concentration. We disregard salinity be-
cause it is highly correlated with temperature (Fig. 10) and
could only influence calcification by influencing the carbon-
ate system, which is (1) nearly constant during the sampling
period and (2) only to a minor degree driven by salinity. To
this end, we fitted a series of GLMs (based on the gamma
distribution, with identity as link function), and compared
their explanatory value. A GLM analyses the reaction in one
dependent variable (here: calcification intensity) to several
independent variables at the same time. GLMs of increas-
ing complexity incorporate the potential influence of increas-
ingly more environmental parameters, and thus necessarily
explain a higher degree of the observed variance, reducing
the amount of unexplained variance e. The Akaike informa-
tion criterion AIC, can then be used to infer, whether the
increase in explanatory value of a more complex model is
worth the higher complexity of that model.

The greatest problem in such an analysis is the often oc-
curring multicollinearity between environmental parameters.
To that end, we performed a Pearson product-moment corre-
lation between temperature and productivity. Following the
suggestion of Dormann et al. (2013) to consider a significant
correlation with a correlation coefficient of > (0.7 as a sign
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Figure 7. Size—weight scaling (a) and calcification intensity (b,
expressed as area density) of Globigerinoides ruber (white), Glo-
bigerinoides elongatus, both Globigerinoides species pooled to-
gether, and Globigerina bulloides sampled from March 2002 until
April 2003 with sediment trap L1/K276. Boxplots show the median
(thick line), interquartile range (grey box), 1.5X interquartile range
(whiskers), and outliers (black dots). The group assignment accord-
ing to pairwise comparisons (compare Tables 1 and 2) is indicated
by lower case letters above the whiskers.

for significant collinearity, we observe significant collinear-
ity between temperature and chlorophyll a (r = —0.828, p <
.001). However, because of the fact that high collinearities
in a GLM increase the chance of a type II error, thus mak-
ing it less likely to detect a significant relationship, with-
out increasing the false-positive rate (Dormann et al., 2013),
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we conclude that we can perform the intended analyses on
our data, but realize that the statistical tests are likely to be
too conservative. For all GLMs we tested the significance
of residual deviance, which tests if the model explains the
data well, or if predicted values and residuals are correlated
(which would indicate a biased analysis). The residual de-
viance was insignificant (p = 1) for all our analyses, indicat-
ing an unbiased analysis.

We begin with an analysis including both species of Glo-
bigerinoides. The most simple Model (1) pools both species
of Globigerinoides and includes as candidate controlling
variables the SST (7) and chlorophyll a content (C'a). While
Globigerinoides (as a symbiont bearing genus) may by itself
be less dependent on productivity, favourable conditions for
the phytoplankton might also indicate favourable conditions
for the foraminiferal symbionts, which is why productivity
has been considered in the model. Some authors (de Vil-
liers, 2004; Gonzalez-Mora et al., 2008; Naik et al., 2011,
2013) suggested that calcification intensity of foraminiferal
shells reflects growth under optimal environmental condi-
tions. Assuming that the suitability of an environment di-
rectly influences the abundance of the species, a more com-
plex Model (2) thus assumes that the AD also changes as a
function of the flux (F') of the species. Next, Model (3) as-
sumes that the different though closely related species (Bs)
G. ruber (white) and G. elongatus may calcify differently
under all conditions. Finally, Model (4) expands this hypoth-
esis by assuming that different species may also show differ-
ent reactions in their shell calcification towards changes in
the environmental parameters.

AD=x1T+2,Ca+e (D
AD=21T+22Ca+x3F +¢ 2)
AD=o1T+a22Ca+ax3F +x4Bs+e 3)
AD=x21T+29Ca+x3F +24Bs
+ax4Bsxx1T+xz4Bsxx9Ca
+x4Bsxx3F+e¢ 4)

The analysis shows that Model (4) explains the data best.
Following the Akaike information criterion test, Model (3)
(AAIC, =16.5), Model (2) (AAIC,. = 57.3), and Model (1)
(AAIC, = 57.7) were all clearly inferior.

An examination of the coefficients of Model (4) allows an
assessment of factors that most influence the calcification in-
tensity within the two Globigerinoides species. This reveals
that the pooled Globigerinoides calcification is mainly driven
by SST and chlorophyll a, with higher calcification intensi-
ties observed during times of raised SST and lower produc-
tivity (Fig. 12, Table 4). Both species show a constant off-
set in calcification intensity, confirming results already dis-
cussed above, as well as a significant interaction term be-
tween species, and SST and chlorophyll a, implying that
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Figure 8. Estimated size-weight scaling (solid lines with dots) and its 95 % confidence interval (dashed lines) of Globigerina bulloides
(a), Globigerinoides ruber (white) (b), and Globigerinoides elongatus (c), sampled from March 2002 until April 2003 with sediment trap
L1/K276. Some samples either contained no or too few specimens to estimate the scaling or its confidence interval, or were not significant in
the Kendall-Theil robust line fitting, and were thus not included in the analysis. The horizontal, dashed blue line indicates a possible annual
mean value of the size-weight scaling per species, that would never fall outside the 95 % confidence interval (in Globigerina bulloides this
only works if one sample from early May 2002, marked by the green arrow, is regarded as an outlier). Grey boxes with letters at the bottom
indicate months, the vertical, dashed, grey line marks the end of 2002.

calcification in G. ruber (white) and G. elongatus respond
differently to changes in temperature and productivity. Shell
flux (as indicator of the suitability of the environment) does
not seem to affect shell calcification in either species, but
the interaction term between species and flux is significant.
When applying a Kendall-Theil robust line fitting solely on
the correlation between flux and AD (i.e. disregarding other
factors) one indeed finds a significant positive correlation
(p <.001, R? = (0.459) between abundance and shell calcifi-
cation in G. elongatus, but not in G. ruber (white) (p < .564,
R? = —0.006) (Suppl. 2, Fig. S1). We must therefore con-
clude that calcification intensity is indeed influenced by the
suitability of the environment in some but not all species.
Until now, there has been little evidence for an influence
of temperature on calcification intensity. Only Marshall et al.
(2013, fig. 4) presented a significant relationship between
area density and SST, but they attributed it to a collinear-
ity of SST with CO?f, favouring carbonate chemistry as
the main explanatory variable. Raised temperature leads to
higher metabolic rates as well as higher carbonate satura-
tion, thus favouring calcification both abiotically and biot-
ically, providing excess energy for biomineralisation. The
latter only applies as long as the temperature increase does
not exceed the physiological optimum of a species, however.
Since the carbonate system has likely been rather stable dur-

ing the time interval investigated here, our data imply that the
755

biotic component may play a major role in shell calcification
intensity, regardless of (or maybe despite) changes in CO?,)_.

The evidence for a relationship between calcification in-
tensity and optimum growth conditions in G. elongatus

seems to be in support of an existence of energy trade-offs o

between calcification and growth under suboptimum con-

Table 4. Results of the most informative generalized linear model
(Model 4) for the calcification intensity of Globigerinoides species
from trap L1/K276 in the North Atlantic. The model implies that
calcification is mainly driven by temperature and surface water pro-
ductivity, but not by environmental suitability as indicated by shell
flux. It further confirms the results of the Mann—Whitney U test
that the two biospecies G. ruber (white) and G. elongatus differ in
base calcification intensity (compare Fig. 7b, Table 2), but further
implies that they also show different reaction terms to virtually all
environmental parameters.

Standard error  ¢-value  p-value
Intercept 5.166 x 1075  —5.042 < .001
SST 2.379x 1075 7.373 <.001
Chl. a 5.209 x 1075 4.579 <.001
Shell flux 4.954 x 1077 0.902 .368
Biospecies 7.122x107°  4.524 <.001
SST x biospecies 3.198 x 1075  —4.467 <.001
Chl. a x biospecies 7.934x 1075  —3.058 .002
Shell flux x biospecies  8.277 x 1077 2.196 .029

ditions, as postulated by de Villiers (2004) and Beer et al.
(2010b). On the other hand, the observed negative relation-
ship of calcification intensity with productivity contradicts
the idea that higher nutrient content of the surface water
might indicate favourable conditions for the symbionts or
that food availability alone may free more energy for cal-
cification. Instead, we hypothesize that higher surface wa-
ter productivity may lead to more light attenuation, so that
under bloom conditions the foraminiferal symbionts receive
less light, and calcification intensity is reduced, as observed
in laboratory experiments manipulating the light levels in the
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Figure 9. Calcification intensities (expressed as area density) of shells of Globigerina bulloides (a), Globigerinoides ruber (white) (b), and
Globigerinoides elongatus (c) sampled from March 2002 until April 2003 with sediment trap L1/K276. Raw values (grey dots) are plotted
together with the mean value (solid lines) and its bootstrapped 95 % confidence interval (dashed lines) per sample. Grey boxes with letters at
the bottom indicate months, the vertical, dashed, grey line marks the end of 2002.

symbiont-bearing species Globigerinoides sacculifer (Caron
et al., 1982).

The discovery of different base calcification intensities and
different reactions of calcification intensity to environmental
variables between the two closely related species G. ruber 7o
(white) and G. elongatus is most interesting. Merging these
species in analyses of calcification intensity would introduce
an environmental interaction term that cannot be controlled.
As we will discuss below, patterns of calcification observed
in past studies potentially lumping these forms under the 7es
same category may be severely affected by this interaction.

The general validity of the inferences based on the anal-
yses of calcification intensity in Globigerinoides can be as-
sessed by replicating the same analytical framework for cal-

cification intensity data based on the species G. bulloides.
For this species, only Models (1) and (2) can be considered
because all data are derived from the same species. Repli-
cating the analysis as carried out for Globigerinoides, we
find for G. bulloides Model (2) to be the most informative,
with Model (1) being clearly distinguishable and inferior
(AAIC. = 5.3). The model indicates that there is no influ-
ence of either SST or chlorophyll a on calcification intensity
in this species (Fig. 13a, Table 5). The lack of reaction of
shell calcification in G. bulloides towards SST could indicate
that the temperature effect in Globigerinoides may be medi-
ated by its symbionts, which would also be consistent with
G. bulloides lack of reaction to chlorophyll a concentration.
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Figure 10. Mean values of chlorophyll a content of the surface waters (Yoder and Kennelly, 2005), sea surface temperature (SST), and sea
surface salinity (SSS) (http://climexp.knmi.nl/) for the sampling period in the catchment area of sediment trap L1/K276. Since salinity is
highly correlated with temperature and affects the carbonate saturation state only by a factor of ten less than temperature, we did not include

it in our analyses for the environmental forcing of shell calcification.

Table 5. Results of the most informative generalized linear model sos
(Model 2) for the calcification intensity of Globigerina bulloides
from trap L1/K276 in the North Atlantic. The model implies that
calcification intensity in that species is influenced by environmental
suitability, but is otherwise robust against environmental change.

Standard error  ¢-value  p-value
Intercept  2.812x107°  5.342 <.001
SST 1.260 x 10°¢ —1.772 .078 810
Chl. a 2.310x 107°  1.014 312
Shell flux 2274 x 1077 —2.788 .006

Model (2) further indicates a significant correlation be- sis
tween flux and calcification in G. bulloides (which is also
supported by a linear regression, compare Suppl. 2, Fig. S1a).

In contrast to predictions by de Villiers (2004) and Naik
et al. (2013), however, this correlation is negative, i.e. higher
abundances in G. bulloides are correlated with less calcified sz
shells. This puzzling observation can be explained in two
ways. First, if high abundance in the species reflects faster
growth, there is less time available for biomineralisation and
as a result the shells are less calcified than in less suitable
environments. Alternatively, G. bulloides is known to har- e
bour significant genetic diversity and the studied region is
likely inhabited by as many as three different genetic lineages
within the morphospecies (Darling and Wade, 2008). If, like
in Globigerinoides, these cryptic lineages have a species-
specific response of calcification intensity to environmental sso

parameters, the resulting ‘pooled’ signal could be entirely
confounded by this effect.

4.4 Species-specific calcification patterns

Our results indicate that the response of calcification inten-
sity to environmental parameters is species-specific. This ap-
plies not only to the existence of significant relations, but
also to its sign. In addition, we have for the first time pro-
vided evidence that not only the calcification intensity, but
also the size—weight scaling differs among species (Fig. 7a).
Although studies on the determinants of calcification inten-
sity (shell weight) in planktonic Foraminifera have been con-
ducted using different material and different methodology,
there now exist enough data to attempt a comparison of the
types of responses implied by individual studies (Table 6).
Beside the fact that this study is one of the few investigat-
ing the effects of productivity on calcification, our results
are broadly coherent with the patterns documented in ear-
lier studies. The negative correlation between flux and calci-
fication intensity in G. bulloides has been also observed by
Aldridge et al. (2012) in plankton samples from the North
Atlantic. The fact that this counter-intuitive result has now
been replicated may indicate that it hints at the existence of
a poorly understood aspect of the environmental control of
calcification in that species. It may still be an effect of com-
bining different genetic lineages of this species in the analy-
sis, but we note that in our study and that by Aldridge et al.
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Figure 11. Calcification intensity (expressed as area density) as
function of the size-weight scaling slope in Globigerina bul-
loides, Globigerinoides ruber (white), and Globigerinoides elonga-
tus sampled from March 2002 until April 2003 with sediment trap
L1/K276. The correlation coefficient 7 and the p-value for a dip of s50
the regression line being significantly different from zero are pro-
vided. No significant relationship between the two parameters could

be detected in any species.

885
(2012), the genetic lineages that may have been pooled are
likely to be different.

The meta-analysis presented in Table 6 reveals that higher
temperature and higher carbonate saturation, either deter-
mined directly or inferred from indirect proxies, seems to
generally favour calcification. The effect of temperature is
less frequently observed and confounded by collinearity sso
(Marshall et al., 2013) and potentially even interaction with
carbonate saturation (Manno et al., 2012). On the other hand,
the effect of productivity and optimal growth conditions
is ambiguous. Interestingly, these results seem to apply to
symbiont-bearing and asymbiotic species alike, which would sss
indicate that the presence of symbionts may affect the abso-
lute values of calcification intensity and size—weight slope,
but it does not modify the sign of the response of calcification
intensity to the main candidate environmental parameters.

The existence of species-specific response types and off- o
sets in calcification intensity and size-weight scaling im-
plies a potentially high sensitivity of the observed response
type and strength to the accuracy of species identification.
Our data provide first evidence for distinct patterns recorded
by G. ruber (white) and G. elongatus. Traditionally, these sos
species were often deliberately or unintentionally pooled for
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various purposes, assuming that G. ruber in its broad defi-
nition introduced by Parker (1962) represent one biological
species. In reality, as shown already by isotopic and trace-
element analyses on G. ruber morphotypes (e.g. Steinke
et al., 2005), the two forms lumped within the broad con-
cept of G. ruber (white) represent genetically distinct lin-
eages with different ecological preferences (Aurahs et al.,
2011). Using the data in our study, we can simulate the effect
of pooling G. ruber (white) and G. elongatus on calcifica-
tion patterns in such a synthetic taxon. We observe that in the
pooled dataset, already the first assumption needed to mean-
ingfully interpret calcification intensity as approximated by
AD is violated. In the pooled dataset, the size-weight scal-
ing is not consistent across samples, giving the impression of
the existence of steeper scaling slopes in winter (Fig.14). In
reality, this simply reflects the times when G. ruber (white)
was more abundant than G. elongatus (Fig. 4). As aresult, the
temporal evolution of calcification intensity in a pooled Glo-
bigerinoides dataset (Fig.14) reveals spurious patterns that
are not observed in the data for either species and reflect an
induced negative correlation between the scaling slope and
calcification intensity in the pooled data. These results im-
ply that combining G. ruber (white) and G. elongatus into
a single morphospecies for analyses of calcification intensi-
ties (e.g. trap or plankton tow series) introduces an error that
can neither be eliminated nor objectively quantified. Several
of the investigations summarised in Table 6 may indeed be
affected by this issue, explaining the lack of sensitivity of
pooled G. ruber calcification data to temperature and carbon-
ate ion as observed by Naik et al. (2013) as well as the results
by Beer et al. (2010b), which otherwise remains the only case
documenting a negative correlation between calcification in-
tensity and carbonate saturation in planktonic Foraminifera.

4.5 Optimum growth conditions reflected by shell size
distribution

The concept of growth under optimum conditions in plank-
tonic Foraminifera has been originally devised to explain pat-
terns of shell size distribution in surface sediments. This con-
cept (Hecht, 1976; Schmidt et al., 2003, 2004) is based on
the observations that largest mean shell size occurs in sam-
ples where the analysed species meet their environmental
optimum. Since shell size data have been collected for the
three species analysed in this study, it is possible to test in-
dependently the assumption of using species flux in the sed-
iment trap series as approximation of optimum growth con-
ditions. If the concept by Hecht (1976) holds, then shell size
in G. bulloides should be largest during the late winter and
spring when its abundance is highest and temperatures are
lowest, closer to the optimum of the species, whose highest
abundance in the sediment is to the north of the sediment
trap region (Fig 2b). For G. ruber (white) and G. elongatus
the test will be more difficult because the preferences of the
two species are not known from sediment distribution, be-
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Table 6. Review of environmental parameters that have been found to influence foraminiferal shell calcification in several studies thus far, including the species and type of material

used. + = positive correlation, — = negative correlation, 0 = no influence detected
Symbionts  Species Material type Temperature  Temperature range (° C) Carbonate ion Tucw Q range (umol kg~ 1) Optimal growth conditions  other
+ G. ruberd Davis et al. (2013) Fossil sediment 0 max. 7
+ G. ruber (white)* Gonzalez-Mora et al. (2008) Fossil sediment +2 9 +*2 NA ot
Beer et al. (2010b) Plankton net samples - 60 0
Naik et al. (2011) sediment 0 4 0" NA +
+ G. ruber (white) + G. elongatus de Moel et al. (2009) Surface sediment +* max. 18 influence of monsoon sea-
Naik et al. (2013) Trap samples 0 max. 4 0" NA +
+ G. ruber (white) Trap samples + 7 0" 7 0
+ G. ruber (pink) Marshall et al. (2013) Trap samples Jrc 6 + 70 — with mvcvnrmgc
‘Weinkauf et al. (2013) Fossil sediment Jrv NA 0
+ G. elongatus This study Trap samples + 7 o% 7 +
—+ G. sacculifer Broecker and Clark (2001a) Surface sediment + 60
Lombard et al. (2010) Culture experiments + 495 —+ with light irradience
Naik et al. (2010) Fossil sediment —b NA +" 45
Marshall et al. (2013) Trap samples +v 5 —+ 90
—+ N. dutertrei Broecker and Clark (2001a) Surface sediment + 60
—+ O. universa Spero et al. (1997) Culture experiments + max. 700
Bijma et al. (1999) Culture experiments + 800
Lombard et al. (2010) Culture experiments + 270
Weinkauf et al. (2013) Fossil sediment +* NA 0
- G. bulloides Barker and Elderfield (2002) Surface and fossil sediment 0? 16 +* 70
de Villiers (2004) Surface sediment +2
Gonzalez-Mora et al. (2008) Fossil sediment +2 8 +78 NA o?
Moy et al. (2009) Trap samples and surface sediment +* NA
Beer et al. (2010b) Plankton net samples + 120 0
Naik et al. (2011) Fossil sediment —b 4 +" NA +
Aldridge et al. (2012) Plankton net samples —+ 3 + 33 — <+ with growth potential,
— with phosphate and ni-
trate
Davis et al. (2013) F sediment +2 9
This study Trap samples 0 7 0" 7 -
— G. inflata Barker and Elderfield (2002) Surface and fossil sediment 02 16 +* a 70
‘Weinkauf et al. (2013) Fossil sediment Jr% NA 0
- G. puncticulata Davis et al. (2013) Fossil sediment 42 9
- G. scitula ‘Weinkauf et al. (2013) Fossil sediment Jr* NA 0
— G. truncatulinoides Barker and Elderfield (2002) Surface and fossil sediment 02 12 Jrv a 60
de Villiers (2004) Surface sediment +2
- N. incompta Barker and Elderfield (2002) Surface and fossil sediment 0 16 +ra 70
de Villiers (2004) Surface sediment +2
Gonzalez-Mora et al. (2008) Fossil sediment 02 6 o*a NA +2
— N. pachyderma Manno et al. (2012) Culture experiments 0 5 + 65 temperature moderates in-
fluence of carbonate ion
— P. obliquiloculata Broecker and Clark (2001a) Surface sediment + 60

* Carbonate ion concentration indirectly inferred; *Not explicitly tested, only implied; ® Attributed to co

carity; ¢ Unclear whether samples also included G. elongatus specimens; 9Unclear whether samples included only G. ruber (white) or G. ruber (pink) or both
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Figure 12. Interaction plot of the calcification intensity (expressed as area density, AD) in Globigerinoides ruber (white) and Globigerinoides
elongatus sampled from March 2002 until April 2003 with sediment trap L1/K276. While both species generally show a positive correlation
of AD with sea surface temperature (SST) and a negative correlation with surface water productivity, the offset between and strict non-
parallelism of the lines shows that both species differ in base calcification intensity and react differently to changes in the environment
(compare Table 4).

cause these two taxa nave not been separated (Fig 2¢). Foress Model (2): AAIC, = 160.1, Model (1): AAIC, = 164.2).

both species combined, sediment distribution data indicate a
warmer optimum habitat than the average conditions at the
sediment trap site, but peak abundance in the studied series
occurs in summer and early spring, indicating that the abun-

dance of those species may have reacted to factors other than s«

temperature.

To test for correlation between environmental parameters
and shell sizes in the three species analysed, we use the
same GLM models as applied to the calcification data (Mod-
els (1)-(4)). In G. bulloides we find Models (1) and (2)
to be indistinguishable (AAIC. = 1.1). Both models indi-
cate that shell sizes in this species are correlated with wa-
ter temperature and productivity (Table 7). As expected from
the optimum growth model, shell size of G. bulloides is
negatively correlated with SST (p = —0.142) and positively
correlated with productivity (p = 0.306), reflecting gener-
ally cooler and more productive optimum conditions of the
species (Fig. 13b). A link of shell size with flux could not
be observed however. This seems to reflect the asymmetry
of flux between spring and autumn in 2002 and underlines
the observation by Storz et al. (2009) of the large interan-
nual variability at the studied site. It seems that in such sit-
uations the pattern of flux, rather than the absolute values,
would be a better estimate of optimum growth conditions.
For an analysis of the two species of Globigerinoides we
find Model (4) to be the most informative, with the other
models being clearly inferior (Model (3): AAIC, =11.7,

However, this model implies that none of the environmental
parameters nor flux has significantly affected the size distri-
bution (Table 8), confirming the observation that shell sizes
of both species remained rather similar throughout the stud-
ied period (Fig. 5).

Table 7. Results of the generalized linear Models (1) and (2) for
the shell size of Globigerina bulloides from trap L1/K276 in the
North Atlantic. The models show an influence of both sea surface
temperature (SST) and productivity on the observed shell size.

Standard error  t-value  p-value
Model 1
Intercept ~ 81.777 0.479 .632
SST 3.723 2.128 .035
Chl. a 82.481 4.533 < .001
Model 2
Intercept  96.957 —0.567 .571
SST 4.351 2.748 .007
Chl. a 83.151 4.718 <.001
Shell flux  0.762 1.787 .076

The distribution of shell sizes in the three investigated
species thus does not lend strong support to the hypothesis
that optimum growth conditions result in largest shells sizes.
Alternatively, it may be that absolute abundance as used in
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Figure 13. Cross plot of the calcification intensity (expressed as
area density, AD) and shell size of Globigerina bulloides sampled
from March 2002 until April 2003 with sediment trap L1/K276.
Raw data values (grey dots) are plotted alongside the regression
line from a Kendall-Theil robust line fitting. (a) The AD of shells of
G. bulloides is decreasing when the species becomes more abundant
(compare Table 5). (b) The shell size (Feret diameter) in G. bul-
loides shows a negative correlation with sea surface temperature
(SST), but increases with productivity, likely due to the larger avail-
ability of nutrients and thus energy for the metabolism (compare
Table 7). Note the log-scaling of the y-axis.

this study is not the best descriptor of optimum growth con-
ditions and relative abundance in relationship to all plank-
tonic Foraminifera in the analysed samples, as used by Hecht

(1976), is more appropriate. To this end, we carried out the sso

same tests but used relative abundance data from Storz et al.
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Figure 14. Estimated mean size-weight scaling (solid line with
dots) and its 95 % confidence interval (dashed lines) of Globigeri-
noides ruber (white) and Globigerinoides elongatus sampled from
March 2002 until April 2003 with sediment trap L1/K276 pooled
together. Some samples either contained no or too few specimens to
estimate the size—weight scaling or its confidence interval, or were
not significant in the Kendall-Theil robust line fitting, and were
thus not included in the analysis. While neither G. ruber (white) nor
G. elongatus show signs of a non-constant size—weight scaling over
time (compare Fig. 8), a constant mean calcification in the synthetic
taxon (dashed blue line) can only be assumed when disregarding
two samples marked with the green arrows. The values generally
appear too high from late winter to early summer. Grey boxes with
letters at the bottom indicate months, the vertical, dashed, grey line
marks the end of 2002.

Table 8. Results of the most informative generalized linear
Model (4) for the shell size of Globigerinoides species from trap
L1/K276 in the North Atlantic. The model implies that shell size is
not influenced by any factor monitored.

Standard error  ¢-value  p-value
Intercept 54.5645 2.626 .009
SST 2.255 1.224 221
Chl. a 79.557 1.215 .225
Biospecies 88.722 1.726 .085
Shell flux 0.800 1.204 .229
SST x biospecies 3.736 —1.610 .108
Chl. a x biospecies 125.981 0.413 679
Shell flux x biospecies  1.293 0.963 .336

(2009). Since these were not available for G. ruber (white)

and G. elongatus separately, we only carried out an analy-
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sis according to Model (2) for both Globigerinoides species.
The results are virtually similar to those when using abso-ioos
lute abundance: no significant relationship between relative
abundance and size could be found. The same applies even
when the analyses of calcification intensity are repeated with
relative abundance instead of flux (Suppl. 2, Tables S3-S6).
Thus, we conclude that across the range of environmentalioto
conditions represented in our study, shell size does not seem
to reflect optimum growth conditions, implying that perhaps
even the interpretation of the observed relationships between
optimum growth conditions and calcification intensity have
to be interpreted with caution. The possibility that calcifica-ois
tion is not related to optimum growth conditions or optimum
growth conditions are difficult to approximate by abundance
could explain the inconsistent reaction of calcification to this
parameter observed by our and earlier studies (Table 6).

1020

5 Conclusions

The size—weight relationship and calcification intensity ex-
pressed as area density of individual shells and shell size of
G. ruber (white), G. elongatus, and G. bulloides have been,,s
analysed in a series of 18 samples from a sediment trap in
the Azores Current representing shell flux between spring
2002 to spring 2003. The site represents a range of condi-
tions with respect to temperature, productivity and optimum
growth, whilst showing only a small range of variation in car-
bonate saturation. In this way, it allows us to investigate the1030
effect of parameters other than carbonate saturation on the
calcification process in planktonic Foraminifera.

Our data imply that the size—weight scaling in plank-
tonic Foraminifera varies between species, but appears stable
across a range of environmental conditions within species.
Furthermore, the size—weight scaling is not correlated with1oss
calcification intensity, implying that changes in calcification
intensity expressed as average area density value for multi-
ple shells in a sample can be interpreted in terms of the effect
of potential controlling environmental parameters. We couldﬂm
further show that the previously used method of mean area
density agrees with data obtained from individual area den-
sity calculations, but that the earlier method underestimates
MAD uncertainty. The less labour intensive MAD approach
is thus suitable for studies of calcification intensity, but it re-os
quires an explicit estimate of uncertainty obtained by direct
replication.

An analysis of the calcification intensity with a variety of
generalized linear models indicates that the calcification in-
tensity of foraminiferal shells appears to be influenced by
a combination of multiple environmental factors, and that
the reactions to these parameters are species specific. While
in both Globigerinoides species calcification seems to re-
spond to temperature and productivity, the calcification of;
G. bulloides recovered from the same samples appear to
be negatively correlated with the abundance of the species.

1050

Moreover, the calcification intensity of G. ruber (white) and
G. elongatus generally differs and also reacts differently to
changes in the potential controlling parameters. Thus, al-
though the size—weight scaling is similar for both species,
their differential reaction implies that data based on a pooled
analyses, as it has been often done in the past, could reflect
changing proportions of those species irrespective of changes
in the postulated environmental parameters.

Analyses of shell size variation among the three species
indicates that in our data shell size is not related to opti-
mum growth, contradicting current concepts and/or question-
ing the use of abundance (absolute and relative) as an estima-
tor of optimum growth conditions. These observation could
explain the inconsistent relationship between abundance and
calcification observed both in this study and in previous in-
vestigations, indicating that optimum growth conditions are
either difficult to approximate by abundance or not affecting
calcification.

Acknowledgements. We want to thank Joanna Waniek, who made
the samples used in this study available, André Wizemann, who
helped in separating G. ruber (white) and G. elongatus, and
Hartmut Schulz for supervision of JGK and fruitful discussions.
The principal author received funding from the Ministerium fiir
Wissenschaft, Forschung und Kunst Baden—Wiirttemberg (LGFG
stipend) and the Cushman Foundation for Foraminiferal Research
(J. M. Resig Fellowship).

References
Akaike, H.: A new look at the statistical model iden-
tification, IEEE T. Automat. Contr, 19, 716-723,

doi:10.1109/TAC.1974.1100705, 1974.

Aldridge, D., Beer, Ch. J., and Purdie, D. A.: Calcfication in the
planktonic Foraminifera Globigerina bulloides linked to phos-
phate concentrations in surface waters of the North Atlantic
Ocean, Biogeosciences, 9, 1725-1739, doi:10.5194/bg-9-1725-
2012, 2012.

Aurahs, R., Treis, Y., Darling, K., and Kucera, M.: A re-
vised taxonomic and phylogenetic concept for the planktonic
foraminifer species Globigerinoides ruber based on molecular
and morphometric evidence, Mar. Micropaleontol., 79, 1-14,
doi:10.1016/j.marmicro.2010.12.001, 2011.

Barker, S. and Elderfield, H.: Foraminiferal calcification response to
glacial-interglacial changes in atmospheric CO2, Science, 297,
833-836, doi:10.1126/science.1072815, 2002.

Bé, A. W. H.: An ecological, zoogeographic and taxonomic review
of recent planktonic Foraminifera, in: Oceanic Micropalaeontol-
ogy, edited by Ramsay, A. T. S., vol. 1, chap. 1, pp. 1-100, Aca-
demic Press, London, New York, San Francisco, 1977.

Bé, A. W. H. and Lott, L.: Shell growth and structure
of planktonic Foraminifera, Science, 145, 823-824,
doi:10.1126/science.145.3634.823, 1964.

Beer, Ch. J., Schiebel, R., and Wilson, P. A.: Technical
note: On methodologies for determining the size-normalised
weight of planktic Foraminifera, Biogeosciences, 7, 2193-2198,
doi:10.5194/bg-7-2193-2010, 2010a.



1060

1065

1070

1075

1080

1085

1090

1095

1100

1105

1110

115

20 M. F. G. Weinkauf et al.: Calcification seasonality in Foraminifera

Beer, Ch. J., Schiebel, R., and Wilson, P. A.: Testing plank-
tic foraminiferal shell weight as a surface water [CO?]
proxy using plankton net samples, Geology, 38, 103-106,
doi:10.1130/G30150.1, 2010b.

Benjamini, Y. and Hochberg, Y.: Controlling the false discoveryiizo
rate: A practical and powerful approach to multiple testing, J.
R. Stat. Soc. B Met., 57, 289-300, doi:10.2307/2346101, 1995.

Bijma, J., Spero, H. J., and Lea, D. W.: Reassessing foraminiferal
stable isotope geochemistry: Impact of the oceanic carbonate
system (experimental results), in: Use of Proxies in Paleoceanog-i12s
raphy: Examples from the South Atlantic, edited by Fischer, G.
and Wefer, G., pp. 489-512, Springer-Verlag, Berlin, Heidelberg,
1999.

Broecker, W. and Clark, E.: An evaluation of Lohmann’s
Foraminifera weight dissolution index, Paleoceanography, 16,1130
531-534, doi:10.1029/2000PA000600, 2001a.

Broecker, W. S. and Clark, E.: Reevaluation of the CaCOj3 size
index paleocarbonate ion proxy, Paleoceanography, 16, 669-671,
doi:10.1029/2001PA000660, 2001b.

Brummer, G. J. A. and Kroon, D.: Planktonic Foraminifers asiss
Tracers of Ocean-Climate History: Ontogeny, Relationships and
Preservation of Modern Species and Stable Isotopes, Phenotypes
and Assemblage Distribution in Different Water Masses, Free
University Press, Amsterdam, 1988.

Caron, D. A, Bé, A. W. H, and Anderson, O. R.: Ef-io
fects of variations in light intensity on life processes of
the planktonic foraminifer Globigerinoides sacculifer in lab-
oratory culture, J. Mar. Biol. Assoc. UK, 62, 435-451,
doi:10.1017/S0025315400057374, 1982.

Darling, K. F. and Wade, Ch. M.: The genetic diversity ofis
planktic Foraminifera and the global distribution of ribo-
somal RNA genotypes, Mar. Micropaleontol., 67, 216-238,
doi:10.1016/j.marmicro.2008.01.009, 2008.

Davis, C. V., Badger, M. P. S., Bown, P. R., and Schmidt, D. N.:
The response of calcifying plankton to climate change in theiso
Pliocene, Biogeosciences, 10, 6131-6139, doi:10.5194/bg-10-
6131-2013, 2013.

Davison, A. C. and Hinkley, D. V.: Bootstrap Methods and their
Applications, vol. 1 of Cambridge Series in Statistical and Prob-
abilistic Mathematics, Cambridge University Press, Cambridge,i1ss
1997.

de Moel, H., Ganssen, G. M., Peeters, F. J. C., Jung, S. J. A., Kroon,
D., Brummer, G.-J. A., and Zeebe, R. E.: Planktic foraminiferal
shell thinning in the Arabian Sea due to anthropogenic ocean
acidification?, Biogeosciences, 6, 1917-1925, doi:10.5194/bg-6-1160
1917-2009, 2009.

de Villiers, S.: Optimum growth conditions as opposed to cal-
cite saturation as a control on the calcification rate and
shell-weight of marine Foraminifera, Mar. Biol., 144, 4549,
doi:10.1007/s00227-003-1183-8, 2004. 1165

Dixon, Ph. M.: Bootstrap resampling, in: Encyclopedia of Envi-
ronmetrics, edited by El-Shaarawi, A. H. and Piegorsch, W. W.,
vol. 1, pp. 212-220, John Wiley & Sons, Ltd., Chichester, 2002.

Dormann, C. F,, Elith, J., Sven, B., Buchmann, C., Carl, G., Carré,
G., Marquéz, J. R. G., Gruber, B., Lafourcade, B., Leitdo, P. J.,1170
Miinkemiiller, T., McClean, C., Osborne, P. E., Reineking, B.,
Schroder, B., Skidmore, A. K., Zurell, D., and Lautenbach, S.:
Collinearity: A review of methods to deal with it and a simula-

tion study evaluating their performance, Ecography, 36, 27-46,
doi:10.1111/5.1600-0587.2012.07348.x, 2013.

Erez, J. and Honjo, S.: Comparison of isotopic composition of
planktonic Foraminifera in plankton tows, sediment traps and
sediments, Palacogeogr. Palaeocl. Palaeoecol., 33, 129-156,
doi:10.1016/0031-0182(81)90035-3, 1981.

Fligner, M. A. and Killeen, T. J.: Distribution-free two-
sample tests for scale, J. Am. Stat. Assoc., 71, 210-
213, doi:10.1080/01621459.1976.10481517, http://www.jstor.
org/stable/2285771, 1976.

Garcia, H. E., Locarnini, R. A., Boyer, T. P, Antonov, J. L,
Baranova, O. K., Zweng, M. M., Reagan, J. R., and John-
son, D. R.: World Ocean Atlas 2013, volume 4: Dissolved
inorganic nutrients (phosphate, nitrate, silicate), in: NOAA
Atlas NESDIS, edited by Levitus, S. and Mishonov, A,
vol. 76, pp. 1-25, National Oceanic and Atmospheric Admin-
istration, Silver Spring, http://data.nodc.noaa.gov/woa/WOA13/
DOC/woal3_vol4.pdf, 2013.

Gonzalez-Mora, B., Sierro, F. J., and Flores, J. A.: Controls of shell
calcification in planktonic foraminifers, Quaternary Sci. Rev., 27,
956-961, doi:10.1016/j.quascirev.2008.01.008, 2008.

Goyet, C., Healy, R., Ryan, J., and Kozyr, A.: Global Distribu-
tion of Total Inorganic Carbon and Total Alkalinity below the
Deepest Winter Mixed Layer Depths, Tech. Rep. 4995, U.S.
Department of Energy, http://odv.awi.de/en/data/ocean/global
alkanity_tco2/, 2000.

Hecht, A. D.: An ecologic model for test size variation in recent
planktonic Foraminifera: Applications to the fossil record, J.
Foramin. Res., 6, 295-311, doi:10.2113/gsjfr.6.4.295, 1976.

Helsel, D. R. and Hirsch, R. M.: Statistical methods in water re-
sources, in: Hydrologic Analysis and Interpretation, vol. 4 of
Techniques of Water-Resources Investigations Reports, chap. 3,
pp. 1-510, United States Geological Survey, 2002.

Ingleby, B. and Huddleston, M.: Quality control of ocean temper-
ature and salinity profiles — historical and real-time data, J.
Marine Syst., 65, 158-175, doi:10.1016/j.jmarsys.2005.11.019,
2007.

Kendall, M. G.: A new measurement of rank correlation,
Biometrika, 30, 81-93, doi:10.1093/biomet/30.1-2.81, 1938.
Klein, B. and Siedler, G.: On the origin of the Azores
Current, J. Geophys. Res.—Oceans, 94, 6159-6168,

doi:10.1029/JC094iC05p06159, 1989.

Kremling, K., Lentz, U., Zeitschel, B., Schulz-Bull, D. E.,
and Duinker, J. C.: New type of time-series sediment trap
for the reliable collection of inorganic and organic trace
chemical substances, Rev. Sci. Instrum., 67, 4360-4363,
doi:10.1063/1.1147582, 1996.

Kruskal, W. H. and Wallis, W. A.: Use of ranks in one-
criterion variance analysis, J. Am. Stat. Assoc., 47, 583-621,
doi:10.1080/01621459.1952.10483441, 1952.

Kucera, M.: Planktonic Foraminifera as tracers of past oceanic envi-
ronments, in: Proxies in Late Cenozoic Paleoceanography, edited
by Hillaire-Marcel, C., de Vernal, A., and Chamley, H., vol. 1 of
Developments in Marine Geology, chap. 6, pp. 213-262, Else-
vier, Amsterdam, doi:10.1016/S1572-5480(07)01011-1, 2007.

Lewis, E., Wallace, D., and Allison, L. J.: Program Developed for
CO2 System Calculations, Tech. Rep. 4735, Carbon Dioxide
Information Analysis Center, Oak Ridge, http://cdiac.ornl.gov/
oceans/co2rprt.html, 1998.



1175

1180

1185

1190

1195

1200

1205

1210

1215

1220

1225

1230

M. F. G. Weinkauf et al.: Calcification seasonality in Foraminifera

Locarnini, R. A., Mishonov, A. V., Antonov, J. I, Boyer, T. P,
Garcia, H. E., Baranova, O. K., Zweng, M. M., Paver, C. R.,
Reagan, J. R., Johnson, D. R., Hamilton, M., and Seidov,zss
D.: World Ocean Atlas 2013, volume 1: Temperature, in:
NOAA Atlas NESDIS, edited by Levitus, S. and Mishonov, A.,
vol. 73, pp. 1-40, National Oceanic and Atmospheric Admin-
istration, Silver Spring, http://data.nodc.noaa.gov/woa/WOA13/
DOC/woal3_voll.pdf, 2013.

Lohmann, G. P.: A model for variation in the chemistry
of planktonic Foraminifera due to secondary -calcifica-
tion selective dissolution, Paleoceanography, 10, 445-457,
doi:10.1029/95PA00059, 1995.

Lombard, F., da Rocha, R. E., Bijma, J., and Gattuso, J.-P.: Ef-1245
fect of carbonate ion concentration and irradiance on calcfica-
tion in planktonic Foraminifera, Biogeosciences, 7, 247-255,
doi:10.5194/bg-7-247-2010, 2010.

Longhurst, A.: Seasonal cycles of pelagic production and con-
sumption, Progr. Oceanogr., 36, 77-167, doi:10.1016/0079-12s0
6611(95)00015-1, 1995.

Mann, H. B. and Whitney, D. R.: On a test of whether one of two
random variables is stochastically larger than the other, Ann.
Math. Stat., 18, 50-60, doi:10.1214/a0ms/1177730491, http://
www.jstor.org/stable/2236101, 1947.

Manno, C., Morata, N., and Bellerby, R.: Effect of ocean acidifi-
cation and temperature increase on the planktonic foraminifer
Neogloboquadrina pachyderma (sinistral), Polar Biol., 35,
1311-1319, doi:10.1007/s00300-012-1174-7, 2012.

Marshall, B. J., Thunell, R. C., Henehan, M. H., Astor, Y., and We-1260
jnert, K. R.: Planktonic foraminiferal area density as a proxy
for carbonate ion concentration: A calibration study using the
Cariaco Basin Ocean Time Series, Paleoceanography, 28, 1-14,
doi:10.1002/palo.20034, 2013.

McDonald, J. H.: Handbook of Biological Statistics, Sparky Houserzes
Publishing, Baltimore, 2nd edn., http://www.biostathandbook.
com/, 2009.

Media Cybernetics, Inc.: Image-Pro® Plus Version 6.0 for Win-
dows™  Start-Up Guide, Silver-Spring, http://web.uvic.ca/ail/
techniques/IPPStartUp.pdf, 2006. 1270

Moy, A. D., Howard, W. R., Bray, S. G., and Trull, Th. W.: Reduced
calcification in modern Southern Ocean planktonic Foraminifera,
Nat. Geosci., 2, 276280, doi:10.1038/NGEO460, 2009.

Naik, S. S., Naidu, P. D., Govil, P,, and Godad, S.: Relationship be-
tween weights of planktonic foraminifer shell and surface saterizrs
CO3 concentration during the Holocene and last glacial period,
Mar. Geol., 275, 278-282, doi:10.1016/j.margeo.2010.05.004,
2010.

Naik, S. S., Godad, S. P,, and Naidu, P. D.: Does carbonate ion con-
trol planktonic Foraminifera shell calcification in upwelling re-12so
gions?, Curr. Sci. India, 101, 1370-1375, http://drs.nio.org/drs/
handle/2264/3970, 2011.

Naik, S. S., Godad, S. P, Naidu, P. D., and Ramaswamy, V.: A
comparison of Globigerinoides ruber calcification between up-
welling and non-upwelling regions in the Arabian Sea, J. Earthizss
Syst. Sci., 122, 1153-1159, doi:10.1007/s12040-013-0330-y,
2013.

Nelder, J. A. and Wedderburn, R. W. M.: Generalized linear models,

J. R. Stat. Soc., Ser. A-G., 135, 370-384, http://www.jstor.org/
stable/2344614, 1972.

1240

1255

1290

21

Numberger, L., Hemleben, Ch., Hoffmann, R., Mackensen,
A., Schulz, H., Wunderlich, J.-M., and Kucera, M.: Habi-
tats, abundance patterns and isotopic signals of morpho-
types of the planktonic foraminifer Globigerinoides ruber
(d’Orbigny) in the Eastern Mediterranean Sea since the Ma-
rine Isotopic Stage 12, Mar. Micropaleontol., 73, 90-104,
doi:10.1016/j.marmicro.2009.07.004, 2009.

Parker, F. L.: Planktonic foraminiferal species in pacific sediments,
Micropaleontology, 8, 219-254, doi:10.2307/1484745, 1962.
Prell, W. L., Martin, A., Cullen, J. L., and Trend, M.: The Brown
University Foraminiferal Data Base, IGBP PAGES/World Data
Center-A for Paleoclimatology Data Contribution Series 1999-
027, NOAA/NGDC Paleoclimatology Program, Boulder, http:

/Iwww.ncdc.noaa.gov/paleo/metadata/noaa-ocean-5908.html,
1999a.

Prell, W. L., Martin, A., Cullen, J. L., and Trend, M.:
The Brown University Foraminiferal Data Base (BFD),
doi:10.1594/PANGAEA.96900, 1999b.

R Development Core Team: R: A Language and Environment for
Statistical Computing, R Foundation for Statistical Computing,
Vienna, http://www.R-project.org/, 2014.

Robbins, L. L.: Environmental significance of morphologic
variability in open-ocean versus ocean-margin assemblages
of Orbulina universa, J. Foramin. Res., 18, 326-333,
doi:10.2113/gsjfr.18.4.326, 1988.

Schiebel, R., Waniek, J., Zeltner, A., and Alves, M.: Impact of
the Azores Front on the distribution of planktic foraminifers,
shelled gastropods, and coccolithophorids, Deep-Sea Res. Pt. II,
49, 4035-4050, doi:10.1016/S0967-0645(02)00141-8, 2002.

Schlitzer, R.: Ocean Data View, Alfred-Wegener-Institut, http://odv.
awi.de, 2014.

Schmidt, D. N., Renaud, S., and Bollmann, J.: Response of plank-
tic foraminiferal size to late Quaternary climate change, Pa-
leoceanography, 18, Article 1039, doi:10.1029/2002PA000831,
2003.

Schmidt, D. N., Renaud, S., Bollmann, J., Schiebel, R., and Thier-
stein, H. R.: Size distribution of Holocene planktic foraminifer
assemblages: Biogeography, ecology and adaptation, Mar. Mi-
cropaleontol., 50, 319-338, doi:10.1016/S0377-8398(03)00098-
7,2004.

Sen, P. K.: Estimates of the regression coefficient based on
Kendall’s tau, J. Am. Stat. Assoc., 63, 1379-1389, http://www.
jstor.org/stable/2285891, 1968.

Shapiro, S. S. and Wilk, M. B.: An analysis of variance test
for normality (complete samples), Biometrika, 52, 591-611,
doi:10.1093/biomet/52.3-4.591, 1965.

Spero, H. J.: Ultrastructural examination of chamber morphogene-
sis and biomineralization in the planktonic foraminifer Orbulina
universa, Mar. Biol., 99, 9-20, doi:10.1007/BF00644972, 1988.

Spero, H. J., Bijma, J., Lea, D. W., and Bemis, B. E.: Effect of sea-
water carbonate concentration on foraminiferal carbon and oxy-
gen isotopes, Nature, 390, 497-500, doi:10.1038/37333, 1997.

Steinke, S., Chiu, H.-Y., Yu, P.-S., Shen, C.-C., Lowemark, L., Mii,
H.-S., and Chen, M.-T.: Mg/Ca ratios of two Globigerinoides
ruber (white) morphotypes: Implications for reconstructing past
tropical/subtropical surface water conditions, Geochem. Geophy.
Geosy., 6, Q11 005, doi:10.1029/2005GC000926, 2005.

Storz, D.: Die Saisonalitdt planktischer Foraminiferen im Bere-
ich einer Sinkstoffallenstation in subtropischen 6stlichen Nordat-



22 M. F. G. Weinkauf et al.: Calcification seasonality in Foraminifera

lantik zwischen Februar 2002 bis April 2004, Diploma thesis,
Eberhard—Karls Universitit Tiibingen, Tiibingen, 2006.
Storz, D., Schulz, H., Waniek, J. J., Schulz-Bull, D. E., and

1295 Kucera, M.: Seasonal and interannual variability of the planktic
foraminiferal flux in the vicinity of the Azores Current, Deep-Sea
Res. Pt. I, 56, 107-124, doi:10.1016/j.dsr.2008.08.009, 2009.

Tabor, J.: Investigating the investigative task: Testing for
skewness—an investigation of different test statistics and their

1300 power to detect skewness, J. Stat. Educ., 18, 1-13, www.amstat.
org/publications/jse/v18n2/tabor.pdf, 2010.

Theil, H.: A rank-invariant method of linear and polynomial regres-
sion analysis, III, P. K. Akad. Wet.—Amsterd., 53, 1397-1412,
1950.

105 Wang, L.: Isotopic signals in two morphotypes of Globigeri-
noides ruber (white) from the South China Sea: Implications for
monsoon climate change during the last glacial cycle, Palaeo-
geogr. Palaeocl. Palaeoecol., 161, 381-394, doi:10.1016/S0031-
0182(00)00094-8, 2000.

1310 Waniek, J. J., Schulz-Bull, D. E., Blanz, Th., Prien, R. D., Os-
chlies, A., and Miiller, Th. J.: Interannual variability of deep
water particle flux in relation to production and lateral sources
in the northeast Atlantic, Deep-Sea Res. Pt. I, 52, 33-50,
doi:10.1016/j.dsr.2004.08.008, 2005.

1315 Weinkauf, M. F. G., Moller, T., Koch, M. C., and Kucera, M.: Cal-
cification intensity in planktonic Foraminifera reflects ambient
conditions irrespective of environmental stress, Biogeosciences,
10, 6639-6655, doi:10.5194/bg-10-6639-2013, 2013.

Yoder, J. and Kennelly, M.: Live Access to US JGOFS

1320 SMP Data: Global SeaWiFS chlorophyll, Tech. rep., U.S.
JGOFS, http://usjgofs.whoi.edu/las?dset=0Ocean+Color/Global+
SeaWiFS+chlorophyll+1997-2004, 2005.

Yohai, V. J., Stahel, W. A., and Zamar, R. H.: A procedure for robust
estimation and inference in linear regression, in: Directions in

1325 Robust Statistics and Diagnostics, Part 11, edited by Stahel, W. A.
and Weisberg, S., vol. 34 of The IMA Volumes in Mathematics
and its Applications, pp. 365-374, Springer-Verlag, New York,
doi:10.1007/978-1-4612-4444-8_20, 1991.

Zweng, M. M., Reagan, J. R., Antonov, J. L., Locarnini, R. A., Mis-

1330 honov, A. V., Boyer, T. P, Garcia, H. E., Baranova, O. K., John-
son, D. R., Seidov, D., and Biddle, M. M.: World Ocean At-
las 2013, volume 2: Salinity, in: NOAA Atlas NESDIS, edited
by Levitus, S. and Mishonov, A., vol. 74, pp. 1-39, National
Oceanic and Atmospheric Administration, Silver Spring, http:

1335 //data.nodc.noaa.gov/woa/WOA13/DOC/woal3_vol2.pdf, 2013.



105


http://dx.doi.org/10.3389/fevo.2014.00064




fromntiers in

ECOLOGY AND EVOLUTION

ORIGINAL RESEARCH ARTICLE
published: 14 October 2014
doi: 10.3389/fevo.2014.00064

—

Disruptive selection and bet-hedging in planktonic
Foraminifera: shell morphology as predictor of extinctions

Manuel F. G. Weinkauf'?*, Tobias Moller’, Mirjam C. Koch’ and Michal Kuéera?

" Micropalaeontology, Department of Geosciences, Eberhard-Karls University, Tibingen, Germany
2 Center for Marine Environmental Sciences, Micropalaeontology-Palaeoceanography, University Bremen, Bremen, Germany

Edited by:
G. Lynn Wingard, U.S. Geological
Survey, USA

Reviewed by:

Pasquale Raia, Universita di Napoli
Federico 1l, Italy

Teresa Vegas-Vilarribia, University
of Barcelona, Spain

*Correspondence:

Manuel £ G. Weinkauf, Center for
Marine Environmental Sciences,
University Bremen, Leobener Str.,
Bremen 28359, Germany

e-mail: mweinkauf@marum.de

Extinction is a remarkably difficult phenomenon to study under natural conditions. This is
because the outcome of stress exposure and associated fitness reduction is not known
until the extinction occurs and it remains unclear whether there is any phenotypic reaction
of the exposed population that can be used to predict its fate. Here we take advantage of
the fossil record, where the ecological outcome of stress exposure is known. Specifically,
we analyze shell morphology of planktonic Foraminifera in sediment samples from the
Mediterranean, during an interval preceding local extinctions. In two species representing
different plankton habitats, we observe shifts in trait state and decrease in variance in
association with non-terminal stress, indicating stabilizing selection. At terminal stress
levels, immediately before extinction, we observe increased growth asymmetry and trait
variance, indicating disruptive selection and bet-hedging. The pre-extinction populations
of both species show a combination of trait states and trait variance distinct from all
populations exposed to non-terminal levels of stress. This finding indicates that the
phenotypic history of a population may allow the detection of threshold levels of stress,
likely to lead to extinction. It is thus an alternative to population dynamics in studying and
monitoring natural population ecology.

Keywords: environmental stress, fluctuating asymmetry, growth symmetry, morphology, selection, planktonic

Foraminifera, Mediterranean

INTRODUCTION
Being able to predict impending local extinctions in recent ecosys-
tems could significantly enhance current techniques of biomoni-
toring. However, although recently large advances in the field of
population dynamics channeling into extinction prediction has
been made (Drake and Griffen, 2010) this application still suffers
from the naturally large variability in population sizes (Ludwig,
1999). Indicators other than population dynamics may be more
suitable as predictors for rising stress levels and local extinctions.
It has long been hypothesized that certain aspects of mor-
phology, such as the continuity of growth regularity (fluctuating
asymmetry, FA), are influenced by environmental stress (Furlow
et al., 1997; Leung et al., 2000). Environmental stress is in this
context defined as the degree of deviation of all environmental
factors (biotic and abiotic) from the optimum requirements of
a species. This hypothesis has been supported by studies where
developmental instability was shown to be correlated with fit-
ness (Lens et al., 2002; Hendrickx et al., 2003). In this context
a decrease in variability is commonly attributed to stabilizing
selection, often associated with reduced environmental variabil-
ity (Van Valen, 1965), though it can also occur under fluctuating
selection in an unstable, continuously changing environment
(Pélabon et al., 2010). Increasing variability, on the other hand,
is associated with disruptive selection (Bull, 1987), and can thus
be the long-term result of bet-hedging of specimens that pro-
duce offspring with a higher inter-individual variability, thus
increasing the mean fitness of the population (Slatkin, 1974;

Philippi and Seger, 1989; Grafen, 1999). Specifically, two dif-
ferent modes of bet-hedging can be distinguished (Einum and
Fleming, 2004): (1) conservative bet-hedging, where the popula-
tions shows a directional developmental trend toward a state that
would reduce fitness under optimal conditions but increases fit-
ness under the prevailing parameters (Einum and Fleming, 1999),
and (2) diversified bet-hedging where the population increases its
variance so that the chances of at least some individuals to survive
are maximized (Philippi and Seger, 1989).

Under natural conditions, it is difficult to assess at what stress
levels stabilization yields to disruption. This is partly because
it is difficult to identify suitable natural experiments, but most
importantly because it is difficult to predict the outcome of stress
exposure and thus stress severity on ecological time scales (Moritz
and Agudo, 2013). The latter constraint does not apply to the fos-
sil record, where the outcome of stress exposure can be directly
observed. Unfortunately, in many cases the fossil record does
not have the resolution and richness needed to assess morpho-
logical change acting on a spatially well constrained population.
Additionally, when working with fossil material the fossilization
potential of different biomaterials under varying depositional
conditions can bias the preservation of the fossil record that can
be used for such a study. In this respect, marine microplankton,
such as planktonic Foraminifera, offer the best model system.
Foraminifera possess intricate geometrical shells consisting of
sequentially accreted chambers, thus reflecting aspects of individ-
ual growth, despite their unicellular grade of organization. The
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calcite shells of planktonic Foraminifera are preserved in large
quantities in marine sediments deposited above the carbonate
compensation depth, leaving a highly representative record of
population changes through time (e.g., Kucera, 2007).

Studies of recent planktonic Foraminifera have shown abun-
dant evidence for changes in shell traits along environmental
gradients (Malmgren and Kennett, 1976), suggesting that individ-
ual growth characteristics in these organisms react to changes in
environmental parameters. The geometry of Foraminifera shells
is given by cytoskeleton assembly during the calcification of each
new chamber (Bé et al., 1979). Under extreme stress, e.g., poi-
soning by heavy metals, the ability of Foraminifera to constrain
the shape of their shells is limited, leading to aberrant mor-
phologies (e.g., Caron et al., 1987; Alve, 1991). These effects are
most likely associated with direct cytotoxicity, interfering with
cytoskeleton assembly. Although no experimental studies exist
that assess the influence of natural levels of stress on the geom-
etry of Foraminifera shells, it is likely that their growth regularity
may be affected. In multicellular organisms, it is known that expo-
sure to environmental stress can decrease the ability of chaperones
to facilitate the conformation of structurally relevant enzymes
(Debat et al., 2006). This effect can lead to morphological devi-
ations during the growth of an organism, and can thus serve as a
proxy for the occurrence of such stress during the lifetime of the
organism (Hendrickx et al., 2003; Beasley et al., 2013).

In this study we present a morphometric analysis of two
species of planktonic Foraminifera during the onset of the depo-
sition of Sapropel S5 in the Eastern Mediterranean Sea (Figure 1)
(Cane et al.,, 2002). The oxygenation of the deeper water col-
umn in this area is facilitated by thermal sinking of saline (39%o)
surface waters (Rohling et al., 2009). About 124 kyrs ago, a
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FIGURE 1 | The position of core M51-3/SL104 in the Pliny Trench about
100 km east-south-east of Crete where the reaction of planktonic
Foraminifera to stress has been studied. Positions of other cores, where
the same local extinctions of the species investigated here have been
observed (Cane et al., 2002), are indicated by black dots.

strengthened monsoon over Africa significantly reduced the sur-
face water salinities in the Eastern Mediterranean due to a distinct
rise in freshwater inflow via the Nile (Williams et al., 1978).
This process left a distinct signature in the form of significantly
lighter stable oxygen isotope values of the upper water column.
The excess freshwater influx led to a reduction of surface water
salinity from ca 39 psu to ca 35 psu (Van Der Meer et al., 2007),
preventing deep water formation. The resulting stagnation of
the vertical circulation led to deep water anoxia and the deposi-
tion of organic rich sapropel layers (Rossignol-Strick et al., 1982;
Rohling, 1994). Because of common forcing by increasing sum-
mer insolation, contemporaneously to the onset of the sapropel
deposition, local sea surface temperature (SST) rose by approxi-
mately 3°C (Marino et al., 2007). In response to these events, local
extinctions of several species of planktonic Foraminifera occurred
throughout the entire Eastern Mediterranean (Figure 1) (Cane
et al., 2002). It must be made clear that those local extinctions
do not belong to any kind of absolute extinction as described
by Delord (2007), but are rather regional disappearances of the
species within the Eastern Mediterranean. Many if not all of those
species reinvaded the Eastern Mediterranean at a later point when
environmental conditions switched back to a previous state, and
all those species still exist until the present day at least in other
regions of the world. Since those local extinctions appeared on a
regional scale, and are therefore not merely the result of migration
patterns, however, marine sediments with fossils of Foraminifera
from this period provide a direct record of a natural stress exper-
iment that took place over ecological time scales, which could
not be simulated during laboratory experiments. This advantage
comes at the price, however, that the natural experiment can only
be observed at limited time resolution and that the sampling is
affected by temporal averaging. In addition, our ability to iden-
tify the stressors responsible for the reaction of the ecosystem is
limited.

In an earlier study Weinkauf et al. (2013) have shown, that in
the same environmental setting, the terminal stress level (i.e., a
severity of stress that leads to local disappearance of the species)
did not influence the ability of the Foraminifera to calcify their
shells on a cellular level, but the events associated with the onset
of the sapropel deposition had an effect on the calcification inten-
sity of the Foraminifera. Since shell calcification in planktonic
Foraminifera is strictly controlled by the living cell (e.g., Bé et al.,
1979; Spero et al., 1991) this is likely to reflect the influence of a
physiological process associated with the environmental change,
rather than just a passive environmental effect. It is thus rea-
sonable to assume that the shell morphology might have been
influenced as well. Our hypothesis is, therefore, that morpho-
logical changes associated with different levels of stress occurring
around the onset of Sapropel S5 should be detectable in the fossil
record of planktonic Foraminifera. If this is the case, the state of
the populations recorded shortly prior to extinction should reflect
the phenotypic response of the exposed population to a terminal
level of stress, when compared to the unstressed replicates before.

MATERIALS AND METHODS

CHOICE OF SAMPLING INTERVAL AND SPECIES

The sampling interval and species (Orbulina universa and
Globorotalia scitula, Figure 2) for this study were chosen to cover a
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FIGURE 2 | Depiction of species used in this study. (A) Scanning
electron micrograph of a cracked open shell of Orbulina universa,
showing the delicate trochospiral juvenile shell preserved within the
spherical terminal chamber. (B) Measurement of the incremental growth
in Globorotalia scitula. Straight lines were drawn between consecutive
chamber sutures and their length was measured (L1-L15). The relative

change of length between individual line segments was used to calculate
the incremental growth /G (mean relative length change between
consecutive line segments) and an incremental growth variance GV
(standard deviation of /G) per specimen. The coordinates of the sutures
and the spiral center (M) were used to describe the deviation of growth
from the logarithmic spiral.

wide ecological spectrum and to replicate the observations on the
impact of terminal stress leading to local extinction. By including
those species in our analysis over an interval that covers several
centuries before and after the onset of sapropel deposition we can
assess the impact of the presumed salinity shift in the upper water
column, as well as the impact of vertical stagnation on the lower
water column.

Orbulina universa is a shallow-dwelling, symbiont-bearing
species with dwelling depths of 20100 m (Pujol and Vergnaud
Grazzini, 1995; Rohling et al., 2004). The species survived the
onset of Sapropel S5, but shows two local extinctions within
the sapropel (Figure 3) (Cane et al., 2002). Orbulina universa is
known to be associated with cryptic speciation encompassing at
least three distinct genetic types (De Vargas et al., 1999). Although
only one genetic type was found in the Mediterranean so far
(De Vargas et al., 1999), we cannot exclude the possibility, that
cryptic speciation influenced the results obtained in our analy-
sis. If this would be relevant for our analysis, however, we should
observe a bi- or multimodal distribution of measurement val-
ues, with changing mode amplitudes indicating that any observed
change in the mean value of morphometric data is the result
of changing dominances of sub-populations within the commu-
nity. A unimodal distribution, on the other hand, indicates a (at
least morphologically) homogeneous community that shows a
consolidated reaction regardless of their potential cryptic diver-
sity. Consequently, we used Hartigan’s dip test (Hartigan and
Hartigan, 1985) to test the morphometric data for unimodality.

Globorotalia scitula is a deeper dwelling species without sym-
bionts, which shows a local extinction contemporaneous with
sapropel onset (Figure 3). It was found to be most abundant
between 200 and 500 m water depth in the Azores region (Schiebel

et al., 2002), which is in good agreement with its reconstructed
depth habitat during the deposition of Sapropel S5 (Rohling et al.,
2004). The genetic diversity of G. scitula has not yet been assessed
in detail.

The sampling interval covers the onset of Mediterranean
Sapropel S5 at around 126.4 ka, which is visible by both the sed-
iment becoming considerably darker in color and a drop of the
880 values of shells of Globigerinoides ruber (white) from 0.5 %o
to —1.4 %o. Specimens of G. scitula became locally extinct with
the onset of the sapropel, and specimens of that species therefore
only cover pre-sapropel conditions in our study, covering a time-
span of nearly 1800 years. Orbulina universa survived the sapropel
onset to become locally extinct later, and thus covers the same
time period as G. scitula before sapropel onset and an additional
2000 years within the sapropel.

SAMPLE PROCESSING

The samples were taken from a portion of gravity core
M51-3/SL104, taken in the Pliny Trench east-south-east of Crete
in the Eastern Mediterranean (Figure 1) (Hemleben et al., 2003),
covering the onset of Sapropel S5 (Moller et al., 2012). The sed-
iment was deposited ca. 126-121 kyrs ago, and an age model
was fitted using a combination of event-stratigraphy (Cane et al,,
2002) and layer counting in the laminated part of the sapropel
(Moller, 2012). The sampling was performed with a spatial res-
olution of 3 mm, which corresponds to a temporal resolution of
6070 yrs in the majority of the section, and about 11 yrs in the
topmost 6 cm of the studied interval, covering only the second
local extinction of O. universa. The samples were washed using
tap water and dry sieved, only the fraction > 150 pm was used
for subsequent analyses.
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Foraminifera were picked from representative aliquots of
the washed residue, split with a binary microsplitter if nec-
essary. Orbulina universa was picked from 455.5-434.8 cm (70
samples) and yielded 2025 specimens. Of G. scitula 1290
specimens were sampled, ranging from 455.5-447.1cm (29
samples). The abundance of each species in the analyzed
aliquots was determined on the basis of faunal count data
assessed from 12.5-100% of the sample volume. Absolute
abundances were converted to accumulation rates per square
meter per year, using the inferred age model and the cross-
sectional area of the samples, assuming constant sample
thickness.

MORPHOMETRIC DATA ACQUISITION

All specimens were oriented in standard taxonomic view,
mounted on glass slides using double sided adhesive tape, and
photographed under constant magnification with a Leica Z16
stereomicroscope and the Image-Pro® Plus software. All spec-
imens were photographed using transmitted light, specimens
of G. scitula from selected samples were additionally pho-
tographed under reflected light to enable analysis of growth
patterns.

Orbulina universa is characterized by a trochospiral juvenile
shell, that in the terminal life stage is completely overgrown by
a spherical terminal chamber, so that adult specimens (which
were used in our study exclusively) normally resemble spheres
(Figure 2). Abnormal morphotypes are known to exist and
believed to occur under stress conditions (Caron et al., 1987).

Those include “Orbulina suturalis,” in which part of the juvenile
shell is not covered by the terminal chamber, and “Biorbulina
bilobata,” in which the adult shell is composed of two joint
hemispheres (Figure4). In O. universa the mean diameter and
roundness (expressed as ratio between longest and shortest axis)
of the shell, and the incidence of the abnormal morphotypes were
determined.

Globorotalia scitula grows a flat, trochospiral shell (Figure 2).
In this species the cross-sectional shell area, incidence of antisym-
metry (left-coiling), and Kummerforms (specimens in which the
last chamber is smaller than the penultimate chamber, Figure 4)
were determined.

Using reflected light images, the incremental growth of G. sci-
tula in selected samples was analyzed by drawing n straight
line segments of length J; between consecutive chamber sutures
along the shell outline (Figure 2). The relative length relationship
between consecutive lines per specimen was then used to calculate
the incremental growth IG (mean relative growth, Equation 1)
and incremental growth variance IGV (intra-individual standard
deviation of relative growth, Equation 2) for each specimen. Only
specimens in which at least five consecutive line segments could
be measured were used for the analysis. The spiral formed by
the x—y-coordinates of sutures (normalized for a standard spiral-
diameter of one) was used to estimate the deviation of the shell
from the logarithmic spiral. The R? value of a ranged major axis
regression line (Legendre and Legendre, 2012) through the loga-
rithmically plotted points (log-R?) provided an objective measure
of that deviation.
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FIGURE 4 | Depiction of abnormal morphotypes. (A,B) Specimens of

" Biorbulina bilobata," an abnormal morphotype of Orbulina universa where
the adult shell consists of two hemispheres that are joined in the middle, in
light microscopic (A) and scanning electron microscopic (B) view.

(C,D) Specimens of “ Orbulina suturalis,” an abnormal morphotype of
Orbulina universa where the juvenile trochospiral shell (compare Figure 2) is
not completely enclosed by the adult spherical shell, in light microscopic

(C) and scanning electron microscopic (D) view. The protruding juvenile spiral
has been marked by arrows in the light microscopy image. (E,F) Light
microscopy images of Kummerforms of Globorotalia scitula, where the last
chamber is smaller than the penultimate chamber. While the specimen in

(F) shows a regular growth pattern (low /GV) the specimen in (E) shows an
increased /GV visible by the large variation in the size of individual chambers.
Scale bars are 200 wm in length.
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The chosen parameters allow us to assess the influence of envi-
ronmental stress on the morphology of those two foraminifer
species on several levels: (a) body size appears to reflect envi-
ronmental stress in planktonic Foraminifera, because it is known
to decrease away from the thermal optimum of each species
(Schmidt et al., 2004). (b) The incidence of abnormal mor-
photypes (including antisymmetry) is likely to increase under
stress indicating disruption of morphogenesis. (¢) The round-
ness in O. universa and IG, IGV, and log-R2 in G. scitula are
an imprint of the FA in those organisms, which is a proxy for
environmental stress in multicellular organisms (Leung et al.,
2000).

DATA ANALYSIS

Statistical analyses of the results were performed in R w.
3.0.1 (R Development Core Team, 2013). Confidence inter-
vals of morphological parameters were calculated by boot-
strapping using the package “boot” v. 1.3-9 (Davison and
Hinkley, 1997), with bootstrapping method choice based on

skewness evaluation following Dixon (2002). Skewness (SK)
was calculated according to recommendations in Tabor (2010)
(equation I, table 1), its standard deviation SDK for n data val-

ues was approximated as SDK = 2 x (6/11)% (Tabachnick and
Fidell, 1996). The skewness of the data was considered sig-
nificant when SK > SKD. When the skewness was significant,
the basic bootstrap, otherwise the accelerated bootstrap, was
used.

For all relative abundances, 95% confidence intervals for
multinomial proportions were calculated (Heslop et al., 2011).
The normality of data distribution was tested using a Shapiro—
Wilk test (Shapiro and Wilk, 1965) wherever necessary to decide
between the applicability of parametric or non-parametric tests.
Comparisons between the morphological characteristics between
two groups (i.e., specimens before and after sapropel onset) were
performed by a Mann—Whitney U test (Mann and Whitney,
1947).

Morphological growth parameters in G. scitula where tested
for deviations per sample using Grubb’s test for outliers (Grubbs,
1969). To test for the development of increasing (disruptive
selection) or decreasing (stabilizing selection) morphological
plasticity as result of the environmental stress, we calculated
the standard deviation including its 95% confidence interval
(Sheskin, 2011) for each of the morphological parameters in each
sampling level.
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RESULTS

In both species investigated local disappearances could be
observed as expected. Orbulina universa shows two such disap-
pearances, both within the sapropel, while G. scitula disappeared
immediately before sapropel onset (Figure 3). In both cases there
were no signs of dissolution visible on the foraminiferal shells,
with even specimens of fragile, thin-walled species being in a
pristine state with transparent shell walls. We further note the

occurrence of pteropods throughout the whole sampling interval,
which are very susceptible against dissolution due to the arago-
nitic nature of their shells, and have therefore no reason to assume
that the disappearances we observe are the result of diagenetic
processes instead of local extinctions.

In O. universa, mean shell size showed no obvious difference
between pre- and post-sapropel populations (p = 0.459) or at
local extinctions (Figure 5), but the distribution of individual
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FIGURE 5 | Morphological analyses of shells of Orbulina universa from
core M51-3/SL104. Shell roundness is the ratio between long and short axis
of the shell, a value of 1.0 representing a perfect sphere. The incidence of
abnormal morphotypes combines counts of specimens of the two
ecophenotypes " Biorbulina bilobata" and “ Orbulina suturalis,” the arrows
mark the local extinctions of the species. (A) Stratigraphic plots depicting the
raw values for shell roundness and diameter (gray diamonds), the arithmetic
mean values (thick black line), and the 95% confidence intervals of the mean
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(hatched area). The horizontal dashed line marks the onset of Sapropel S5.
Note the increasing abundance of abnormal morphotypes before both local
extinctions. (B) Distribution of values before and within the sapropel. The
boxes show the median (thick black line), interquartile range (box), and 1.5 x
interquartile range (whiskers); black diamonds mark outliers. Box widths are
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difference in mean shell roundness and average incidence of abnormal
morphotypes, but not in mean shell diameter within the sapropel.
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values indicates a significant decrease in variance (p < 0.001)
with the onset of the sapropel (Figure 5B, Supplementary Figure
3A). The mean roundness of the terminal chamber changes with
sapropel onset (Figure5, Supplementary Figure 3A). The dif-
ference between pre- and post-sapropel conditions is significant
at p < 0.001 but it is not associated with a change in variance
(p = 0.501).

Within the sapropel, the abundance of abnormal morpho-
types of O. universa is generally increased in comparison to
pre-sapropel conditions (p = 0.015, two-proportions z-test).
Furthermore, the incidence of abnormal morphotypes appears to
be highest in samples immediately preceding both local extinc-
tions. Although the associated confidence intervals of the rel-
ative abundances of “O. suturalis” and “B. bilobata” are large

(Figure 5A), indicating the possibility of a spurious effect, a ran-
domization test, in which randomly selected three-sample groups
were compared to each of the three-sample groups before both
local extinctions, indicate a significance of the increased inci-
dence of abnormal morphotypes for the second local extinction
(p = 0.011), but not for the first one (p = 0.277).

Globorotalia scitula showed no reaction in shell size toward
its local extinction. The species also showed no significant reac-
tion in the incidence of left-coiled specimens (p = 0.138 for the
last two samples before local extinction) or Kummerforms at that
time (Figure 6A).

Conversely, the values of IG and IGV were increasing
when the species approached its local extinction (Figure 6B).
Hypothetically it could be assumed, that from some point when
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FIGURE 6 | Morphological analyses of shells of Globorotalia scitula from
core M51-3/SL104. Kummerforms are specimens in which the last chamber
is smaller than the penultimate chamber. The horizontal dashed lines mark
the onset Sapropel S5, the arrows mark the local extinction of the species.
(A) Arithmetic mean values (thick black line) and 95% confidence intervals of
the mean (hatched area), and in the case of shell size the raw values as gray

Incremental growth variance

T T T T T T T T
30 40 50 60 0.6 0.7 0.8 0.9

RMA R? for logarithmic spiral

diamonds. (B) Raw values (gray diamonds) and mean (solid black line) with
95% confidence interval (dashed black lines) of the incremental growth (/G)
and its standard deviation (/GV) and the deviation of growth from the
logarithmic spiral. Both /G and IGV rise significantly when G. scitula
approaches its local extinction, whereas the consistency of the logarithmic
growth remains the same (compare Supplementary Table 1).
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the species approaches its local extinction, a deviation in the
growth pattern could be observable, when compared to the back-
ground value that prevailed before. To that end, we applied
Grubb’s test for outliers to check if such a pattern can be recog-
nized in our samples. One-tailed p-values for this analysis show
that a significant change in IG (p = 0.002) and IGV (p = 0.024)
only occurs in the very last sample where the species was found,
i.e., about 60 years prior to its local extinction (Supplementary
Table 1). Disregarding those outliers the rest of the data is
normally distributed (p;g = 0.781, pigv = 0.518), so that the
assumptions to apply Grubb’s test are not violated. Furthermore,
while the whole community shows a consistent increase in IG,
the population-wide variance of IGV is also increasing when the
species approaches local extinction (Figure 6B, Supplementary
Figure 3B). The growth symmetry, measured by the deviation of
the growth spiral from an ideal logarithmic spiral, shows in con-
trast no reaction when the species approached its local extinction
(p = 0.487, Figure 6B, Supplementary Table 1, data are normally
distributed at pp2 = 0.678).

DISCUSSION

RELIABILITY AND NATURE OF OBSERVED MORPHOLOGICAL PATTERNS
Although not all of the observed morphological variance within
Foraminifera can be explained by genetic diversity (André et al.,
2013; Mary and Knappertsbusch, 2013) a high genetic variability
within Foraminifera was revealed (De Vargas et al., 1999; Aurahs
et al,, 2011), so that changing morphologies could theoretically
be the result of changing dominances of different genotypes.
Although until now only one genetic type of O. universa is
known to occur in the Mediterranean (De Vargas et al., 1999),
the trait shifts observed in that species could be the result of
a non-constant mixing of different genetic types with different
morphologies. However, since we did not find any coherent sig-
nal of non-unimodality in the size and roundness measurements
(Supplementary Table 2, Supplementary Figures 1, 2), we assume
that the analyzed specimens derive from one homogenous com-
munity, within which the traits changed with sapropel onset.
The results we obtained during our analyses are thus robust with
regard to potential genotypic variation and speciation.

We interpret the reduced shell roundness with constant inter-
individual variance in O. universa (Figures 5B, 7A) as a sig-
nal of a permanently increased FA in its population during
sapropel times. Conversely, the constant shell size with signifi-
cantly reduced inter-individual variance during sapropel times
(Figures 5B, 7A) indicates stabilizing selection on that trait.
The increased incidence of abnormal morphotypes immediately
before local extinction (Figures 5, 7A) is distinct from both pat-
terns and is more likely a reflection of excessive conservative
bet-hedging.

The increase in mean values of incremental growth and
its variance shortly before the local extinction of G. scit-
ula (Figures 6B, 7B) signifies an increase in FA. While the
inter-individual variance of IG was unaffected by the observed
local extinction, the inter-individual variance of IGV was dras-
tically increased in the last sample before local extinction
(Figures 6B, 7B, Supplementary Figure 3B), indicating diversi-
fied bet-hedging. These observations imply that specimens of

G. scitula began to grow faster (i.e., adding larger chambers)
shortly before local extinction whilst at the same time the intra-
individual continuity of chamber size was significantly decreased.
Moreover, while the increase in IG affected the whole community
alike, the IGV showed a high inter-individual variance at the same
time, implying that the observed reaction affected only part of the
investigated community.

STABILIZING AND DISRUPTIVE SELECTION AND BET-HEDGING IN
PLANKTONIC FORAMINIFERA

Stabilizing selection on shell size

Haenel (1987) interpreted the size of shells of O. universa as an
indicator of water salinity, arguing that the larger size counteracts
buoyancy when the water becomes less dense due to a reduc-
tion in salinity. An alternative hypothesis correlates the size of
the terminal chamber in O. universa with food availability (Spero,
1988), arguing that the energy needed to generate a larger termi-
nal chamber can only be compensated by larger energy reserves
within the cell. Under those assumptions, larger shells should
have been observed within the sapropel, since sea water salin-
ity was reduced (Van Der Meer et al., 2007) and the primary
productivity was higher (Struck et al., 2001) during sapropel
conditions.

Rather than such predicted changes in the mean shell size of
the population, we observe a significant decrease in shell-size
variability in O. universa after the onset of the sapropel depo-
sition. We hypothesize, that the higher variability in shell size
in O. universa before sapropel onset reflects disruptive selection,
where a higher variability of the community is necessitated to
sustain under sub-optimal conditions. The lack of a bimodal
size-distribution at that time is here interpreted as a sign of a
moderate disruption, and is also what one would expect with dis-
ruptive selection under random mating models that can arguably
be assumed for Foraminifera (compare Doebeli, 1996). During
sapropel conditions, on the other hand, the environmental niche
of the species was narrowed, with more open-marine condi-
tions (normal marine salinity) and high nutrition values of the
sea water (Struck et al., 2001) that could better sustain a pop-
ulation with lower phenotypic plasticity due to higher resource
availability for an abundant mean phenotype (Rueffler et al,
2006).

The local extinctions, however, did not leave any discernible
imprint in the size distribution of either of the two species, ren-
dering this trait useless for extinction prediction. Furthermore,
this is evidence against the hypothesis, that larger shell sizes are
correlated with favorable environmental conditions (Ortiz et al.,
1995; Schmidt et al., 2004), because then we would expect to find
smaller specimens at times of enhanced stress levels, such as prior
to local extinctions.

Fluctuating asymmetry as a proxy for stress

The roundness of the terminal chamber in O. universa shows
a significant reduction after sapropel onset, contemporaneously
with a reduction in shell calcification which was hypothesized
to reflect the influence of the reduced surface water salinity and
resulting change in the COg_ equilibrium of the sea water after
the onset of the sapropel (Weinkauf et al., 2013).
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FIGURE 7 | Morphological trends in foraminiferal shells during extinction
periods. (A) Evolution of size and roundness and incidence of abnormal
morphotypes in Orbulina universa across the onset of the Sapropel S5
deposition in core M51-3/SL104. The shell diameter shows no change with
sapropel onset, but size variability is reduced within the sapropel. In contrast,
shells within the sapropel are on average significantly less round than for the
majority of the time before sapropel onset. The incidence of abnormal
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morphotypes is generally higher within the sapropel than before, with peak
abundances before local extinctions. (B) In Globorotalia scitula a change in
the spiral growth pattern can be observed immediately prior to local
extinction. While the mean value of incremental growth increases (indicating
the building of larger chambers), its variance remains the same on the
population level. However, the incremental growth variance within an
individual becomes both larger and more variable on the population level.

Considering the fact that mean shell roundness is constantly
low over long time intervals, but without exhibiting any devi-
ation when the species approaches local extinction (Figure 5A),
the reduction in roundness seems to have been induced by envi-
ronmental parameters which are not themselves unfavorable for
that species. It has been suggested that the shell roundness of
O. universa decreases under conditions of high nutrient availabil-
ity (Robbins, 1988; Spero, 1988), which can be assumed during
sapropel deposition (Struck et al., 2001). The same factors were
also argued to be responsible for higher incidences of abnormal
morphotypes in O. universa (Robbins, 1988), what we can partly
confirm on the basis of our results. However, besides a generally
higher incidence of abnormal morphotypes within the sapropel
we also found peak abundances of those types shortly before local
extinctions, indicating that they can also be the result of increased
environmental stress as suggested by Caron et al. (1987). A general
increase of the abundance of phentotypes that are more rare

under optimal conditions can be interpreted in the lines of con-
servative bet-hedging, that has been shown to generally increase
the mean fitness of a population in variable environments (Einum
and Fleming, 2004). Thus we suggest here that abnormal mor-
photypes in O. universa are an adaptive response of that species
toward less suitable or more variable environmental conditions.
This explains both the general higher incidence of abnormal
morphotypes within the early sapropel stages investigated here,
during which the severe overturn in water mass circulation likely
led to increased environmental variability before the system re-
stabilized, as well as the peak abundances shortly before local
extinctions, when some environmental factors must have been
especially unfavorable for O. universa.

The deviation of the spiral growth pattern in G. scitula toward
the terminal environmental stress is more difficult to explain. On
the one hand, we were able to observe changes in the chamber-by-
chamber growth pattern. Under the assumption that the chamber

www.frontiersin.org

October 2014 | Volume 2 | Article 64 | 9



Weinkauf et al.

Morphological selection in Foraminifera

size is proportional to the degree of cytoplasm growth, faster pro-
portional chamber growth indicates that more cytoplasm was
produced between the formation of two successive chambers.
This could on the one hand be the result of disturbances in the
timing of chamber formation, building new chambers less often,
so that more cytoplasm has been produced since. This explana-
tion would probably indicate a lack of nutrients, where the timing
of chamber formation participates in a trade-off with cellular
energy resources. On the other hand, chamber formation could
occur on strictly regular time intervals, in which case larger cham-
bers would indicate larger cytoplasm growth per time as result of
higher nutrient availability.

At the same time, however, we observe a decrease in the
intra-individual evenness of chamber growth, indicating either
a reduction in the ability of the cell to control the exact size
of the chamber produced, or a more irregular time-pattern of
chamber formation. Conversely, the ability of the cell to main-
tain its logarithmic spiral growth pattern is retained. Interestingly,
the observed increase in IGV is itself subject to an increased
inter-individual variability when the species approaches local
extinction. This observation can be interpreted in at least two
ways. (1) It is possible that the elevated level of environmental
stress had not affected the entire interval of 60-70 yrs expected
to be represented by the last sample before local extinction, and
thus only the historically younger part of the community shows
the described effect. We could not find a significant deviation
from unimodality in the IGV data of G. scitula from the last sam-
ple before extinction (p = 0.877), principally arguing against that
hypothesis. (2) The increase in IGV variability in G. scitula could
also be interpreted as bet-hedging under high-stress environmen-
tal conditions. In this case, we would expect higher variability
of IGV on the community level as a result of higher phenotypic
plasticity. This phenomenon would represent a case of diversified
bet-hedging (Einum and Fleming, 2004), where the overall vari-
ability of the population is increased in order to allow the survival
of at least some offspring. Finum and Fleming (2004) suggested
that diversified bet-hedging can only be of advantage for the pop-
ulation if the environment is very unstable, and the population
is practically at the brink of extinction. Interestingly enough, the
local extinction in G. scitula occurs contemporaneously with the
onset of Sapropel S5, which led to heavy changes in the Eastern
Mediterranean vertical circulation system. Accordingly, since a
marine water-mass circulation cannot be changed spontaneously,
it is reasonable to assume that such heavily variable environments
prevailed at that time, especially at greater depths where G. scit-
ula dwells, that are dependent on the supply by surface waters to
remain environmentally stable. Such an interpretation could also
explain why O. universa as a surface dweller (where the environ-
mental change mainly consisted of a gradual change in salinity)
showed conservative bet-hedging with sapropel onset, and why
G. scitula was able to reinvade the Eastern Mediterranean after
the sapropel conditions had been established (Figure 3) and the
deeper water column was also stable again.

In conclusion, we suggest that there are two types of FA
realized in Foraminifera. Such a distinction seems to be nec-
essary to accommodate our results, and is reasonable due to
the fact that the concept of FA was originally developed for

bilateral multicellular organisms and is not applicable to pro-
tists in this narrow form. FA s.lat. represents the overall shape of
the foraminifer shell, such as the roundness of O. universa shells
or the logarithmic spiral of shells of G. scitula. This type of FA
is robust against environmental stress (although it seems to be
influenced by other environmental parameters) and is thus not
suitable as proxy for local extinctions.

FA s.str. is here defined as the ability of a foraminifer to con-
strain the chamber by chamber growth pattern of its shell, and
includes the incidence of abnormal morphotypes in O. universa
and IG and IGV in G. scitula. Many of the abnormal specimens
of benthic Foraminifera described as the result of water pollu-
tion seem to be more extreme forms of this FA s.str. (Alve, 1991;
Burone et al., 2006). This form of FA thus seems to be the result
of bet-hedging occurring under high stress conditions, provid-
ing a versatile tool to predict extinctions (Leung et al., 2000;
Séanchez-Chardi et al., 2013).

PREDICTABILITY OF EXTINCTION FROM PHENOTYPE HISTORY

We could observe both long-term and short-term reactions in
shell morphology of planktonic Foraminifera and can thus ver-
ify our initial hypothesis. Long-term changes in trait state result
in constant trait-states over thousands of years and are associated
with prevailing environmental shifts inducing certain morpho-
types, and can under circumstances lead to stabilizing selection,
reducing the variance in shell morphology within the population.
We can interpret this as a signal for stable, possibly favorable envi-
ronmental conditions, under circumstances with reduced stress
levels. Short-term changes occur relatively abrupt and prevail for
only decades or few centuries, and are the result of environmental
stress reactions of the population toward a relatively sudden envi-
ronmental shift, often associated with unstable environments.

Disruptive selection, on the other hand, leads to an increase
in variance within the community, and can be observed on both
short-term and long-term scales in planktonic Foraminifera. We
hypothesize that disruptive selection is the imprint of a stress
reaction toward unfavorable environments. The observed disrup-
tion can be interpreted as the possible result of bet-hedging, a
process that increases the mean fitness of the population (Philippi
and Seger, 1989). Our analysis shows, that bet-hedging can some-
times not prevent extinction, but can otherwise lead to a mea-
surable increase in variance of the population over considerable
time intervals. While bet-hedging as a phenomenon prevails in
unicellular organisms (Veening et al., 2008) and has been hypoth-
esized to be one of the most fundamental survival strategies
(Beaumont et al., 2009), it has not been shown to occur in plank-
tonic Foraminifera yet, and has thus never been considered as an
environmental proxy so far.

We thus contribute to other studies by showing that many of
the selective patterns observed in phylogenetically more advanced
organisms occur in protists. Some of these mechanisms (bet-
hedging) leave a discernable imprint of a unique population trait
composition (FA s.str.) that can be used to predict local extinc-
tions. While the overall architecture of the shells is very robust
against environmental perturbations, the incremental growth
pattern of foraminiferal shells (representing FA s.str.) can be a
valuable proxy for environmental stress levels, given that the stress

Frontiers in Ecology and Evolution | Paleoecology

October 2014 | Volume 2 | Article 64 | 10



Weinkauf et al.

Morphological selection in Foraminifera

levels were raised over decades (100s of generations) so that the
proportion of affected individuals in the sample is large enough
to be detected.
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Abstract

The effects of Environmental stress, potentially on a terminal level leading to extinction, are
remarkably difficult to assess, because their recognition in recent environments is complicated.
Approaches using population dynamics as proxy for stress suffer from the problem of a
naturally large variability of population sizes, so that morphometrics has been developed as
an alternative approach for stress assessment. In this study, we use morphometric approaches
to quantify morphological change in a planktonic Foraminifera community that was exposed to
salinity-induced terminal stress levels during Marine Isotope Stage 12 in the Red Sea. We find
disparities in the reaction norm of the two species studied: while Orbulina universa responds
by morphological change consistent with disruptive selection, Globigerinoides sacculifer
exhibits multilevel microenvironmental canalization and stabilizing selection during the same
time. 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. However, 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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predicting stress levels and identifying
Introduction impending extinctions.
Shape and size have long been

Extinction events are remarkably difficult

. et ) hypothesized to reflect the influence of
to study, mainly because it is complicated to

environmental stress on the physiology of an

foresee extinctionsin recent environments[1].
While large efforts have been made to predict
extinctions via population dynamics analyses
[2] this approach is still suffering from the
naturaly large variability of population sizes
[3]. Morphometrics could therefore serve as
an dternative (and independent) tool for

organism during itslifetime [4-10]. Therefore,
a characterisation of shape and size and their
variance should in principle alow an
assessment of the severity of stress exposure.
Under this assumption, stress exposure that
leads to extinction can be expected to leave a
discernible imprint on morphology in pre-
extinction populations.



Developmental stability [11], as inferred
from morphology, has been shown to be
influenced by environmental stress [4, 5, 12],
which is here defined as the sum of all biotic
and abiotic factors that deviate from the
optimum requirements of a Species.
Mechanisticaly, environmental stress
influences  population morphology by
decreasing the fitness of specimens which
show a high degree of developmental
instability [6, 7]. On the population level, this
can lead to ether stabilizing selection, i.e. a
narrowing of the reaction norm [13], or
disruptive selection, the broadening of the
reaction norm [14]. Both stabilizing and
disruptive selection are detectable in the
population by assessing the phenotypic
plasticity (i.e. the range of realized
phenotypes [15]) of the community, which
can therefore be used as a measure for
developmental stability.

While studies on developmental stability
arefreguently found in other organisms|[8, 12,
16-19] there is still much controversy as to
what extent population morphology truly
reflects the stress levels a community is
exposed to [20, 21]. Partly, thisisbecauseitis
difficult to study stress reactions over
ecologicaly relevant timescales, which
cannot be smulated in the laboratory, or
because the severity and ultimate outcome of
the stress reaction is hard to predict.

In this regard, the sedimentary record
offers a unique opportunity to study the
effects of terminal stress levels (i.e. stress
leading to extinction), because here the local
extinctions can be directly observed and the
place and interval for study can be chosen
appropriately. This benefit comes at the cost
that the sedimentary record always comprises
a temporally integrated sequence where each
sample includes severa  generations.
Furthermore, the environmental change that
caused the local extinction can be hard to
reconstruct, and can in many cases even be an
interplay between changes in severa
parameters that occur at the same time [22].

In this study, we therefore make use of a
sedimentary record from the Red Sea, where
several species of planktonic Foraminifera
regionally disappeared from the fossil record
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(hereafter called local extinction) asaresult of
environmental change [23]. Calcitic marine
microplankton, such as  planktonic
Foraminifera, exhibit high preservation
potential and occur in large abundances in
marine sediments [24]. They are therefore a
perfect model group to assess the
morphological reaction of organisms to
terminal stresslevels. Furthermore, in contrast
to comparable cases where fossil materia is
used, we are here in the unique situation, that
the environmental gradients are known and
the extinction events can nearly exclusively be
linked to salinity increase [25].
Understanding the morphological reaction
of Foraminiferatowards environmental stress
could serve as both aproxy for environmental
reconstructions and aso further our
understanding of evolvability of this
organisma  group. Past studies of
Foraminifera morphology have shown, that
morphological deviations in planktonic
Foraminifera can be caused by environmenta
forcing [22, 26-29]. But since those studies
are few and quantified morphology in very
different ways, the results obtained are scarce
and controversial. Given results by those
earlier studiesit is reasonable to assumeto see
a morphological trend in the community of
planktonic Foraminifera associated with sea
level and thus sdlinity changes and the
resulting termina stress levels. Our
hypothesis is therefore to find a correlation
between morphology and either sea level (as
indicator of the abiotic factor salinity) or
species abundance (as biotic indicator for the
stress level the community is exposed to).
This understanding is fundamentally

important, because it would help to
disentangle environmental forcing  of
morphology from pure stress-reactions.

Should the environmental factor play a
dominant role in organism morphology,
regardless of the amount of stress it
introduces, then morphology should mainly
change as a function of salinity. Should the
stress-level a community is exposed to be the
dominant factor inducing morphological
deviations we would assume to see a closer
relationship  between morphology and
abundance patterns, under the assumption that



abundance is a good indicator for optimal
growth conditions.

Material and Methods

Choice of sampling interval and species

For the present study we used material
from piston core Geo-TU KL09 (19.804° N,
38.103° E, Figure 1) taken during the RV
Meteor cruise M5-2 [30]. This core has an
excellent record of isotopic data [25] so that
the stress-gradient induced by sdlinity
changes and the onset of the aplanktonic zone
can bereliably reconstructed.

30° 35° 40° 45°

30°

25°

20°

Figure 1. Map of the sampling region. The location of
piston core Geo-TU KLO9 in the Red Sea, off the coast
of Sudan, is indicated by the white star. The region of
the detailed map is indicated as rectangle in the small
inlay map. Topographical information are based on the
ETOPOL1 dataset [31].

We chose materiad from MIS 12,
corresponding to a time interval of 479.7-
463.1 ka according to the age model by
Rohling, Grant, Bolshaw et a. [25], to
investigate the morphological reaction of
planktonic Foraminifera to salinity-induced
environmental stress leading to loca
extinction. The interval covers one of several
aplanktonic zones that occurred during the
Pleistocene in the Red Sea as a result of
extremely high salinities (> 49 psu) induced
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by a changed circulation pattern in the Red
Sea Basin [23]. Shortly before the onset of
each aplanktonic zone, a distinct sequential
extinction pattern of different planktonic
Foraminifera species can be observed [23],
until virtually al planktonic Foraminifera are
absent from the fossil record. This particular
aplanktonic zone has been chosen, because it
is the most prominent and longest one in
KLO9 [23]. The spatial sampling resolution
for our study varies between 0.5 cm and 2 cm
such that a homogenous temporal resolution
of 200-280 years/sample is achieved. Since
salinity in the Red Seais tightly coupled with
the relative sealevel [32], and high resolution
sea level reconstructions from the Red Sea
exist [25], we can approximate past sea water
sainity to test for its influence on
foraminiferal shell morphology specifically.
While MIS 12 represents aglacial period, and
a certain drop in sea surface temperature
(SST) could therefore be assumed, other
studies have shown that the SST in the Red
Sea area rarely dropped below 24 °C during
glacias [33], which is well within the normal
temperature tolerance levels of al species
common in the Red Sea [34, 35], so that sea
surface temperature should have only played
aminor role on environmental stress levels.

We have chosen to study the morphology
of two symbiont-bearing species of planktonic
Foraminifera, both of which occur in
abundances high enough to be statistically
interpretable. Both speciesreact sensitively to
sdinity changes, as shown by ther
consistently early position within the
extinction sequence of all aplanktonic zones
in the Red Sea [23]. Orbulina universa is
characterized by a trochospiral juvenile shell
that in the adult stage is overgrown by a
spherical termina chamber. Globigerinoides
sacculifer in contrast shows a trochospira
shell, in which the termina chamber
sometimes develops a sac-like shape. Both
species are surface dwellers, partly due to
their symbionts, and thus occur in comparable
environments. Differences in their reactions
can therefore not be the result of the exposure
to different environmental forcing.



Sample preparation and data acquisition

Samples of 0.5 cm thickness have been
taken with a U-channel, dried, soaked in tap-
water, and washed over a 63 pm screen under
flowing tap-water. The residua > 63 pm was
dried and dry-sieved over a 150 ym screen.
Only the fraction > 150 ym was used for this
study in order to ensure that the analysed
individuals would have reached their adult
stage so that an ontogenetic effect on the
shape analyses could be eliminated.

For census counts only a small fraction of
the samples (split with a microsplitter) has
been used. Aliquots containing at least
300 specimens were investigated for their
species composition and counted samples
were transferred back into the glass vessels
without modification. For morphologica
anayses specimens from representative
aliquots (split with a microsplitter) were
picked with a needle and transferred onto
glass dides, were they were fixed in position
using permanent glue. We were striving for a
sample size of at least 50 specimens per
sample for morphological analyses and in
O. universa we were always using the whole
sample aliquot. Since the manua data
extraction in G. sacculifer was much more
time-consuming we only used a randomly
chosen subsample of 50 specimens/samplein
that species, even if the picked aliquot
contained more individuals.

Images for morphological analyses have
been taken with a Canon EOS 500D digital
mirror reflex camera attached to a Zeiss
Stereo.V 8 binocular microscope. To keep the
measurement error for Size-parameters
constant we used a constant magnification per
species for image capture.

Morphological data for O. universa
(2775 specimens) were semi-automatically
extracted from high-contrast transmitted light
images using the software FIJI (Image] v.
1.49e [36]). In this species the shell size (as
Feret diameter) and shell roundness (as ratio
between longest and shortest axis of a fitted
ellipse) have been extracted (Figure 2a).
Using the axes of an ellipse fitted to the shell,
instead of the min. and max. diameters of the
shell ensures that small imperfections during
data extraction (e.g. dirt on the shell surface)
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do not dominate the parameter. Furthermore,
the incidence of the abnormal ecophenotypes
‘Orbulina suturaliss and  ‘Biorbulina
bilobata’ [37] has been recorded.

In G. sacculifer (2230 specimens), images
were taken under reflected light with
specimens oriented such that the apertural
plane was lying horizontally, perpendicular to
the direction of view. From those images a
total of 12 landmark points (Figure 2b,
Table 1) were manualy digitizedinR v. 3.1.0
[38]. In some specimens parts of the structures
were not visible clearly enough to extract al
landmarks and those specimens (68) were
excluded from al analyses using the landmark
data. Furthermore, the coiling direction and
attribution to one of the three morphotypes of
the gspecies (trilobus, quadrilobatus,
sacculifer;  compare  André, Weiner,
Quillévére et a. [39]) has been recorded.

Morphological data analysis

All  datistical analyses have been
performed in R v. 3.1.0. Where necessary to
decide between the applicability of parametric
or non-parametric tests the normality of data
distribution was tested with a Shapiro-Wilk
test [40] and the homoscedasticity by a
Fligner—Killeen test [41]. Confidence
intervals of morphological parameters were
calculated via bootstrapping with the R-
package ‘boot’ v. 1.3-11 [42]. We used basic
bootstrapping when the data showed a
skewness [43, equation |, table 1] that was
higher than could be expected by chance [44]
and accel erated bootstrapping otherwise [45].
Confidence intervals for the occurrences of
morphotypes  were  caculated using
multinomial equations [46]. Confidence
intervals for standard deviations of
morphological parameters were calculated
following equations in Sheskin [47].

Morphological differences between groups
for  traditional  morphometrics  were
investigated by a Kruska-Wallis test [48],
under circumstances followed by pairwise
Mann-Whitney U tests [49]. In all cases of
multiple testing (e.g. pairwise tests between
more than two groups), p-vaues were
corrected for the false discovery rate after
Benjamini and Hochberg [50].
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(a) Orbulina universa ‘Biorbulina bilobata’ ‘Orbulina suturalis'

guadrilobatus-morphotype sacculifer-morphotype

Figure 2. Depiction of species and measurements. (a) Measurements and morphotypes in Orbulina universa.
The shell size was extracted as Feret diameter (not shown) according to the raw outline of the shell (black, dashed
line). For the determination of the shell roundness the longest (d(max)) and shortest (d(min)) axis of an ellipse fitted
to the outline (yellow, dotted line) were divided by each other. The incidences of the ecophenotypes ‘Biorbulina
bilobata’ and ‘Orbulina suturalis’ were counted manually. (b) In Globigerinoides sacculifer three morphotypes were
distinguished, which are shown here in standard orientation with the apertural plane horizontally oriented and facing
the viewer. The position of the twelve landmarks that were extracted for morphometric analyses are indicated as
blue dots and exemplarily numbered in the drawing of the trilobus-morphotype (compare Table 1). The upper row
shows type specimen drawings of the three morphotypes: trilobus-morphotype from Reuss [51], quadrilobatus- and
sacculifer-morphotypes from Banner and Blow [52]. The lower row shows corresponding light microscopy
photographs from the studied samples. Scale bars for all light microscopy images equal 100 pym.

Bimodality was tested using Hartigan’s dip multivariate anayses of eg. length
test [53] as implemented in the R-package measurements). For G. sacculifer we used
‘diptest’ v. 0.75-5. traditional morphometrics as wel as
In O. universa the extracted morphological  geometric morphometric analytical methods
parameters were subjected to traditional (i.e. multivariate analyses of landmark
morphometric analyses (i.e. uni- or configurations) as described in Claude [54]
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Table 1. Description of landmarks used in Globigerinoides sacculifer in standard orientation (compare Figure 2)

and their associated landmark type after Bookstein [55].

Landmark Description

Landmark type

Leftmost point of aperture

Rightmost point of aperture

Topmost point of youngest chamber

©oOo~NOoOO~WNE

Topmost point of aperture in middle part (point of maximum curvature) Il

Trisection between aperture, second-youngest, and third-youngest chamber |
Lowermost point of aperture in middle part
Left intersection between youngest chamber and older shell I
Left point of maximum curvature of youngest chamber Il

Right point of maximum curvature of youngest chamber Il

10 Right intersection between youngest chamber and older shell I
11 Intersection between third-oldest chamber and older shell |
12 Intersection between second-oldest and third-oldest chamber |

and Zelditch, Swiderski and Sheets [56]. The
landmark coordinates were fully Procrustes
fitted using the R-package ‘shapes’ v. 1.1-9to
eliminate size, trandation, and rotation as
influential factors. The centroid sizes were
used as size parameters for G. sacculifer
shells. To eliminate the influence of size on
the traditional morphometric parameters we
calculated Mosimann shape vectors [57] as
normalized shape descriptors, by normalizing
al values per specimen for the geometric
mean of all values per specimen.

We further tested al observed
morphological trends against three potential
models of phyletic evolution using the R-
package ‘paleoTS’ v. 0.4-4 [58]. This allows
to distinguish between directional selection
(genera random walk), a directional pattern
due to the accumulation of random change
(unbiased random walk), and a system that
does not change over time (stasis). The
corrected Akaike information criterion (AIC.,
[59]) was used to decide, which model best
describes the data. Correlations between
morphology and other parameters were tested
by partial least squares regression (PLSR) as
implemented in the R-package “pls’ v. 2.4-3
[60].

Using the Procrustes landmark coordinates
we could describe and analyse the shape of
G. sacculifer specimens. Shapeishere defined
as the Riemannian shape distance [61] of an
individual landmark configuration from the
grand mean shape. We cal culated the disparity
of G. sacculifer populations as variance of
individual Riemannian shape distances within
the population, with confidence intervals and
standard errors derived by bootstrapping [56].

Superimposed landmark data were analysed
for differences between groups using non-
parametric multivariate analysis of variance
(NPMANOVA [62]) asimplemented in the R-
package ‘vegan’ v. 2.0-10 and canonical
variates anaysis (CVA [63]) from the R-
package ‘MASS’ v. 7.3-31 [64].

Results

Abundance of species and morphotypes

The abundance patterns of O. universa and
G. sacculifer reveal afundamentally different
behaviour of the two species (Figure 3).
Orbulina universa occurred a generally low
abundances that never exceeded 15 % of the
total assemblage of planktonic Foraminifera.
The species shows two abundance peaks in
the studied interval, both followed by a
decline in relative and absolute abundance, in
case of the second event leading to loca
extinction. The first abundance peak occurred
around 476 ka, and was followed by a rapid
decline of both absolute and relative
abundance which reached minimum values at
474 ka. After the community was re-
established to high abundances at around
473 ka, a second decline was observed.
During this second abundance drop the
absolute abundances gradually decreased,
while the relative abundance remained more
constant and showed a much stronger decline
at the end. The second abundance decline
culminated in the local extinction of the
species at 466.5 ka. On the basis of the
abundance, we could separate the O. universa
population into two subsets (indicated as
Intervals 1 and 2 respectively in Figure 3) and
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Figure 3. Abundances of studied species. Accumulation rates (grey bars) and relative abundances in relation to
other species of planktonic Foraminifera (blue lines) of the two species studied here during Marine Isotope Stage 12
in piston core Geo-TU KLO09 from the Red Sea. Accumulation rates were calculated on the basis of the age model
by Rohling, Grant, Bolshaw et al. [25]. The aplanktonic zone begins at approximately 465 ka. The two intervals of
dropping abundance for O. universa and the three phases defined for G. sacculifer on the basis of relative

abundances are indicated.

treat them as areplication of the same genera
process.

Globigerinoides sacculifer, on the other
hand, showed a gradual reduction in
abundance over the course of the entire
investigated time interval and generally
occurred at higher abundances of up to 40 %
of the entire planktonic Foraminifera
community. From c.478 ka the abundance of
the species decreased until a local extinction
at 465.7 ka occurred, approximately 1000 yrs
later than the comparable event in
O. universa. Thedeclinein relative abundance
ismore gradua while the absolute abundance
shows stronger fluctuations, but overall both

show the same trend. On the basis of the
species’ relative abundance we defined three
phases of population size leading to the
extinction (Phases 1-3 in Figure 3). Phase 1
with high abundances (24 %) spans between
478.2 kaand 474.9 ka, Phase 2 with medium
abundances (10 %) between 474.9 ka and
472.5 ka, and Phase 3 with low abundances
(4 %) between 472.5 ka and 465.7 ka. Those
phases could be explicitly investigated for
morphological  discrepancies in  the
community. It is further noteworthy that the
local extinction of G. sacculifer (c.465.7 ka)
occurred after the local extinction of
O. universa (c.466.5 ka).



In O. universa the abundance of two
traditionally  distinguished  morphotypes,
viz. ‘B. bilobata’ and “O. suturalis’, have been
investigated (Figure 4). Taken together, they
occurred with a mean abundance of 2.4 %
within  the investigated  community.
‘Biorbulina bilobata’ occurs in marginally
higher abundances (on average 1.4 %) than
‘O. suturalis’ (on average 0.9 %). The data
make the impression as if the abundance of
abnormal morphotypes would decrease after
approximately 471.6 ka. However, due to
their generdly low abundance the
multinomial confidence intervals on the
abundance of the abnormal morphotypes are
huge, and when they are taken into account no
trend in their abundance can be discovered
over the course of the investigated time
interval.

When investigating the occurrence of
morphotypes in the G. sacculifer plexus
(Figure 5) we find higher abundances of the
sacculifer-morphotype of up to 24 % of the
G. sacculifer community, broadly coinciding
with Phase 1 of the abundance of the species.
During early Phase 2 this morphotype
decreased rapidly in abundance and, although
it never vanished completely within the limits
of confidence, never comprised more than
10 % of the population from the second half
of Phase 2 onwards. When considering the
three Phases separately it is revealed that the
abundance of the sacculifer-morphotype
differs significantly (p < .001) between all
three Phases according to atwo-proportions z-
test, with decreasing mean incidence of that
morphotype from Phase 1 (14.7 %) over
Phase 2 (5.8 %) to Phase 3 (1.9 %). The
coiling direction (Figure 5) of the specimens
seems to tend a little more to dextral coiling
during Phase 1 (59 %) than during Phases 2
(51 %) and 3 (49 %). Accordingly, a two-
proportions z-test confirms that the incidence
of dextrally coiled specimens differs between
Phase 1 and Phases 2 (p = .020) and 3
(p < .001), respectively, but that the
abundance of dextral coilingisnot statistically
different between Phases 2 and 3 (p = .363).
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Morphology of Orbulina universa during
replicated drops in abundance

Morphological parameters of O. universa
are presented in Figure 4. The shell size of
O. universa specimens (expressed as Feret
diameter) indicates the existence of two
phases. Thefirst phase, with comparably large
shells, reaches from the beginning of the
investigated time interval to approximately
4721 ka. The shell size than decreased
relatively fast between 472.1 and 471.0 ka,
and remained rel atively stable afterwards. The
distribution of sizes within samples reveals
that the decrease in mean size of the
population was mainly caused by an increase
in the abundance of small specimens. Large
specimens became only marginaly rarer,
being more common before, but never
disappeared from the sedimentary record. The
upper pat of the profile (starting at
approximately 472 ka) makes the impression
as if the size distribution of shells of
O. universa could be bimodal. Indeed, this
bimodality is significant in six and only
marginally insignificant in a further two
samples within the part of the profile younger
than 472.4 ka (File S1). The small increasein
Size variation contemporaneous with the
decrease in shell size is probably a result of
this devel oping bimodality in the community.

To investigate shell roundness in
O. universa we excluded ‘B. bilobata’ and
‘O. suturalis’ specimens (59 specimens) from
the anayses because both deviate
significantly from the norma morphology of
a termina shell of that species. The thus
derived shell roundness of O. universa aso
shows two phases during the investigated time
interval. Shellsin the beginning of the section
are rather round. At around 472.1 ka shells
began to become less round rather rapidly and
the community reached a second steady stage
of reduced shell roundness approximately
500 yrs later. This reduction in shell
roundness thus started contemporaneously
with the decrease in shell size, but the second
stage of a stable reduced shell roundness was
reached faster than the second stage of shell
size. Additionally, in contrast to shell size, the
shell roundness shows an increase in variation
(whichissignificant on average judged by the
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Figure 4. Morphology of Orbulina universa. Morphological parameters of specimens of O. universa from Marine
Isotope Stage 12 in piston core Geo-TU KL09 from the Red Sea. Shell size is expressed as Feret diameter, shell
roundness as ratio between long and short axis of an ellipse fitted to the shells silhouette (a value of one would
represent a sphere). For both parameters, raw values (grey dots) are plotted alongside the sample mean and
standard deviation (solid lines) together with their 95 % confidence intervals (dashed lines). The incidence of
abnormal specimens is plotted as grey bars together with their multinomial 95 % confidence intervals as error bars.
The two intervals of decreasing abundance (compare Figure 3) are indicated on the right side of the plot. Note the

log-scaling of the x-axis for the shell diameter.

confidenceintervals of the standard deviation)
contemporaneously with the decrease in shell
roundness (Figure 6a).

Morphology of Globigerinoides sacculifer
during a long, continuous extinction event

The shell size (expressed as centroid size,
Figure5) in G. sacculifer shows acomparable
pattern to the incidence of the sacculifer-
morphotype, with larger shellsduring Phase 1,
arapid size decrease during Phase 2, and small
shells during Phase 3. Comparing the values
within the phases reveals a decrease in mean
shell sizefrom Phase 1 (408 um) over Phase 2
(288 pm) to Phase 3 (238 pm). The
differences in size are significant between all
groups (p < .001 for a Kruskal-Wallis test,
with al p < .001 in pairwise Mann-Whitney
U tests). Moreover, judged by the 95 %-
confidenceintervals, the variation of shell size
decreased significantly at the end of Phase 2
(Figure 6b). It is obvious that this decrease in

variation, as well as the general shell size
decrease, is nearly exclusively caused by the
lack of large specimens after Phase 2, while
the size of the smallest specimens remained
rather constant during the entire interval
investigated.

To eiminate the size-effect in certain
parameters during a traditional morphometric
anaysis, we calculated Mosimann shape
vectors for the parameters shell size (as
centroid size of the whole landmark
configuration), aperture size (as centroid size
of landmarks 1-5), and size of the termina
chamber (as centroid size of landmarks 6-10),
which are presented in Figure 7. Statistics for
the results presented hereafter are also
summarized in Table 2. The normalized shell
Size reveals an increase in shell size between
al three phases, which is supported by a
Kruskal-Wallis test between al three Phases
(p < .001). Additionally, after a significant
Kruska-Wallis test (p < .001) a pairwise
comparison shows that the normalized aper-
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Figure 5. Morphology of Globigerinoides sacculifer. Morphological parameters of specimens of G. sacculifer
from Marine Isotope Stage 12 in piston core Geo-TU KL09 from the Red Sea. Shell size is expressed as centroid
size of landmark data (compare Figure 2), and plotted are the raw individual values (grey dots) alongside the sample
mean and standard deviation (solid lines) and their 95 % confidence interval (dashed lines). The proportion of the
sacculifer-morphotype and dextrally coiled specimens in the G. sacculifer community are shown as grey bars on
which the multinomial 95 % confidence intervals are indicated as error bars. The three phases defined by
abundance (compare Figure 3) are indicated on the right side of the plot. Note the log-scaling of the x-axis for the
shell size.

ture size was likely constant during Phases 1  variation during the early stages of Phase 3,
and 2, but dropped during Phase 3. However, coinciding with thetimeinterval during which
it seems that the majority of this significant aperture size has been lowest. When
drop in aperture size can be attributed to the considering the confidence intervals on the
first ¢.4500 yrs of Phase 3, while during the standard deviations, this pattern seems to
last ¢.2000 yrs of Phase 3 the aperture size vanish in terminal chamber size and is
seemingly started to increase again. A similar  debatable in aperture size, but it remains in
pattern is revealed for the normalized size of  shell size. Again more or less coinciding with
the termina chamber (Kruskal-Wallis test, the renewed increase in aperture size during
p < .001), which significantly increased in the last ¢.2000 yrs of Phase 3 we observe a
Phase 3 after it had been stable during significantincreaseinthevariation of all three
Phases 1 and 2. Another interesting parameters (compare Figure 6b). While this
development is revealed by the variation of can partly be attributed to inflating confidence
the Mosimann shape vectors. All three intervals as a result of smal sample size
parameters seem to indicate a drop in duringthat time, the earlier part of that termi-
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Figure 6. Crossplots of morphological parameters. Mean values per sample (points) are connected with lines
in temporal order. (a) Parameters for Orbulina universa. The population-wide variance of shell diameter is rather
constant, but due to the increase in smaller and decrease in larger specimens the mean shell diameter declines
over time. In contrast, the shell roundness shows increasing deviation from sphericity and increasing variation
towards the local extinction. (b) Parameters for Globigerinoides sacculifer. Both the mean shell size and it's variance
decrease dramatically when the species approaches its local extinction. The normalized size of the terminal
chamber is on average largest during the later part of the profile, when the variation of the aperture size shows

highest values as well.

nal stage still haslarge enough sample sizesto
indicate that this trend truly exists, and
probably remains until local extinction in the
aplanktonic zone, but cannot be reliably
identified during the latest Phase 3.

Using geometric morphometrics allows an
even more detailed analysis of the shape of
G. sacculifer specimens as a whole
(Figure 8d). With such data, morphology can
be efficiently presented, either using the
superimposed landmarks themselves or the
Riemannian shape distance of each individual

11

from the grand mean shape of all investigated
specimens after Procrustes fitting. In genera
agreement with indications by traditional
morphometrics, the shape of G. sacculifer
specimens  between Phases  differs
significantly (NPMANOVA using Euclidean
distance measure on landmark data,
999 permutations, p < .001). A pairwise test
of shape  differences using  the
‘testmeanshapes()’ function of the R-package
‘shapes’ (999 permutations) reveds, that the
shape of G. sacculifer specimens significantly
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Figure 7. Mosimann shape vectors of Globigerinoides sacculifer. Mosimann shape vectors on the basis of the
geometric mean of specimens of G. sacculifer from Marine Isotope Stage 12 in piston core Geo-TU KL09 from the
Red Sea. Individual values for normalized shell size, aperture size, and size of the terminal chamber (grey dots)
are plotted alongside their sample mean and standard deviation (solid lines) with their respective 95 % confidence
intervals (dashed lines). The three phases defined by abundance (compare Figure 3) are indicated on the right side
of the plot. Note the log-scaling of the x-axes.

differs between al three phases at p < .001. lower part of the shell containing the older
The shape here reveds the same pattern as chambers became more voluminous, so that
already observed in some Mosimann shape there is a general trend towards a smaller
vectors, i.e. the shape is especially different terminal chamber in relation to the older
during the first ¢.4500 yrs and switches back  chambers. This trend is reversed in Phase 3,
to an earlier stage for the last ¢.2000 yrs of but not by returning to the shape present
Phase 3 (Figure 8a). As with the Mosimann  during Phase 1. Rather, the terminal chamber
shape vectors, during this terminal stage the increased in sizeinto all directions (becoming
shape seemsto become morevariable, but this  moreinflated), while the older part of the shell
may well be a coincidence of thesample sizes remained in the state it had during Phase 2.
plummeting at that point. When analysingthe  Thisled to a strong increase in the size of the
shape change from phase to phase, asdepicted  terminal chamber in regard to the older shell,
inFigure 9, itisreveded that from Phase 1to  as already observed with the Mosimann shape
Phase 2 the terminal chamber became flatter  vectors.

(but without becoming broader) and the A reliable way to describe phenotypic
aperture became more spherical, mainly by plasticity in geometric morphometrics is the
increasing in height. At the same time the disparity of acommunity. A higher disparity
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Table 2. Comparison of Mosimann shape vectors for shell size, aperture size, and size of the terminal chamber
and disparity as inferred from Riemannian shape distances in Procrustes superimposed landmark configurations in
G. sacculifer specimens from core Geo-TU KL09 during Marine Isotope Stage 12. The table shows results of
pairwise Mann—-Whitney U tests for Mosimann shape vectors and a t-test (with adjusted degrees of freedom) for
disparity, with p-values in each case adjusted for the false discovery rate. Phase durations are depicted in Figure 3.

Phase pair Shell size Aperture size Terminal chamber size Disparity

U u U t p
Phase 1 Phase?2 128268 .166 133961 .831 139691 .335 2.735 .003
Phase1l Phase3 299764 .001 389977 <.001 268393 <.001 8.868 <.001
Phase 2 Phase3 236678 .141 293443 <.001 195541 <.001 5.519 <.001

indicates higher phenotypic plasticity within
the population in comparison to a population
with lower disparity. Differences in disparity
between groups can be validated using
Student’s t-test that has been modified for the
number of degrees of freedom (number of
specimens in both groups minus two).
Applying those analysis to our data reveals
that disparity is highest in Phase 1, mediocre
in Phase 2, and lowest in Phase 3, with
differences between al phases being
significant (Figure 8b, Table 2). Thisimplies
a continuously decreasing phenotypic
plasticity of the community from Phase 1 to
Phase 3.

All results have been sincerely tested
against potential sources of error and resulting
misinterpretations, and no related problem
was discovered (File S1, Section 2).

Discussion

Stabilisation and disruption  within
populations of planktonic Foraminifera
The concept of phenotypic plasticity [15] is
here used as a neutral term for the observed
morphological variation anong specimens of
a population, and is thus contrasted to
variability, which is the potential to vary
within the borders of the genetic encoding
[65]. This is especidly important in
planktonic Foraminifera, where the existence
of (pseudo-)cryptic species can lead to an
underestimation of genetic diversity and thus
variability of the population. In G. sacculifer
we can rule out that possibility, because
despite its large morphospace it only contains
one biologica species with high phenotypic
plasticity [39]. In O. universa, on the other
hand, the morphospeci es encompasses several
biospecies [66]. At present only one genotype
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is known to occur in the Red Sea [67], but the
multimodality in shell size of O. universa we
observe in the upper part of the profile points
towards the existence of more than one sub-
population. While at the moment we do not
know of any instance were pseudo-cryptic
speciesin O. universa can be differentiated by
shell size [68], we must be especially careful
in the interpretation of results obtained from
that species.

Importantly, by controlling for cryptic
gpeciation we could assume that the
populations investigated in our study share a
comparable genetic code per species, and
therefore the variability of the populations
should not change dramatically over the time
of the natural experiment. Thisin turn would
imply, that the morphological changes we
observe in the studied interval are results of a
changing variation of a homogeneous
community, and therefore the effect of
environmental forcing associated with the
onset of the aplanktonic zone.

We see a generdly different development
in shape in the two species investigated. In
O. universa we observe adecrease in size and
mean roundness during the later part of the
profile (Figure 4, Figure 6a), when the
abundance dropped and the species
approached its local extinction in the
aplanktonic zone (Figure 3). Both trends
conform best with the assumption of an
unbiased random walk pattern, but a genera
random walk pattern is equally possible
(AAIC:=1.82for shell sizeand AAIC. = 1.31
for shell roundness) [69]. Thisimpliesthat the
observed morphological change could be the
result of accumulation of random changes, but
could also be the imprint of directiona
selection. In any case, the observed trends are
significant, and the model does not comply
with the assumption of stasis (AAIC: = 50.75



for shell size and AAIC: = 42.21 for shell
roundness).
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Figure 8. Shape and disparity of Globigerinoides
sacculifer. (a) Shape of G. sacculifer specimens from
Marine Isotope Stage 12 in piston core Geo-TU KL09
from the Red Sea, expressed as Riemannian shape
distance from the grand mean. Individual values (grey
dots) are plotted alongside sample means (solid line)
and their bootstrapped 95 % confidence interval
(dashed lines). (b) Disparity (expressed as variance of
the Riemannian shape distance from the grand mean)
of the G. sacculifer community within the three phases
of decreasing abundance indicated in subfigure (a)
(compare Figure 3), together with bootstrapped 95 %
confidence intervals (error bars).

The shell size shows bimodality, and while
the shell roundness seems to remain
unimodally distributed within the population,
it shows a significant increase in variance.
Both trends indicate disruptive selection and
decanalization in the O. universa population
inthe upper part of the profile, coinciding with
increasing salinity as a result of sea level
decrease (Figure 10). It is important to note
that disruptive selection can, but does not
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necessarily haveto, lead to abimodality in the
trait distribution. Especially under random
mating models disruptive selection can
introduce a broadening of the reaction norm,
without inducing bimodality [70], and the
degree of disruption can vary in different
traits, as is supported by the theory of
morphological modularity [65, 71, 72]. Given
that we thus see an increase in morphological
plasticity in both size and roundness of shells
of O. universaitisimportant to understand the
implication of that pattern, given that we
cannot fully constrain genetic diversity in this
species. The observed pattern would be
consistent with two possible end-member
scenarios. (1) a monospecific O. universa
population present at the time in the Red Sea
shows signs of disruptive selection as a result
of exposureto asuboptimal environment [14],
or (2) anew population comprising adifferent
biospecies with different morphology is
introduced into the Red Sea.

To investigate those scenarios we applied a
Spearman rank-order correlation between
individual shell size and shell roundness and
found that they are significantly correlated
(p = —0.424, p < .001, Figure 114). Having
thus reason to believe that smaller individuals
aso tend to have less round shells we
artificially divided the population into two
subsets at the approximate local minimum of
the size distribution (225 ym) and tested the
shell roundness in both subgroups against
each other with a Mann-Whitney U test. The
test impliesthat the subpopulation with larger
shells aso produced shells that are on average
gignificantly (p < .001) more round
(mean = 1.04) than the smaller subpopulation
(mean = 1.07). The fact that the minimum
roundness value (i.e. highest shell roundness)
is practicaly equa (1.00) in both
subpopul ations shows, that the observed trend
is also not the result of a lower precision of
shell roundness determination in smaller
shells. On the other hand, comparing the
coefficient of variation shows a significantly
higher variation of shell roundness in the
group with smaller shells (0.038) than in the
group with larger shells (0.021) (Figure 11a),
which cannot fully be the result of the trends
observed (Figure 4) because the group with
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Figure 9. Shape change in Globigerinoides sacculifer. Shape change of G. sacculifer specimens from Marine
Isotope Stage 12 in piston core Geo-TU KL09 from the Red Sea between the three abundance phases (compare
Figure 3). Triangles and solid lines depict the initial state, crosses and dashed lines show the derived state, arrows
show the direction of shape change (three times amplified). From Phase 1 to Phase 2 the terminal chamber
becomes flatter (landmarks 8, 7, and 9), the aperture more round (landmark 2), and the lower part of the shell
becomes more voluminous (landmarks 11 and 12). From Phase 2 to Phase 3 the terminal chamber becomes
inflated (landmarks 6-10) and the aperture becomes slightly flatter again (landmark 2) but not as flat as during

Phase 1.

smal specimens aso contans some
specimens from the early part of the profile
and the group with large specimens contains
several specimens from the later part of the
profile. This is evidenced when shell
roundness of the small group is plotted against
time, which shows that al roundness values
prevailed at al times and there is no temporal
trend in the data (Figure 11b).

Taken together those observations have
some serious implications on  the
interpretation of the observed morphological
trends in O. universa shells. They imply that
the Red Sea was possibly invaded by a
population with smaller, less spherical final
chambers from approximately 473 ka
onwards, which increasingly established its
presence at the expense of the incumbent.
Should this be true, we would find here the
first example where different O. universa
biospecies could be distinguished on the basis
of relatively easily obtainable morphological
characters [68] and also the first example of
more than one O. universa biospecies
occurring in the Red Sea [67]. Furthermore, it
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would provide evidence for different
ecological  preferences among  those
biospecies, which facilitates competitive
excluson due to increasing stress levels.
Against this scenario, however, would speak
that the potentialy invading species would
have had to be of Indian Ocean origin. Within
an environmental setting of increasing
salinity, it is hard to perceive that any species
from the open-marine Indian Ocean would
have a selective advantage over a native
speciesfrom the Red Sea, that should be better
adapted to high salinities [73].

Alternatively, it is also possible that shell
roundness and shell size are biologically
integrated in O. universa, so that a change in
one parameter necessitates a certain changein
the other value [72]. This would be an
aternative explanation for the observed
correlation between individual shell size and
shell roundness, but the very low covariance
between both parameters (—0.007) together
with the fact that small specimens redlize the
complete range of possible deviations from
sphericity principally argues against that



hypothesis.  Should the investigated
O. universa population neverthel ess comprise
only one biospecies which shows signs of
disruptive selection, this would replicate
results obtaned on a Mediterranean
population that was exposed to higher stress
levels in relationship with the onset of
Sapropel deposition [22]. Such an observation
would lend valuable evidence to the
assumption, that certain morphological
changes can be universally interpreted as
indicator of environmental stress, at least as
long as the same species is considered.
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Figure 10. Reconstructed relative sea level. Three-
point moving average relative sea levels in the Red Sea
during Marine Isotope Stage 12 in core Geo-TU KLO9,
as calculated by Rohling, Grant, Bolshaw et al. [25] on
the basis of 520 values of Globigerinoides ruber. Since
salinity in the Red Sea is mainly driven by sea level [32],
this curve can be considered to be the inverse of sea
surface salinity at first approximation. The intervals (for
Orbulina universa) and phases (for Globigerinoides
sacculifer) defined by abundance (compare Figure 3)
are indicated in the plot.

Mechanistically it has been hypothesized
that shell sizein O. universais correlated with
either water salinity, where larger shells are
produced in less saline water to counteract
buoyancy [74], or nutrient availability, where
larger shells are produced under eutrophic
conditions because the surplus of food
provides the energy needed for the
construction of such a larger shell [75]. Our
observations could be in line with the salinity
hypothesis, since the sea level decrease
caused a salinity increase [32] and would thus
have been favoured the production of smaller
shells. On the other hand, areduction in shell
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size has aso been proposed to indicate
suboptimal environmental conditions[76, 77].
Since the strong salinity increase in the Red
Sea associated with the onset of the
aplanktonic zone increased the water salinity
(which is generaly high in the Red Ses,
compare Sofianos and Johns [73]) to even
higher levels, necessarily shifting the local
habitat away from the optimum requirements
of the species, it is therefore hard to say
whether the trends we observe are the result of
salinity changes (as purely abiotic forcing),
increased environmental stress (as biotic
forcing) or amixture of both. However, if the
observed morphology change would be a
purely biotic stress response, assuming that
abundance is a useful proxy for the suitability
of the environment and thus environmental
stress, we would principally expect to see a
comparable development in Interval 1, which
ends with a strong abundance drop, as in
Interval 2, which ends with the loca
extinction of the species. In contrast to that
assumption, neither shell size nor shell
roundness show any signs of a deviation
associated with that first abundance drop,
which is also supported by the fact that both
shell sizeand shell roundness are significantly
different between both intervals at p < .001,
which is not what one would expect if they
would show a comparable pattern.
Globigerinoides sacculifer, on the other
hand, draws a completely different picture.
While we aso see a size-decrease in shells of
that species from Phase 2 to Phase 3
(corresponding to a similar signal in
O. universa but starting aready 2000~
2500 yrs earlier in G. sacculifer), this size
decrease is not associated with an increase but
rather a decrease in shell size variation
(Figures 5, 6b). The same pattern of
decreasing variance can be observed in the
Mosimann-normalized shell and aperture size
(Figure 7), and the shell shape, asindicated by
the digparity (Figure 8). In shell size this
decrease complies with both the unbiased
random walk model and the general random
walk model (AAIC. = 1.78) but the
community does not show  dtasis
(AAIC: = 80.88). The shape of specimens,
expressed as distance to the mean shape,
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Figure 11. Correlation between shell size and shell roundness in Orbulina universa. Shell size (expressed as
Feret diameter) and shell roundness (as deviation from a circle, which would have a value of one) of O. universa
specimens in the Red Sea during Marine Isotope Stage 12 in core Geo-TU KL09. (a) The population has been
artificially divided into two subgroups, specimens < 225 ym (green) and specimens > 225 pym (brown), at the local
minimum of the size distribution histogram. Within both groups the coefficient of variation (standard deviation divided
by mean; black diamonds) and its associated 95 % confidence interval (whiskers, after Vangel [78]) has been
calculated. Smaller specimens show a significantly higher variance of roundness than do larger specimens. Note
the log-scaling of the x-axis. (b) This higher variance in the small group cannot be explained by increase of less
round individuals toward the end of the profile. A correlation of shell roundness and age exclusively in the small
group reveals that all roundness-values were present at all times, and no significant correlation between shell
roundness and sample age exists (Spearman rank-order correlation).

clearly supports the stasis mode with
unbiased random walk (AAIC. = 2.23) and
genera random walk (AAIC: = 4.29) being
inferior.

While the size decrease may itself be a
signa  for decreasing environmenta
suitability for the species [76, 77], the
decrease in variance on severa levels is a
clear signa for stabilizing selection inducing
microenvironmental canalization [15, 79]. It
isinteresting, that stabilization occurstowards
Phase 3, which must have been clearly
environmentally suboptimal for G. sacculifer
(drop in abundance, increase in salinity). This
could indicate either a stabilization of the
regiona environment allowing selection for
an optimal trait [13], or a rapidly changing
environment enforcing fluctuating selection
that benefits a stable phenotypein thelong run
[80, 81]. Another parameter, which could
actually help in solving this problem, is the
incidence of dextraly coiled specimens.
Globigerinoides sacculifer is one of the few
species of planktonic Foraminifera which are
believed to show directional asymmetry (i.e.
one direction is favoured over the other,
compare Van Vaen [82]) concerning their
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coiling direction [83]. Yet, according to a G-
test, in our samples we see signs for such a
directiona asymmetry only in Phase 1
(p < .001), while from Phase 2 onwards the
population exhibits signs of antisymmetry
(i.e. both coiling directions are equally likely,
compare Timofeéf-Ressovsky [84]) (p = .956
for both phases). Earlier studies have shown
that antisymmetry can be introduced
spontaneously into a population that normally
exhibits other symmetry patterns when the
population is exposed to a rapidly changing
environment [85, 86], so that we have good
reason to assume that the canalization in
G. sacculifer in our samples results from
fluctuating selection.

The reduction in the abundance of the
sacculifer-morphotype after Phase 1 could be
another manifestation of the stabilizing
selection, but it could also result from an
inability of G. sacculifer shells to build an
asymmetric chamber bel ow a certain chamber
sizethreshold. Inthelatter casethedropinthe
abundance of the sacculifer-morphotype
would result from the shell size decrease and
not necessarily be a signa for stabilizing
selection. Since the correlation between the



abundance of the sacculifer-morphotype and
both shell size (p = 0.735, p < .001) and
standard deviation of shell size (p = 0.697,
p < .001) is nearly equally strong, it is not
possible to say, what is actualy the case.

The observed morphological trends in
G. sacculifer over time, asshownin Figure 12,
can be interpreted as adaptive for a changing
environment that gradualy becomes less
suitablefor the population. During Phase 1 the
sacculifer-morphotype was abundant. This
phenotype is often assumed to be more
abundant under lower stress levels but has
already earlier been shown to be correlated
with larger shell sizes [87]. During Phase 2,
coinciding with afirst strong drop in sealevel
and thus salinity increase (Figure 10), the
abundance of the sacculifer-morphotype and
the shell size decreased, while the size of the
terminal chamber decreased as waell,
indicating a trend towards Kummerforms that
are often associated with unfavourable
environmental conditions. Finally, in Phase 3
the shell size decreased further while the
terminal chamber became larger again in
relative terms. The latter trend could be
necessitated by the small shell size, so that the
termina chamber had to become relatively
larger again to provide enough space for
gametogenesis. This phase is aso
characterized by acanalization peak, probably
induced by an environment that was so
unstable and unfavourable for the
G. sacculifer population that any deviation
from a very narrow morphotype would
drastically decrease survival rates and fitness.

Planktonic Foraminifera morphology as
environmental proxy

Morphology has often been shown to be
influenced by the environment [6, 12, 22] but
recently this hypothesis has been challenged.
For example, it has been theorized that
morphological change may be under
circumstances largely decoupled from the
environment, because the observed changesin
morphology have no impact on fitness [20,
21] and morphology can therefore not serve as
basis for selection. Alternatively, it was
hypothesized that several developmental traits
are buffered by the same genes and are

18

Selection in Planktonic Foraminifera

therefore biologically integrated [72, 88-90].
This would imply that an observed change in
any morphologica trait could be the by-
product of a change in another (superficially
unrelated) parameter that is the actual basis
for selection.
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Figure 12. Canonical variates analysis (CVA) of the
shape of Globigerinoides sacculifer. Shape change
of G. sacculifer specimens from Marine Isotope
Stage 12 in piston core Geo-TU KL09 from the Red Sea,
shown as a CVA scatterplot. Points indicate specimens
in the three pre-defined abundance phases (compare
Figure 3), ellipses of the same colour indicate the 95 %
confidence interval of the standard deviation on the
centroid of the respective group, grey silhouettes depict
the morphology at the extremal points of the canonical
variate (CV) 1 and 2 axes, respectively. The CVA is
significant (T2 = 0.620, Fapprox = 33.171, p < .001) with
84.2 % of the variance explained by CV 1 and the
remaining 15.8 % by CV 2, and a correct classification
rate of the discriminant function of 68.50 %. While there
is a large overlap between groups they also clearly
occupy different parts of the morphospace: In Phase 1
(low values on CV 1, around zero on CV 2) specimens
have relatively equally sized upper (terminal chamber)
and lower (older chambers) shell portions, a tendency
for oval to slit-shaped apertures and an asymmetric
terminal chamber (sacculifer-morphotype). During
Phase 2 (around zero on CV 1, low values on CV 2) the
lower shell part increases in size in expense of the
terminal chamber, the aperture becomes more round,
and the terminal chamber more symmetric. In Phase 3
(high values on CV 1 around zero on CV 2) the aperture
becomes more oval again, while the terminal chamber
becomes more inflated but remains symmetrical.

We therefore tested the correlation
between environment (sea level) and fitness
(relative abundance, accumulation rate), and
morphology using PLSR. In contrast to other
ordination methods, this method is robust
against collinearity, which must be assumed



to exist between individual Procrustes fitted
landmark coordinates and also between
different abundance measures and probably
abundance and sea level. In both species we
find the PLSR to be significant at p < .001.
After removing the accumulation rate as
additional parameter because it has nearly the
same loadings as the relative abundance, the
PLSR remains significant at p < .001 (with a
significant correlation between T and U scores
on thefirst partial axis, p <.001). The loading
of the relative abundance is dominating the
first partial axis, while the sea level mainly
explainsresidua variation on the second axis,
but this could be the result of the high
collinearity between both variables (p = 0.593,
p <.001), which is also evidenced by the fact
that a PLSR using only the relative sea level
remains significant. While the PLSR thus
confirms a relationship between morphology
and sea level as well as abundance, it cannot
help to disentangle the influence of both
parametersin this case. Thisis also supported
by a correlation between shell size and both
relative abundance of the respective species
and relative sea level. The correlation is
significant for both parameters in both
Species.

Quadlitatively, it is obvious that the
abundance decrease in G. sacculifer begins
much earlier (around 477 ka) than in
O. universa (approximately 473 ka).
However, while the abundance decreases
steadily in G. sacculifer it is more variable in
O. universa with one abundance lowpoint
before the study period and another one at the
end of Interval 1. This indicates that
abundance in O. universa might not be strictly
coupled to salinity but also influenced by
other factors such as competition with other
species. In G. sacculifer, however, abundance
is likely to mirror salinity changes.
Furthermore, G. sacculifer becomes extinct
1000 yrslater than O. universa, but showsfirst
morphological reactions already during early
Phase 2, i.e. ¢.2000 yrs earlier than the
deviations in shell size and roundness in
O. universa occur. Nevertheless, this offset is
within the limits of what could be expected if
both species have different salinity threshold
tolerances and the morphological change was
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triggered by salinity. Conversely, under the
assumption that abundanceis agood indicator
for stress, it is unlikely that stress and
individual fitness aone influences the
population morphology, because during the
first abundance drop in O. universa at the end
of Interval 1 no morphologica deviation
could be observed. Orbulina universa seems
to be abletoresist salinity changesrather long,
but after a certain threshold is reached shows
heavy reactions, as evidenced by the later
onset of morphological change and earlier
local extinction. In contrast,
Globigerinoides sacculifer seems to react
earlier to the environmental stress levels, but
due to this higher evolvability being better
able to adapt to the changing environment and
survive longer under equaly unfavourable
conditions. We thus hypothesize that the
reactions seen in both species are a
morphological reaction to stress induced by
sdlinity changes, and that the abiotic and
biotic component are so closely related that
they cannot be disentangled. Conversely,
species abundance seemsto be aless valuable
indicator of environmental stress, and might
be more reliable in some species than in
others.

While the O. universa community reacted
towards the environmental stress by
decanalization, we see massive evidence for
candization in G. sacculifer within several
traits, which are either al selected for or
which are integrated and cannot vary
independently. While results for O. universa
shell size and roundness are in line with
observations from a Mediterranean Sapropel
[22], the conservative bet-hedging observed
there and evidenced by increasing abundances
of abnormal morphotypes shortly before local
extinctions could not be replicated here. This,
however, can result from the different stress
pattern in the Red Sea in comparison to the
study by Weinkauf, Moller, Koch et a. [22].
Bet-hedging is hypothesized to be especially
beneficial for apopulation that is exposed to a
very variable environment which changes
unpredictably. While this assumption is
reasonable for the study presented in
Weinkauf, Moller, Koch et a. [22], our study
was explicitly chosen to investigate the effect



of one parameter that changes gradualy.
There is no reason to assume that the salinity
in the Red Sea a that time changed
unpredictably, rather than increasing
continuously. Since the environment thus
developed toward an unfavourable but not
unstable state, there is no reason to expect bet-
hedging in the community.

It is, however, interesting that a reduction
in shell roundnessin O. universa was aready
observed by Weinkauf, Moller, Koch et a.
[22], but was there (in contrast to this study)
associated with a decrease in sdinity. This
lends evidence to the hypothesis that some
morphological parameters areindeed aneutral
proxy for environmental stress, widely
independent of the exact type of stressor or
environmental forcing causing that stress.

While we thus have to admit that the direct
correlation between environmental and biotic
parameters and morphological deviation are
hard to grasp and need further research, we
could show that both communities showed
clear morphological trends with increasing
stress levels. It could not be clearly shown
whether salinity changes as abiotic parameter
or increasing stress levels were the main
inductor for the observed morphological
deviations, because both parameters are still
too strictly coupled. The fact that
morphological deviations in both species
occurred relatively synchronous, however,
makesit reasonable that salinity changeswere
a maor influential parameter. Especially
when assuming that O. universa showed no
morphological deviation a the end of
Interval 1, when the abundance already
dropped significantly afirst time. The results
strongly suggest that morphology isaversatile
tool to reconstruct past stress levels on the
community, and can lead to better estimates
about the timing of stress induction than
species abundance (and thus population
dynamics) can do.
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