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Abstract

Planktonic Foraminifera are important marine calcifiers, and the ongoing change in the
oceanic carbon system makes it essential to understand the influence of environmen-
tal factors on the biomineralisation of their shells. The amount of calcite deposited by
planktonic Foraminifera during calcification has been hypothesized to reflect a range of5

environmental factors. However, it has never been assessed whether their calcification
only passively responds to the conditions of the ambient seawater or whether it reflects
changes in resource allocation due to physiological stress. To disentangle these two
end-member scenarios, an experiment is required where the two processes are sepa-
rated. A natural analogue to such an experiment occurred during the deposition of the10

Mediterranean sapropels, where large changes in surface water composition and strat-
ification at the onset of the sapropel deposition were decoupled from local extinctions
of planktonic Foraminifera species. We take advantage of this natural experiment and
investigate the reaction of calcification intensity, expressed as size-normalized weight
(SNW), of four species of planktonic Foraminifera to changing conditions during the15

onset of Sapropel S5 (126–121 ka) in a sediment core from the Levantine Basin. We
observe a significant relationship between SNW and surface water properties, as re-
flected by stable isotopes in the calcite of Foraminifera shells, but we failed to observe
any reaction of calcification intensity on ecological stress during times of decreasing
abundance culminating in local extinction. The reaction of calcification intensity to sur-20

face water perturbation at the onset of the sapropel was observed only in surface
dwelling species, but all species calcified more strongly prior to the sapropel deposition
and less strongly within the sapropel than at comparable conditions during the present
day. These results indicate that the high-salinity environment of the glacial Mediter-
ranean Sea prior to sapropel deposition induced a more intense calcification, whereas25

the freshwater injection to the surface waters associated with sapropel deposition in-
hibited calcification. The results are robust to changes in carbonate preservation and
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collectively imply that changes in normalized shell weight in planktonic Foraminifera
should reflect mainly abiotic forcing.

1 Introduction

The amount of calcite deposited in proportion to size in planktonic foraminifer shells,
hereafter referred to as calcification intensity, has been suggested to reflect various5

physical and chemical properties of the ambient seawater that affect the inorganic
precipitation of calcite. Decreased shell weight of Foraminifera has been interpreted
as resulting from ocean acidification and decreased CO2−

3 content of the sea water
(Lohmann, 1995; Broecker and Clark, 2001). Therefore, in theory, a reaction of the cal-
cification intensity of Foraminifera on ocean acidification resulting from anthropogenic10

atmospheric CO2, could severely influence the oceanic carbon cycle.
On geological time scales a relationship between Foraminifera calcification and the

ocean carbonate system has been reported in Globigerina bulloides from a sediment
core record in the North Atlantic by Barker and Elderfield (2002). The existence of a re-
lationship between carbonate ion concentration and calcification intensity has been15

confirmed in laboratory culturing studies (Bijma et al., 1999; Lombard et al., 2010).
Similarly, observations of shell thinning of planktonic Foraminifera in the Arabian Sea
and Southern Ocean have been interpreted as reaction of these organisms to anthro-
pogenic carbon sequestration in the ocean (de Moel et al., 2009; Moy et al., 2009).
However, a subsequent study of plankton material from the Arabian Sea by Beer et al.20

(2010b) revealed, that the relationship between calcification intensity and carbonate
ion concentration is not straightforward and may be species-specific, whereas Aldridge
et al. (2012) identified phosphate concentration as the strongest determinant of calci-
fication intensity in G. bulloides from North Atlantic plankton samples. Marshall et al.
(2013) suggested the CO2−

3 content of the sea water to be the main influential factor on25

the calcification intensity of Globigerinoides ruber and Globigerinoides sacculifer on the
basis of trap samples from the Cariaco Basin (Venezuela), but could not exclude that
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ambient temperature played an important role in mediating this relationship. All three
studies provided evidence against the hypothesis by de Villiers (2004), that calcifica-
tion intensity reflects optimum growth conditions, whereas Manno et al. (2012) showed
that ambient temperature modulates the effect of changes in carbonate chemistry on
calcification in Arctic Neogloboquadrina pachyderma.5

Fundamentally, factors which are likely to control calcification intensity in planktonic
Foraminifera depend on the degree to which the biomineralisation process is coupled
to physiological processes in the cell. Studies searching for candidate environmental
factors affecting calcification assume that the biomineralisation mimics inorganic pre-
cipitation. However, it is possible that biomineralisation in Foraminifera could participate10

in a trade-off in the allocation of resources between biomass and biomineral. The exis-
tence of such trade-off is implied by the hypothesis of de Villiers (2004) and is consis-
tent with the observation that size in planktonic Foraminifera reflects optimum growth
conditions (Schmidt et al., 2004). Considering the seemingly contradictory results of
existing studies on calcification intensity in planktonic Foraminifera, it appears that the15

process should be considered at a more fundamental level. Specifically, it remains to
be established whether calcification intensity simply tracks the conditions of the ambi-
ent seawater or whether it reflects a physiological stress reaction of the organism at an
appropriate ecological time scale.

Therefore, prior to further work attempting to isolate abiotic factors responsible for20

differences in calcification intensity in planktonic Foraminifera, the effect of environ-
mental stress on this process has to be characterized. Environmental stress is here
defined as the sum of physical, chemical and biological factors influencing the pro-
ductivity of a species. Provided growth and calcification are linked by a trade-off in
resource allocation, then if environmental stress affects the productivity of a species,25

it could conceivably play a role for its calcification. Whereas it is difficult to disentangle
individual aspects of environmental stress, its net result is easily quantifiable in terms of
changes in the biomass of the studied species or population. This quantity is indirectly
preserved in the fossil record, making it possible, in principle, to quantify how fossil
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populations were affected by stress. What is more, unlike the present-day situation, the
fossil record allows investigating the effects of environmental stress resulting in a range
of a priori known outcomes for the stressed population, including its total demise.

The amount of calcite preserved in fossil Foraminifera can be strongly influenced
by post-mortem diagenetic processes. In order to circumvent this complication, the5

optimal setting to study calcification in the fossil record should be such where over-
saturation of the entire water column with respect to carbonate can be demonstrated
throughout the target time interval. The Eastern Mediterranean Sea is separated from
the Western Mediterranean by the Sicilian Sill and Malta Sill (Wüst, 1961). Due to high
evaporation rates in summer, surface ocean salinities can reach values larger than10

39 %� in the eastern Levantine Basin (Wüst, 1961), making the water column highly
over-saturated with respect to calcite (Schneider et al., 2007).

In addition, the Eastern Mediterranean is strongly influenced both by changes in
monsoon intensity that alter freshwater input via the Nile, and changes in mid/high
latitude climate patterns. Due to its small size and high sensitivity to hydrological pro-15

cesses, the basin amplifies environmental response to climate change (Rohling et al.,
2002, 2009), and therefore offers an excellent opportunity to study the reaction of in-
digenous marine organisms on stress.

Here we take advantage of the unique environmental setting of the Eastern Mediter-
ranean to study the response of calcification intensity in four species of planktonic20

Foraminifera to the environmental perturbation that led to the deposition of Sapro-
pel S5 (Rohling et al., 2002). The environmental change associated with this per-
turbation induced a sequence of local extinctions and re-colonisations by planktonic
Foraminifera species that can be tracked throughout the whole Eastern Mediterranean
(Cane et al., 2002) (Fig. 1). The sapropel deposition reflects an abrupt environmental25

change leading to enhanced surface stratification and stagnation of the water column
(Rossignol-Strick et al., 1982; Rossignol-Strick, 1983; Myers et al., 1998; Rohling et al.,
2000). It is reflected in a drop in oxygen and carbon stable isotope values of planktonic
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Foraminifera at the onset of sapropel deposition, recording enhanced freshwater dis-
charge from Africa (van der Meer et al., 2007).

Our hypothesis is, that there are two possible modes of reaction of Foraminifera
calcification intensity to the events surrounding the onset of Sapropel S5 deposition:
(a) long-term ecological-scale reactions, due to the persistent environmental change5

associated with the onset of the sapropel, and (b) short-term physiological-scale ef-
fects, associated with the terminal environmental stress leading to local extinction of
the species. Point (a) can be further divided into the hypotheses that there is either an
influence (a1) of the environmental change itself (abiotic) or (a2) of the environmental
stress associated with such a change (biotic) on the calcification intensity of planktonic10

Foraminifera.
Using palaeontological data extracted from the sediment record, instead of samples

taken in recent environments or laboratory cultures, allows us to observe the reaction
of natural communities that were exposed to natural levels of environmental stress
over genuine ecological time scales. Furthermore the outcome of the environmental15

stress (i.e. local extinction events) is known, since the events took place in the past,
whereas in recent environments the ultimate impact of the stressor on the community
(e.g. adaptation, extinction) is unknown. Those advantages, however, come at the cost
of not being able to exactly constrain the main stressor(s).

In order to characterize the reaction of calcification intensity across a spectrum20

of ecological preferences, habitats, and multiple extinction events, four species of
planktonic Foraminifera were selected in this study. Globigerinoides ruber (pink) is
a symbiont-bearing species and a strict shallow dweller with a main depth habitat at
present of about 20 m in the Eastern Mediterranean (Pujol and Vergnaud Grazzini,
1995). The same depth habitat has been inferred for this species by Rohling et al.25

(2004) during the deposition of Sapropel S5. Aurahs et al. (2011) have shown that at
present, Globigerinoides ruber (pink) represents a single genetic type of the Globigeri-
noides ruber s. str. group. Thus the derived weight data are unlikely to be influenced by
changes in species ecology or by the presence of multiple cryptic species with differ-
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ent calcification behaviour. This species appears in the Eastern Mediterranean shortly
before the onset of Sapropel S5 deposition and remains in the basin at low relative
abundances throughout the sapropel interval (Cane et al., 2002).

In order to observe a reaction in a shallow dwelling symbiont-bearing species to
ecological stress, Orbulina universa was chosen, because this species exhibits two5

local extinctions across the studied interval of which at least one is observed basin-wide
(Cane et al., 2002). This species has at present a shallow dwelling depth of 20–100 m
in the Mediterranean (Pujol and Vergnaud Grazzini, 1995), and Rohling et al. (2004)
interpret isotopic signatures in this species as indicative of growth in the summer mixed
layer during Sapropel S5. Unlike G. ruber (pink), Orbulina universa shows a higher10

degree of cryptic speciation with several known genotypes. Thus, although until now
only one genotype of O. universa has been reported in the Mediterranean (de Vargas
et al., 1999), it cannot be excluded that the derived calcification intensities during the
Sapropel S5 were affected by genetic diversity.

In order to extend the observations to deep dwelling species and replicate a re-15

sponse of a species to local extinctions, the species Globorotalia inflata and Globoro-
talia scitula have also been studied. Both species show a prominent local extinction
at the onset of the Sapropel S5 deposition (Cane et al., 2002). Globorotalia inflata
is an asymbiotic species dwelling slightly deeper than O. universa. Though its main
habitat lies above 100 m, it can be found alive at depths up to 700 m (Pujol and20

Vergnaud Grazzini, 1995; van Raden et al., 2011). It has been interpreted to dwell
primarily within in the winter mixed layer during the deposition of Sapropel S5 (Rohling
et al., 2004). The entire Northern Hemisphere population of this species appears to
represent a single genetic type (Morard et al., 2011). In contrast, the asymbiotic G. sc-
itula is considered as a deep dwelling species. It is rare in the Mediterranean Sea25

at present (Pujol and Vergnaud Grazzini (1995) recorded peak abundances of only
9 specimens/1000 m3 of filtered sea water) but analyses in the Atlantic Ocean show
that G. scitula is most abundant between 200 and 500 m water depth in the Azores
region (Schiebel et al., 2002). Rohling et al. (2004) reconstructed a dwelling depth cor-
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responding to the intermediate waters in the Mediterranean, below the summer ther-
mocline, for the time interval during which Sapropel S5 was deposited. The genetic
diversity in G. scitula has not been studied, yet.

By including the four species in the analysis, our dataset can be expected to record
the reaction of calcification intensity both the environmental and biotic forcing across5

multiple species and time scales of centuries to thousands of years.

2 Material and methods

2.1 Sample processing and environmental data

For this study a portion of gravity core M51-3/SL104 (Hemleben et al., 2003), taken
in the Pliny Trench south-east of Crete in the Eastern Mediterranean Sea, was used10

(Fig. 1). This core contains an exceptionally thick and well preserved Sapropel S5,
which is considered to have been deposited shortly after the Eemian Insolation Maxi-
mum (c. 126–121 ka) (Moller et al., 2012). Using a combination of event-based stratig-
raphy following Cane et al. (2002) with layer counting in the laminated part of the S5
sapropel, Moller (2012) showed that the major part of the studied section at the on-15

set of Sapropel S5 in the studied core recorded an even sedimentation rate of about
4.8 cmkyr−1. An abrupt change in the sedimentation rate occurred at 437.2 cm (Fig. 2).
This age model is adopted in this study, but for our purposes, the absolute dating is left
out, and we report ages relative to the onset of the sapropel.

Across the studied interval, the core was sampled in three-millimetre intervals, which20

yields a sample resolution of about 60–70 yr in the majority of that section and approx-
imately 11 yr in the topmost 6 cm. Samples were washed over a 63 µm screen and dry
sieved, and only the fractions≥ 150 µm were used for this study. For this study, 70 sam-
ples from a section of the core have been selected to cover the onset of Sapropel S5,
as well as local extinctions of the studied species within the early part of the sapropel25

interval (Fig. 2). Specimens for weight analysis have been picked from representative
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aliquots of the sample. In the majority of the cases, the entire sample has been used
(Table S1).

A total of 2025 specimens of O. universa were picked from samples 1–70 (455.5–
434.8 cm). This interval covers two local extinctions of the species, one in sample 44,
after which the community was rapidly re-established, and one in sample 70, after5

which the species was absent from the sediment record for at least 240 yr. Of G. scitula
1290 specimens were picked from samples 1–29 (455.5–447.1 cm), covering an inter-
val until the prominent local extinction from sample 29 to 30, after which the species
is absent in the core for at least 360 yr. Globorotalia inflata shows a prominent local
extinction after sample 31, after which the species remained virtually absent for the re-10

mainder of the sapropel. From that interval (455.5–446.5 cm) 4129 specimens of G. in-
flata were picked for analyses. A total of 243 specimens of G. ruber (pink) were picked
from a narrow size fraction of 180–212 µm from samples 23–59 (448.9–438.1 cm), after
the species re-invaded the Eastern Mediterranean.

The transition from sample 29 to 30 (446.95 cm) marks the onset of the sapropel,15

thus G. scitula became extinct shortly before the onset of the sapropel and G. inflata
immediately afterwards, whereas O. universa survived 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 determined
from assemblage counts, using 12.5–100 per cent of the sample volume (divided with20

a microsplitter, Table S1); these counts were used to determine absolute abundances,
assuming constant sample volume. The relative abundances are considered a proxy
for the reproductive success of a species relative to the other species in the plank-
tonic Foraminifera community, and thus provide information about the competitiveness
of the species. The absolute abundances could be recalculated to accumulation rates25

(specimensm−2 yr−1) on the basis of the age model, generating a proxy for species pro-
ductivity, and thus represent a measure of absolute reproductive success of a species.
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For the reconstruction of the hydrological regime, oxygen and carbon stable isotope
ratios (VPDB standard) were measured in specimens of Globigerinoides ruber (white)
taken from the narrow size fraction of 250–315 µm.

2.2 Size-normalized weight

The size-normalized shell weight (SNW) was determined by weighing the shells using5

a Mettler Toledo UMX 2 microbalance, and a Sartorius SE 2 for G. ruber (pink) (accu-
racy 0.1 µg for both scales), following procedures for determining the SNW suggested
by Beer et al. (2010a). Shells for weighing were selected by first narrowing the pos-
sible size distribution of specimens by means of sieving. For O. universa the fraction
425–500 µm, for G. scitula and G.inflata the 150–200 µm size-fraction, and for G. ruber10

(pink) the 180–212 µm size-fraction was used. All those fractions were chosen as to fall
into the peak abundance size of the respective species as best as was possible. The
thus selected specimens were cleaned by sonication and dried in a compartment dryer.
After drying, specimens were transferred into microslides and left to equilibrate with air
moisture for at least 24 h. The specimens were subsequently picked with a needle,15

discarding all damaged individuals and specimens which showed remains of sediment
filling. This process yielded 239 specimens of O. universa, 743 specimens of G. scitula,
462 specimens of G. inflata, and 166 specimens of G. ruber (pink) that were suitable for
weighing. For the weighing process several shells were placed together in a tin weigh-
ing boat and weighed together repeatedly (10–20 times). Following Beer et al. (2010a)20

we aimed to weigh at least six specimens of Orbulina universa, and ten specimens of
Globorotalia scitula, Globorotalia inflata, and Globigerinoides ruber (pink), respectively,
per sample. After weighing, specimens were mounted on glass slides, using double-
sided adhesive tape, photographed with a Leica Z16 stereomicroscope, and their cross
sectional area was measured using either the Image-Pro® Plus v. 6.0 software (Media25

Cybernetics, Inc., 2006) or FIJI (Schindelin et al., 2012). For each of the weighed sam-
ples, the Measurement Based Weight (MBW) was determined as the mean measured
weight, divided by the number of specimens weighed, normalized for the mean size of
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the weighed specimens (Eq. 1).

MBW =
W/n
S

(1)

where W is the total weight of all specimens n weighed together and S is the mean
cross section area of all specimens weighed.

Since this procedure provided only one mean weight value per sample, instead of5

several individual values, confidence intervals for weight measurements could not be
calculated by common approaches. To overcome that problem, confidence intervals
were estimated by random resampling manually implemented in R (R Development
Core Team, 2011). For each investigated species one sample that yielded a relatively
large number of weighable specimens was chosen. From that sample, six (Orbulina10

universa) or ten specimens (Globorotalia scitula, Globorotalia inflata, and Globigeri-
noides ruber (pink)), were randomly picked, weighed together, and then the MBW for
that random sample was calculated as described in Eq. (1). The specimens were then
put back and the whole procedure was repeated 29 times, yielding 30 partial values for
the MBW of 30 random subsamples representative for the variability of the population.15

Since those partial values were completely random they can be considered to repre-
sent individual weights of 30 hypothetical specimens. In the next step N values from
that pool of 30 partial values were randomly chosen (with replacement) and their mean
was calculated – this procedure was repeated 2000 times per N, for all observed n of
the respective species. For each of the random 2000 replications the 0.025 and 0.97520

quantiles were calculated according to the Q̂8(p) definition recommended by Hyndman
and Fan (1996). In that way for each observed sample size n a corresponding 95 %
confidence interval for the MBW was approximated for each species. Since the confi-
dence intervals were estimated in this way, the variability of the data could not easily be
considered when investigating the relationship between the MBW and other parame-25

ters. This problem was dealt with by another randomisation test, in which MBW values
of the individual samples were randomly chosen from within the range of the 95 % con-
fidence interval. After 5000 reruns the mean of the test statistics was calculated and
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compared to the test statistics of the original data. Those mean values are marked with
a bar hereafter, as opposed to the unmarked statistics of the original measurement
values.

Orbulina universa is known to consist of multiple cryptic species, so the observed
signal could in principle be influenced by a non-constant mixing ratio of different geno-5

types in the samples. To test for that possibility, specimens of O. universa from four se-
lected depths were weighed individually in tin weighing boats (weighing was repeated
six times per specimen, and then the mean value was calculated), and similar to the
calculation of the MBW the obtained weight was then normalized for the size (cross-
sectional area) of that specimen. This provided datasets with several values per depth10

level. Should any observed signal be the result of a changing genotype composition
in the assemblage, we would assume to see the same bi- or multimodal weight dis-
tribution in all levels, but with changing amplitudes of the different modes. A unimodal
distribution, in which the position of the mode changes with depth level, on the other
hand, would indicate a concerted reaction of the entire population irrespective of the15

number of cryptic species involved. Consequently, Hartigan’s Dip Test (Hartigan and
Hartigan, 1985) was performed, to test for unimodality in the data.

2.3 Data analysis

All statistical tests were conducted in R. Stable isotopic data (i.e. δ18O and δ13C) of
shells of G. ruber can be considered to be representative for the environmental change,20

especially the amount of freshwater inflow at the time of deposition of Sapropel S5. For
that reason, a general correlation between stable isotopes and MBW should be tested
using independent linear regressions. Several assumptions to use a model I linear re-
gression were violated, so a Kendall–Theil Robust Line Fitting (KTRLF) (Kendall, 1938;
Theil, 1950; Sen, 1968) was implemented in R using equations given in Helsel and25

Hirsch (2002), and the equation of Conover (1980) to calculate the intercept. Beside
being robust against all disturbances as long as values are measured on a meaningful
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scale, this method also offers the benefit that the confidence intervals of the MBW do
not need to be prescribed.

2.4 Comparison with reference values from present-day samples

To obtain values for comparison of our results with a representative reference value,
we analysed coretop samples (1–0 cm) from multicorer cores, using the same pro-5

cedures as outlined above. For Globigerinoides ruber (pink), Orbulina universa, and
Globorotalia inflata we used a sample from Cruise POS334, Leg 79 from the Western
Mediterranean Sea north of Africa (Schulz et al., 2006). This sample has been chosen
because it derives from a region where the abundance of these three species is the
highest in the Mediterranean Sea at present (Hayes et al., 2005). Globorotalia scitula10

is not abundant enough anywhere in the Mediterranean today. Modern references for
that species were therefore taken from Cruise M34-3, Station 3810-2 (Bleil et al., 1997)
from the Southern Atlantic Ocean, halfway between Africa and South America, where
the distribution of the species in modern coretops indicates a proximity to its ecological
optimum (Kučera et al., 2005).15

Using those recent values as basis for normalization (Eq. 2), MBW values of the
different species could be made comparable with each other. Subsequently, Yates χ2

Test of Association (Yates, 1934) could be used to test the independence of the MBW
from environmental factors, and the strength of a potential association could be de-
termined by calculating the φ Coefficient of Association (Cramér, 1946). For this step20

only, post-extinction MBW values of Globorotalia scitula from two samples from within
the sapropel (443.05 and 442 cm) were used to confirm the general trends.

MBWnorm =
MBW−MBWrecent

s(MBW)
(2)

where MBWnorm is the normalized MBW per sample, on the basis of the recent com-
parison value MBWrecent and standard deviation s(MBW) of all measured MBW values25

of the species.
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3 Results

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 Fig. 2.
The stable isotope records of G. ruber (white), shown in Fig. 3, confirm a close asso-
ciation of the onset of the sapropel with freshwater discharge and the local extinctions5

of G. inflata and G. scitula.
The SNW data for all species are depicted in Fig. 3. Globigerinoides ruber (pink)

yielded relatively few specimens that were suitable for weighing, so that only 0–
20 specimens/sample fulfilled the criteria for weighing (Table S1), with a median
sample size of just ñ = 4. The data are normally distributed with p = 0.275 ac-10

cording to a Shapiro–Wilk Test (Shapiro and Wilk, 1965), with a mean weight of
9.45×10−5 µgµm−2. Shells of G. ruber (pink) were always lighter than in the modern
reference, where a weight of 12.16×10−5 µgµm−2 was determined (Fig. 3). In O. uni-
versa 2–22 specimens/sample (ñ = 6) fell in the respective size range for weighing
(Table S1), yielding MBW data that are not normally distributed (p = 0.034). The mean15

MBW of that species is 1.74×10−4 µgµm−2, which is close to the value derived from
the modern references (1.70×10−4 µgµm−2).

To test for the potential influence of non-constant mixing of different cryptic species
of O. universa on the mean values in the samples, weight measurements of individual
specimens for four selected depth levels were performed: samples 17+18 and 27+2820

before sapropel onset, sample 32 after sapropel onset, and sample 53 after the first
local extinction in sample 44. The data (Fig. 4) for all samples show a general trend
towards lighter shells in the upper samples, with a generally comparable variability of
the weight. No significant deviation from unimodality could be detected in any of the
depth levels.25

Globorotalia scitula yielded between 8 and 50 specimens/sample (ñ = 25) for weigh-
ing purposes (Table S1). The MBW is normally distributed (p = 0.950), but with a mean
MBW of 7.34×10−5 µgµm−2 G. scitula is the least intensely calcified of the studied
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species. The weight of this species in M51-3/SL104 is nearly always higher than in the
recent material from the Southern Atlantic (6.38×10−5 µgµm−2).

Between 4 and 31 specimens/sample (ñ = 15) of G. inflata were suitable for weigh-
ing (Table S1), providing normally distributed MBW data (p = 0.109) with a mean of
1.36×10−4 µgµm−2. As in G. scitula, shells of G. inflata were always heavier in the5

studied samples than in modern Mediterranean sediments (0.81×10−4 µgµm−2). It is
worth mentioning, that the variance of the MBW of G. inflata, as obtained from the co-
efficients of variation, is significantly larger than in any of the other species investigated
(Fig. 5).

In order to investigate to what degree the obtained MBW mean values are repre-10

sentative of the samples, we took advantage of the data obtained in the procedure to
estimate the confidence interval. These data allow us to estimate the minimum number
of specimens to be weighed together to obtain a representative MBW for each species.
These data reveal that in all species a change in the slope of the regression between
the size of the confidence interval and the number of specimens n considered can be15

observed. In samples larger than that threshold size the confidence interval decreases
slowly with further increasing sample size in comparison to samples smaller than that
threshold size. To determine such threshold values for each species objectively, two
regression lines were fitted to the data, one to the steep slope for small sample sizes,
one to the shallow slope for larger sample sizes. The border between those two subsets20

per species was chosen such that the product of the R2 values of both regression lines
was minimal (Fig. 6). The resulting threshold sample sizes are n = 5 for O. universa,
n = 4 for G. ruber (pink), n = 22 for G. scitula, and n = 11 for G. inflata. Thus, with the
exception of G. scitula, the target samples sizes used in this study to determine MBW
should yield a good approximation of the MBW value. In G. scitula, a larger sample25

size would have been desirable to reduce the uncertainty of the MBW values.
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4 Discussion

4.1 Environmental change at the onset of Sapropel S5

The stable isotope curves of G. ruber show a large change with the onset of Sapro-
pel S5. The values and magnitude of change are compatible with hypotheses attribut-
ing this phenomenon to the inflow of freshwater from Africa with much lower isotopic5

values in comparison with sea water (Gasse, 2000; Hoelzmann et al., 2000), due
to an enhanced monsoon activity over Africa (Rossignol-Strick, 1983; Rohling et al.,
2002; Moller et al., 2012). In response to the freshwater influx, a layer with strongly
reduced salinity is assumed to have formed at the top of the water column in the East-
ern Mediterranean, causing a stagnation of the vertical circulation and the deposition10

of Sapropel S5 (Rossignol-Strick et al., 1982; Myers et al., 1998; Rohling et al., 2000,
2009). The collapse of the vertical circulation of the water column occurred very rapidly,
within 40±20 yr (Marino et al., 2007).

While anoxic conditions developed in the deeper water column (e.g. Rinna et al.,
2002) the surface waters were subject to different environmental changes. The sea15

surface temperature presumably rose by about 3 ◦C during the first 1000 yr after the
onset of the sapropel, and remained high for the remainder of sapropel deposition
(Marino et al., 2007). Concomitant with the freshwater influx must have been a reduc-
tion of surface water salinities towards normal marine values (compare, for instance,
Wüst, 1961; Rohling et al., 2009). Because a palaeo-salinity reconstruction on the ba-20

sis of δ18O is complicated in the Eastern Mediterranean Sea (Rohling et al., 2004), an
alternative approach used the isotopic composition of alkenones (van der Meer et al.,
2007). This approach indicates a rapid drop in surface water salinity from c. 39 to c.
35 psu with the onset of the sapropel, which then prevailed for about 2000 yr, i.e. for
the whole time interval investigated here. Such change in the surface salinity is un-25

likely to have affected the physiology of the Foraminifera by itself, but it would have led
to a large change in carbonate chemistry of the surface water, resulting in decreased
calcite saturation (empirical results, e.g. by Trask, 1937; Chierici and Fransson, 2009.)
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4.2 Abiotic factors vs. physiological stress

In order to test whether abiotic factors have influenced the calcification intensity of the
studied Foraminifera, the MBW values were compared to the δ18O record of Globigeri-
noides ruber, which here serves as a proxy of surface water composition. A KTRLF
indicates the presence of a significant relationship between δ18O and MBW in G. ru-5

ber (pink) and O. universa (Fig. 7). Additionally, in O. universa a significant drop in the
MBW from 2.30×10−4 µgµm−2 to 1.44×10−4 µgµm−2 (W̃ = 257, p̄ < 0.001 according
to a Mann–Whitney U Test) can be observed, which coincides with the fast decrease
of stable isotope values in shells of G. ruber at the onset of the sapropel. In contrast to
those findings, there is no correlation between MBW and stable isotopes detectable in10

G. scitula and G. inflata. These species calcify in a deeper layer in the ocean and both
exhibit a local extinction at the onset of the sapropel, so the lack of correlation between
their calcification intensity and δ18O only refers to the unperturbed conditions prior to
the freshwater-induced stratification of the water column.

Although the latter two species cannot provide information on their reaction to en-15

vironmental change at the onset of the sapropel deposition, their MBW values may
provide clues to the general relationship between calcification intensity and surface
water chemistry. Because the global sea level was lower than at present during the late
glacial and deglacial times prior to sapropel deposition, the connection of the Mediter-
ranean Sea with the Atlantic Ocean was more restricted, and the resulting increase in20

residence time of seawater made the Mediterranean saltier (Rohling, 1999). A compar-
ison of the MBW values of the two deeper-dwelling species indicates that at that time,
they built consistently stronger calcified shells than the reference Holocene populations
(Fig. 3). A similar pattern is observed for the populations of the two surface dwelling
species in sediments prior to the onset of the sapropel, where O. universa also calci-25

fies more than the modern reference, but the pattern is reversed in the sapropel, where
both surface-dwelling species seem to have calcified lighter than the reference (Fig. 3).
As a result, there is a strong and highly significant relationship between MBW values
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of all species normalized against their modern references (Eq. 2), and δ18O values
of G. ruber (χ2 = 70.1393, df = 1, p < 0.001, φ = −0.825, Fig. 8). Because of the re-
appearance of one of the deep-dwelling species, Globorotalia scitula, within the inves-
tigated portion of the sapropel (Fig. 2), the implied abiotic forcing of calcification in the
studied Foraminifera can be further tested. To this end, two additional samples of this5

species from within the sapropel have been analysed for MBW. In both cases, the cal-
cification was lighter than the modern reference (Fig. 8), supporting the abiotic forcing
hypothesis.

In order to test the alternative hypothesis of calcification intensity being linked to
varying levels of physiological stress, the MBW values were compared to changes in10

the abundances of the species (relative abundance and accumulation rate) as a mea-
sure of the suitability of the environment for the species. Close to the environmental
optimum of a species its production rates should be highest and according to de Vil-
liers (2004) we should expect to find highest calcification rates under such favourable
environmental conditions. However, in no species a significant correlation between the15

relative abundance or the accumulation rate and the MBW could be detected (Figs. 9
and 10, and Table 1). To assess the existence of such relationship when all species are
considered, in analogy with the concept in Fig. 8, the normalized (Eq. 2) MBW data of
all species were plotted against their standardized accumulation rates. In contrast to
the high correlation between stable isotopic data and normalized MBW, no correlation20

between standardized abundances and normalized MBW values could be detected
(χ2 = 0.9563, df = 1, p = 0.328, φ = −0.110, Fig. 11).

These results indicate that changes in calcification intensity occurred irrespective of
changes in productivity of the studied species. Since the magnitude of the considered
values of productivity reached all the way to total demise of the species, the results25

indicate that calcification in planktonic Foraminifera is de-coupled from environmental
stress and likely not affected by trade-offs between biomineralisation and biomass pro-
duction. This decoupling is observed at a time scale of centuries, leaving a possibility
that the reaction of calcification on physiological stress could be a short-term, thresh-
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old process, operating first at near-lethal levels of stress such as would be expected
immediately prior to extinction. To this end, we have examined the MBW values in the
last samples prior to local extinctions (Fig. 2) in all four species. None of the MBW
values of the last sample prior to extinction were the lowest values for the respective
species in the studied interval (Fig. 3). This observation indicates either an absence of5

a notable effect of stress on calcification or the existence of such a relationship only at
time scales of a few decades or less, that could not be resolved by our sampling.

4.3 Factors influencing calcification intensity in planktonic Foraminifera

The observed trends in calcification intensity of the studied species are very unlikely to
be the result of changing carbonate preservation throughout the time interval. Due to10

the high salinities in the Eastern Mediterranean, the sea water saturation with respect
to calcite has likely remained high (Schneider et al., 2007), so that no calcite dissolu-
tion should be expected. In fact, from our observation the preservation of Foraminifera
within the sapropel was better than before the sapropel, with pristine, glassy specimens
of even tiny thin-walled species. This effect is directly comparable to the “sealing” effect15

in hemipelagic sediments as described by Pearson et al. (2001). The final evidence
against carbonate dissolution as a factor affecting the measured MBW is the continu-
ous presence throughout the studied interval of pteropods – which are very sensitive
to carbonate dissolution due to their aragonitic mineralogy.

In addition to dissolution, the precipitation of inorganic secondary calcite in pre-20

sapropel samples could also influence our results. The precipitation of secondary cal-
cite in the pre-sapropel sediment, however, is unlikely, because all specimens appear
clean and well preserved even before the sapropel, and the MBW values of G. ru-
ber (pink) in pre-sapropel sediments are comparable to the modern reference. If sec-
ondary inorganic precipitation affected the MBW values, it should have done so equally25

strongly for all species, because such process is inorganic and could not be species-
selective.
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Of the studied species, Orbulina universa is known to harbour three distinct cryptic
genetic types. If these genetic types, which likely represent biological species (de Var-
gas et al., 1999) calcify differently, the observed trend in the species could reflect
a change in their relative proportions. This possibility has been investigated by indi-
vidually weighing specimens from four selected time horizons (Table S2, Fig. 4). These5

data indicate a shift of the entire population towards lower calcification intensities, with
kernel density curves for each of the four levels not significantly different from uni-
modality. While this is no proof for a constant community composition, it shows that our
calculated MBW values represent a reaction of the whole community, not a switch from
one bimodal state to another. The pre- and post-sapropel-onset MBW distributions are10

so distinct that if they were solely due to differences in the calcification among differ-
ent cryptic genetic types, then these values alone could be easily used to distinguish
among them, which is difficult to reconcile with their cryptic nature.

Excluding the effect of carbonate dissolution and genotype abundance fluctuations
on the observed decrease in MBW with the onset of the sapropel calls for an expla-15

nation involving the effect of shifts in the parameters of the ambient water column.
O. universa shows the strongest reaction to the changing environment, with a clear
drop in MBW at the onset of the sapropel, a continuous decrease of calcification in-
tensity within the sapropel, and a strong relationship with stable isotopic data and thus
probably freshwater influx. G. ruber (pink) shows comparable results, though the drop20

in MBW with sapropel onset could not be clearly tested because the species was not
abundant enough at that time. Both species calcify in the upper water column (Pujol and
Vergnaud Grazzini, 1995; Rohling et al., 2004) and were therefore strongly influenced
by the freshwater inflow, thriving in a water mass with presumably reduced salinity in
comparison to normal Eastern Mediterranean conditions (van der Meer et al., 2007).25

Because multiple parameters changed in parallel during the onset of the sapropel, it is
difficult to isolate the primary abiotic factor that may have led to reduced calcification
intensity in these species.
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Obviously, the freshwater influx have not caused reduced carbonate production since
Moller et al. (2012) reported a short-lasting rise in Ca content in the sediment from 13.9
to 29.9 per cent with the onset of the sapropel, followed by a return to pre-sapropel
conditions, decoupled from changes in MBW of the shallow-dwelling species.

Therefore, we entertain the possibility that the observed reduction in calcification5

intensity could be due to changes in sea water carbonate chemistry. Such link seems to
be the most commonly invoked hypothesis explaining differences in calcification rates
among modern planktonic Foraminifera (Barker and Elderfield, 2002). Because it may
be assumed that δ18O of G. ruber was correlated with surface salinity during the onset
of Sapropel S5 (Gasse, 2000; Hoelzmann et al., 2000), the close link between this10

variable and the MBW of the studied species is consistent with a dominant forcing by
carbonate chemistry of the ambient seawater, in line with the observations by (Bijma
et al., 1999), (Barker and Elderfield, 2002), and (Marshall et al., 2013).

The lack of a relationship between MBW in G. inflata and G. scitula, and δ18O of G.
ruber in the interval prior to sapropel deposition likely reflects the deeper calcification15

depth of those species, compared to O. universa. We hypothesize that the subsur-
face layer, where the calcification of these species is likely to have been concentrated
(Rohling et al., 2004), experienced a weaker reaction to environmental changes prior
to sapropel deposition than the surface layer. A broader calcification depth in G. inflata,
not limited to the surface layer, is supported by the larger variability in calcification20

intensity in that species (Fig. 5).
In summary, the analysis using normalized calcification intensity data of all species

together strongly supports a dominant abiotic forcing of calcification intensity in plank-
tonic Foraminifera at time scales of decades to centuries. While all species support
a relationship between proxies of surface water properties and MBW, no correlation be-25

tween MBW and abundance of the studied species could be observed. This indicates
a strong influence of the environmental change itself on calcification in all species, but
no influence of the stress associated with that change, that would be mirrored in the
changing productivity of a species as inferred from its accumulation rates. This is fur-
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ther supported by the complete lack of a reaction of calcification intensity on terminal
environmental stress leading to local extinction in any of the species investigated in this
study. These results support the use of calcification intensity in planktonic Foraminifera
as an environmental proxy. Even if we could not isolate, which environmental factors
acted on the calcification process in which combination, it is likely that the process of5

calcification is not complicated by insurmountably complex biological relationships and
the observations in this study are consistent with the hypothesis that calcification in
planktonic Foraminifera is driven by carbonate chemistry of the ambient water.

5 Conclusions

Our study has shown that the calcification intensity in four species of planktonic10

Foraminifera was likely related to environmental changes during the onset of Sapro-
pel S5 in the Eastern Mediterranean. Specifically, we observe significant relationships
between MBW and a proxy of surface water properties, and no relationship between
calcification and productivity of the studied species.

Concerning our hypotheses we can thus state, that we were only able to observe15

long-term changes associated with abiotic factors of the environmental change (hy-
pothesis a1). Neither long term reactions of the calcification intensity and optimal
growth conditions (hypothesis a2) nor short term reactions of the calcification intensity
during times of terminal environmental stress (hypothesis b) could be observed in our
dataset. This supports the use of the calcification intensity of planktonic Foraminifera20

as a palaeo-proxy for environmental reconstructions. Even though the exact combina-
tion of environmental factors acting on calcification of planktonic Foraminifera during
the natural experiment of the onset of Sapropel S5 could not be disentangled, the ob-
served patterns are consistent with calcification intensity being driven by carbonate
chemistry of the ambient seawater.25
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Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/10/11213/2013/
bgd-10-11213-2013-supplement.zip.
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Table 1. Results of Spearman’s Rank-Order Correlation of the MBW of the species with its
abundance. The analysis was performed for the relative abundance (in per cent) and the cal-
culated accumulation rate (in specimensm−2 yr−1).

Relative abundance Accumulation rate
Species ρ̄ p̄ value ρ̄ p̄ value

O. universa 0.149 0.397 0.085 0.631
G. ruber (pink) 0.264 0.265 0.115 0.622
G. scitula 0.024 0.804 −0.075 0.692
G. inflata 0.263 0.190 0.082 0.663

11242

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/11213/2013/bgd-10-11213-2013-print.pdf
http://www.biogeosciences-discuss.net/10/11213/2013/bgd-10-11213-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 11213–11253, 2013

Calcification intensity
of Foraminifera

during Sapropel S5

M. F. G. Weinkauf et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

20° 25° 30° 35°

30°

35°

40°

20° 25° 30° 35°

30°

35°

40°

0 500

Kilometres

M51−3/SL104

KS205

ODP 971A/C					

ODP 967C						

Fig. 1. Position of core M51-3/SL104 (red) in the Pliny Trench about 100 km east-south-east
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 established (Cane
et al., 2002).
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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, expressed as accumulation rates (blue bars) and relative
abundances (red lines). Bioevents that has been used in this study are highlighted with arrows.
Labelled arrows refer to bioevents (local extinction of O. universa and G. inflata, and occurrence
of G. ruber (pink) in “detectable quantities”), that has been used by Cane 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 to sapropel onset. Note that O. universa shows 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.
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Fig. 3. Records of Measurement Based Weight (MBW) for the four selected species of plank-
tonic Foraminifera across the onset of Sapropel S5 in core M51-3/SL104, with 95 % confidence
intervals. Red circles highlight samples where the MBW value is based on fewer specimens
(< 6 for Orbulina universa and < 10 for all other species). The blue vertical line shows the MBW
value of a modern reference for each species. The grey shaded area represents the extent of
the sapropel (Fig. 2). Ages are given in years relative to sapropel onset.
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Fig. 4. Distribution of size-normalized weight (SNW) values of individual Orbulina universa
specimens in individual samples across Sapropel S5 in core M51-3/SL104. These samples
represent conditions before and after the onset of Sapropel S5 as well as conditions after the
first local extinction of the species (Fig. 2). Hartigan’s Dip Test (Hartigan and Hartigan, 1985)
indicates no significant deviation from unimodality in any of the samples, suggesting that the
detected trend of decreasing Measurement Based Weight 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.
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intervals were estimated after Vangel (1996, Eq. 16).
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Fig. 6. Two-step regression for the estimation of a suitable minimal sample size for Measure-
ment Based Weight determination in each of the four studied species during the onset of Sapro-
pel S5 in core M51-3/SL104. The two regression lines where chosen such that the product of
their respective R2 values is minimal.
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Fig. 7. Kendall–Theil Robust Line Fitting (solid lines) of the Measurement Based Weight in the
investigated four species with δ18O data of Globigerinoides ruber during the onset of Sapro-
pel S5 in core M51-3/SL104. The weight 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.
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Fig. 8. Correlation between normalized (for recent samples) Measurement Based Weight data
of the four investigated species and δ18O values of Globigerinoides ruber during the onset of
Sapropel S5 in core M51-3/SL104. All species reflect a consistent pattern of stronger calcifica-
tion during times of higher isotopic values.
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Fig. 9. Correlation between relative abundance and Measurement Based Weight 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 of
Sapropel S5 in core M51-3/SL104.
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Fig. 10. Correlation between accumulation rates and Measurement Based Weight 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 of the x-axis.
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Fig. 11. The relationship between normalized (for recent samples) Measurement Based Weight
data of the four investigated species and their standardized accumulation rates during the onset
of Sapropel S5 in core M51-3/SL104. The lack of correlation indicates that calcification intensity
is not related to stress on the studied time-scale.
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