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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 ranggel 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 teapropel 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. Tamply that changes in normalized shell weight in planktonic
disentangle these two end-member scenarios, an experimefRbraminifera 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 reaclhe 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 kajlect various physical and chemical properties of the ambi-
in a sediment core from the Levantine Basin. We observednt 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 interzpreted as result-
times of decreasing abundance culminating in local extincAnd from ocean acidification and decreased;C@ontent of
tion. The reaction of calcification intensity to surface water the seawaterLohmann 1995 Broecker and Clark2001).

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 Bgrker 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.(2010h 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-
whereasAldridge 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 c?;o 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
sacculiferon 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 excluderhere 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 @y 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-
whereadManno 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 Basiiist 1961), making the water col-
on calcification in ArctidNeogloboquadrina pachyderma umn highly oversaturated with respect to calcielineider
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 hypothesisdd 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 peakfForaminifera 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 shouldFig. 1). The sapropel deposition reflects an abrupt environ-
be considered at a more fundamental level. Specifically, it remental change leading to enhanced surface stratification and
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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 estatdished (
etal, 2002.

stagnation of the water columR@ssignol-Strick et 411982 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. It 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. Furetic type of theslobigerinoides 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
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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&€xfhulina 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 known437.2 cm (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 Mediterraneda 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& universa Though  val (Fig.2). Specimens for weight analysis have been picked
its main habitat lies above 100 m, 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 (455.5-434.8 cm). 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 repreder which the community was rapidly re-established, and one
sent a single genetic typ&brard 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. Of scitula1290 spec-
species. It is rare in the Mediterranean Sea at pregaijol  imens were picked from samples 1-29 (455.5-447.1cm),
and Vergnaud GrazzirfiLl995 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 yfGloborotalia 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 al.2002. Rohling et al.(2009 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 a@dinflataimmediately
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, expressed
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. inflata and occurrence db. ruber (pink) in “detectable
quantities”), that have been used ®gne 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 t
sapropel onset. Note th@t 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, aso the peak abundance size of the respective species as best
suming constant sample volume. The relative abundances ares was possible. The thus selected specimens were cleaned
considered a proxy for the reproductive success of a specigsy 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 beens were subsequently picked with a needle, discarding
recalculated to accumulation rates (specimendyn—1) on all damaged individuals and specimens which showed re-
the basis of the age model, generating a proxy for speciemains 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. inflatg 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 meeeral shells were placed together in a tin weighing boat and
sured in specimens dlobigerinoides ruberwhite) taken  weighed together repeatedly (10-20 times). FollowiBegpr

from the narrow size fraction of 250-315 um. 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-moynted 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 0.1 ug for  cross-sectional area was measured using either the Image-
both scales), following procedures for determining the size-p,® pjys v. 6.0 softwareMedia Cybernetics, Inc2006 or
normalized weight measurements suggeste®egr et al. 13y, 1.47 Gchindelin et al.2012). For each of the weighed
(20103 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 ofthe mean measured weight, divided by the number of speci-
specimens by means of sieving. Foruniversahe fraction  mens weighed, normalized for the mean size of the weighed
425-500 um, 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.
Orbulina universais known to consist of multiple cryp-
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-  types in 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 sanwf 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 Sech). 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 Test@rtigan and Hartiggri985
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. 2.13R0 Devel-
sample that yielded a relatively large number of weighableopment Core Tean2011). Stable isotopic data (i.8120)
specimens was chosen. From that sample,Gibkilina 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 ruber(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 Bjj.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) (Kendall 1938 Theil, 1950 Sen 1968 was im-
tion. Since those partial values were completely random theyplemented in R v. 2.13.0R Development Core Tegra011)
can be considered to represent individual weights of 30 hypousing equations given iHlelsel and Hirsci{2002, and the
thetical specimens. In the next stépvalues 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 pat, 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 0.026eed to be prescribed.
and 0.975 quantiles were calculated according to@gép)
definition recommended yyndman and Fa(l996. Inthat 2.5 Comparison with reference values from present-day
way for each observed sample size corresponding 95 % samples
confidence interval for the MAD was approximated for each
species. Since the confidence intervals were estimated in thifo 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 anotheis outlined above. FdBlobigerinoides 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 Africé&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 witlthe abundance of these three species is the highest in the

_Win
MAD = o 1)
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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 specérfens (
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)Fgyes are given in years relative to sapropel onset.

Mediterranean Sea at preseHiaf/es et al.2005. Globoro-  where MADyorm is the normalized MAD per sample, on the
talia scitulais not abundant enough anywhere in the Mediter- basis of the recent comparison value MA&n: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 3810Rl€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. 2009. Considering typical
sedimentation rates in the vicinity of the two modern sam-
ples (3.6cmkyr?! in the Atlantic Seiter et al. 2009 and
7.2cmkyr ! in the Western Mediterraneahigyward 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 witBO, val-
ues more than 20 per cent above the pre-industrial baseGI
line. Therefore, we consider the analysed Foraminifera to b(?

largely representative of pre-industriaCO; levels. 20 specimenysample fulfilled the criteria for weighing (Ta-

Using those recent values as basis for normalizationble S1), with a median sample size of just= 4. The
(Eq.2), MAD values of the different species could be made data We're normally distributed with = 0.275 according to

comparable with each other. Subsequently, YateJest of a Shapiro-Wilk testhapiro and Wilk 1965, with a mean
Association Yates 1934 could be used to test the inde- MAD of 9.45x 10-5 ugunt2. Shells of G ’ruber (pink)
pendence of the MAD irom e_nv_lronmental factors, a_nd theWere always lighter than in the modern reference, where an
strength of a potential association could be determined b)fVIAD of 12.16 x 10-5 pgunT2 was determined (Figg). In
calculgting thep Coefficient.of Associationq‘ramér 19486. 0. universéZ—ZZ specimensample § = 6) fell in the re-
Fo.r th|s. step only, post-extinction MAD ya!ues Globoro- spective size range for weighing (Table S1), yielding MAD
talia scitula from two samples from within the sapropel data that were not normally distributeg & 0.034). The
(443.05 and 442 cm) were used to confirm the general trend%ean MAD of that species is. 24 x 10~4 ugunt2, which
is close to the value derived from the modern references
MAD o — MAD — MAD recent @ (1.70 x 10~4 pgunt?).
norm= s(MAD) ’ To test for the potential influence of non-constant mixing
of different cryptic species dD. universaon the mean values

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 FAgThe 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 extinctiongofinflata
andG. scitula
The MAD data for all species are depicted in FR&.
obigerinoides ruber(pink) yielded relatively few spec-
mens that were suitable for weighing, so that only 0-

www.biogeosciences.net/10/6639/2013/ Biogeosciences, 10, &&&5-2013
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lina universaspecimens in individual samples across Sapropel S5 inF19- 5- Variance of the mean area density values for the four studied
core M51-3/SL104. These samples represent conditions before angPecies, 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 subsaomples from samples
local extinction of the species (Fig). Hartigan's Dip TestKarti- 35,32, 6, and 21 in core M51-3/SL104. The 95 % confidence inter-

gan and HartigarL985 indicates no significant deviation from uni- Va!S were estimated aft¥tangel(1996 Eq. 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 vyielded 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 distributeg & 0.950), parison to samples smaller than that threshold size. To de-
but with a mean MAD of B4x 10 5pgunt?2 G. scitula  termine such threshold values for each species obijectively,
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~° pgpnt?2). per species was chosen such that the product oRtheal-
Between 4 and 31 specimesample § = 15) of G. in- ues of both regression lines was minimal (F8j.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 # = 0.109) with a mean of for G. ruber (pink), n = 22 for G. scitulg andn = 11 for
1.36x 10~ *pgunt2. As in G. scitulg shells ofG. inflata  G. inflata Thus, with the exception dB. scitulg the target
were always heavier in the studied samples than in modersamples sizes used in this study to determine MAD should
Mediterranean sediments.81 x 10~4 ugpunt2). It is worth yield a good approximation of the MAD value. @. scitulg
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Fig. 6. Two-step regression for the estimation of a suitable minimal sample size for mean area density determination in each of the four
studied species during the onset of Sapropel S5 in core M51-3/SL104. The two regression lines where chosen such that the product of theil
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. TB¥O stable iso-
topic signal is found almost coevally in shallow-dwelling and
deep-dwelling species of planktonic Foraminifera, including
the here-studieds. scitulaand G. inflata (Rohling et al,
2009, indicating that the resulting perturbation of the up-
per water column affected a major portion of the habitat of
planktonic Foraminifera.

The stable isotope curves 6f rubershowed a large change While anox.ic conditions developed in the deeper water
with the onset of Sapropel S5. The values and magnitude of0lumn (e.gRinna et al.2003) the surface waters were sub-
change are compatible with hypotheses attributing this phelect to different environmental changes. The data |pd|cate
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 seawat@agse 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 depositidefino et al,
activity over Africa Rossignol-Strick1983 Rohling et al, 2007. Concomitant with the freshwater influx must have
2002 Moller et al, 2012. 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 instan®iist 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 ofs'°O is complicated in the Eastern Mediter-
the deposition of Sapropel SR¢ssignol-Strick et 311982 ~ ranean SeaRohling et al, 2004, an alternative approach
Myers et al, 1998 Rohling et al, 200Q 2009. The collapse used the isotopic composition of alkenon_ear( der Meer

of the vertical circulation of the water column occurred very €t @, 2007). This approach indicates a rapid drop in surface

4 Discussion

4.1 Environmental change at the onset of Sapropel S5

www.biogeosciences.net/10/6639/2013/ Biogeosciences, 10, &&85-2013
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Fig. 7. Kendall-Theil robust line fitting (solid lines) of the mean area density (MAD) in the investigated four species!#@tidata 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. 35psu 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 astfO 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
8 - sea level was lower than at present during the transitional
values were compared to th#80 record of Globigeri- - ) "
. . and deglacial times prior to sapropel deposition, the con-
noides ruber which here serves as a proxy of surface wa-

ter composition. A KTRLF indicates the presence of a Sig_nect|0n of the Mediterranean Sea with the Atlantic Ocean

nificant relationship betwees®0 and MAD in G. ruber was more restricted, and the resulting increase in residence
(pink) andO. universa(Fig. 7). Additionally, in O. universa time of seawater made the Mediterranean salfh(ing

a significant drop in the MAD from 20 10-“pgunr2 ok B eRRRREE D T e it conie
to 1.44x 10~*pgunt? (W = 257, p < 0.001 according to gsp , (€Y

a Mann—Whitney Test) can be observed, which coincides tently sFronger_caIcn‘led_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 oP

4.2 Abiotic factors vs. physiological stress

Biogeosciences, 10, 6638655 2013 www.biogeosciences.net/10/6639/2013/
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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 ., o
performed for the relative abundance (in per cent) and the calculated < - ‘. <
accumulation rate (in specimensfyr—1). - A ] E
S o 2
Relative abundance Accumulation rate S ° N Lo e E
Species o p value 0 p value § N . E
O. universa 0.149 0.397 0.085 0.631 a’é E

G. ruber(pink)  0.264 0.265 0.115 0.622 ha

G. scitula 0.024 0.804 -0.075 0.692 &
G. inflata 0.263 0.190 0.082 0.663 ‘_g ’ g
o ()
£ @
o ®
< O. universa -
= « G. ruber (pink) 8
populations of the two surface-dwelling species in sediments . g 'S“Cfl'f‘u‘; . E
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 (Ef), and 5180 values ofG. ru- Fig. 8. Correlation between normalized (for recent samples) mean

2_ _ _ s area density (MAD) data of the four investigated speciess3fie®
ger(x N 7?'3'h393’ & =1p=< 0'0?1’¢ N f?ﬁszgy Flg'g)' I values ofGlobigerinoides ruberduring the onset of Sapropel S5
ecause ol Ine re-appearance of one of the deep-Awelling, ... \151-3/51.104. 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, theynic 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 iffhreshold process, operating first at near-lethal levels of stress
the abundances of the species (relative abundance and acyjich 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.
a species 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- tion were the lowest values for the respective species in the
cation rates under such favourable environmental conditionsstgied interval (Fig3). This observation indicates either an
However, in no species a significant correlation between theypsence of a notable effect of stress on calcification or the
relative abundance or the accumulation rate and the MADeyistence 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 81,2007, 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

5o (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 c
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 thepost-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 secondaryo 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 speciele (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 ofitlais.

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 infBlig- most commonly invoked hypothesis explaining differences
bigerinoides ruber(pink) shows similar results, though the in calcification rates among planktonic ForaminifeBaker
drop in MAD with sapropel onset could not be clearly tested and Elderfielgd2002. Because it may be assumed tBtO
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 colunRujol and  onset of Sapropel S%5asse200Q 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 conditioas der  observations byBijma et al. (1999, Barker and Elderfield
Meer et al, 2007). Because multiple parameters changed in (2002, and Marshall 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 (Fi§), 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 ocedrahling 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 §180 of G. ruberin 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 Jreoo. g minal environmental stress leading to local extinction in any
. : . 2 of the species investigated in this study. These results support

. . % the use of calcification intensity in planktonic Foraminifera

~ - e L, £ as an environmental proxy. Even if we could not isolate,

1 ] b . . “ g .
. s . 2 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

R ® . . . - . . .
. . Z consistent with the hypothesis that calcification in planktonic
N s, ‘ s Foraminifera is driven by carbonate chemistry of the ambient
_ . e
! I O. universa E water.
« G. ruber (pink) ]
« G.inflata s
. G. scitul .
- . scitua 2 5 Conclusions
=)

more abundant L o
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-only 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 concentraiedhiing Pt 9 e ( \ypoth .) X .
actions of the calcification intensity during times of termi-

etal, 2004, 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 frétohling our data set. This observation supports the use of the cal

; : L cification intensity of planktonic Foraminifera as a palaeo-
et al. (2004. Fig. 5). This study from the same time inter- Broxy for environmental reconstructions. Even though the
val and region shows, that the general trend of reduced stabl binati f . 't . lci
isotopic values can be found in shell calcite of a variety of gxaqt combination o enV|ro.nr.nenta gctors acting on calci-

. - : . . fication of planktonic Foraminifera during the natural exper-
planktonic Foraminifera, includin®. scitula However, the iment of the onset of Sapropel S5 could not be disentangled

deeper dwelling species show isotopic values indicating that : : e
: : : he observed patterns are consistent with calcification inten-
their habitat was less affected by the freshwater discharge. In

accordance with our results (compare Flythis suggests, sg:remg driven by carbonate chemistry of the ambient sea

that the environmental change leading to the deposition of V2te":

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

a Iesser degree. A broader Ca|Cificati0n depthlrlnﬂata, Supp'ementary materiaj re'ated to th|s artic|e is

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

variability in calcification intensity in that species (FB). 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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