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ABSTRACT

Rohling, E.J., Jorissen, F.J., Vergnaud Grazzini, C. and Zachariasse, W.J., 1993. Northern Levantine and Adriatic Quater-
nary planktic foraminifera; Reconstruction of paleoenvironmental gradients. Mar. Micropaleontol., 21: 191-218.

A detailed study of the planktic foraminiferal records of three cores, recovered near Crete, shows very consistent changes.
Unfortunately, the record of T87/2/13G, our shallowest core, is bioturbated too much for detailed comparisons, but it
can still be used to discuss the general trends. The mutual record of the other two cores, T87/2/20G and T87/2/27G,
extends back to about 125,000 yr B.P. Principal Components Analyses performed on the combined records of T87/2/20G
and T87/2/27G yield two axes that can be interpreted paleoecologically, namely a temperature-axis and an “annual sta-
bility” axis. The latter is a measure of stratification within the euphotic layer.

In this study, we consider T87/2/20G and T87/2/27G to be reference cores for the eastern Mediterranean. Subse-
quently, we interprete the faunal variation in two cores from the Adriatic Sea (IN 68-5 and IN 68-9), containing records
extending back to 15,000 and 18,000 yr B.P., in the context of these reference-cores. This is done by calculating scores of
the Adriatic records along the two relevant PCA axes derived from the northern Levantine records. Also, cluster analyses
of the Adriatic and northern Levantine records are compared.

On the average, the Adriatic Sea appears to have been considerably colder than the region around Crete, during the past
18,000 years. This temperature difference was largest during the pleniglacial and only small during the Holocene. We found
no distinct expression of a Younger Dryas cooling event in the Adriatic records, neither on our PCA axis, nor in the oxygen
isotope record. This contradicts previous paleoclimatic reconstructions, based mainly on paleobotanical evidence, which
suggests that the Younger Dryas event greatly influenced circum-Mediterranean areas. As yet, we have no ready explana-
tion for this discrepancy.

Low annual stability values dominate both the pleniglacial and the Holocene intervals of the Adriatic records. This
suggests that homothermal conditions were as prevalent in the Adriatic euphotic layer at pleniglacial times as they are at
present. In the present-day Adriatic, homothermal conditions are associated with deep convection and subsequent Eastern
Mediterranean Deep Water (EMDW ) formation, and therefore our data suggest that EMDW formation was as effective
at pleniglacial times as it is at present. High annual stability values in the transitional interval, from 12,700 to 9600 yr B.P.,
in the Adriatic records are suggestive of low EMDW formation-rates at that time. In combination with high productivity
throughout the eastern Mediterranean, which has previously been inferred from the planktic foraminiferal record, these
low EMDW formation rates may have preconditioned the eastern Mediterranean for sapropel formation.
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1. Introduction

In the marine pelagic ecosystem, planktic

"Present address: Université de Bordeaux I, Département
de Géologie et Océanographie, Avenue des Facultés, 33405
Talence Cedex 05, France.

foraminifera are essentially distributed, geo-
graphically as well as vertically, according to
their preferences for specific temperature
ranges and food requirements (e.g. Bé and
Hamlin, 1967; Tolderlund and B¢, 1971; Kipp,
1976). Nearly all species thrive within the eu-
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photic layer. Within that layer, significant ver-
tical differentiation of food quality and. con-
centration may occur, so-called shallow and
deep phytoplankton assemblages can be dis-
tinguished (for overview see Rohling and
Gieskes, 1989). This vertical differentiation
seems to be reflected in the assemblages of
planktic foraminifera, which directly graze
upon the phytoplankton or feed on other or-
ganisms that do so (Fairbanks and Wiebe,
1980; Fairbanks and Wiebe, 1982; Fairbanks
etal., 1982; Hemleben et al., 1989).

Extensive studies on Northern Atlantic sed-
iment cores have shown that the geographical
distribution of planktic foraminifera has
shifted through time, as a result of changes in
hydrography and climate (e.g. Ruddiman and
Mclintyre, 1976; Crowley, 1981). Due to shifts
in the biogeographical distribution, different
North Atlantic assemblages successively occu-
pied the waters in front of the Mediterranean
gateway at Gibraltar. This invoked composi-
tional changes in the planktic assemblages
transported into the Mediterranean by the sur-
face flow. Examples of this process are the re-
peated invasions into the Mediterranean of
Neoglobogquadrina atlantica in the late Pli-
ocene. This species was continuously present
in the middle to high latitude North Atlantic
(Poore and Berggren, 1975). Zachariasse et al.
(1990) demonstrated that, at times of north-
ern hemisphere glaciations, the geographical
distribution of V. atlantica periodically reached
south of the Gibraltar passage, which enabled
N. atlantica to migrate into the Mediterranean.

Within the Mediterranean, as anywhere, the
abundance of planktic foraminiferal species is
controlled by local environmental conditions.
An outstanding example of abundance control
by local environmental conditions is the dis-
tinct faunal contrast between the eastern and
western Mediterranean subbasins (Thunell,
1978; Vergnaud Grazzini et al., 1986).

In this paper, we will analyze the Late Qua-
ternary changes in the planktic foraminiferal
records of three cores from the northern Lev-

E.J. ROHLING ET AL.

antine Basin. According to our §'%0 record,
these cores extend back in time into the penul-
timate glacial (oxygen isotopic stage 6). Add-
ing to the interpretation of Rohling and Gieskes
(1989), who discussed the stratification his-
tory of the eastern Mediterranean euphotic
layer on the basis of the record of the genus
Neogloboquadrina in these cores, we will try to
understand which processes accounted for
variations in the record of the total planktic
foraminiferal association.

We will then compare the records of two co-
res from the deep part of the Adriatic Sea to
those of the northern Levantine cores. Accord-
ing to the 6120 record, the Adriatic cores reach
into the last glacial maximum, which is con-
firmed by AMS !“C dates (Jorissen et al., 1993,
this volume ). By comparing the northern Lev-
antine records to the two selected Adriatic rec-
ords, we aim to show the history of environ-
mental differences between the rather oceanic
northern Levantine Basin and the Adriatic Sea,
which has a much more continental setting and
into which the Po river discharges huge
amounts of freshwater loaded with nutrients.

2. Material and methods

Three gravity cores were taken in the north-
ern Levantine Basin near Crete with the Dutch
research vessel Tyro in May 1987 (Rohling and
Gieskes, 1989). These cores (T87/2/13G, 306
m water depth; T87/2/20G, 707 m; and T87/
2/27G, 607 m) were sampled at close inter-
vals; the average sample distance is 3 cm. Geo-
graphic positions of the cores are shown in Fig.
1, the core lithologies in Fig. 2. All samples were
sieved with mesh widths of 63, 150 and 595
um. We studied planktic foraminifera in the
fraction between 150 and 595 um. The sample
positions are indicated in Fig. 2a. Seven AMS
14C datings were performed on samples from
the upper parts of the cores T87/2/20G and
T87/2/27G (Fig. 2). Oxygen isotopes of the
planktic foraminiferal species Globigerinoides
ruber have been determined in 90 samiples from
core T87/2/20G, our most complete core. The
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Fig. 1. Locations of the cores T87/2/13G, T87/2/20G,
T87/2/27G, IN 68-5 and IN 68-9.

isotopic record and the isotopic stages are
shown in Fig. 2.

Bioturbation has reduced the applicability of
core T87/2/13G. We think, however, that the
bioturbation should not be a reason to simply
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discard the information from T87/2/13G,
since the core recovered an exceptionally com-
plete sequence from a shallow Levantine site.
Therefore, we will use core T87/2/13G, but
only when discussing general trends, and not
for more detailed problems such as colour
changes and occurrences of pink coloured
morphotypes of G. ruber.

Two cores from the southern Adriatic Sea
(Fig. 1) have been selected from a study by
Jorissen et al. (1993, this volume). The lithol-
ogy of the two Adriatic cores, IN 68-5 and IN
68-9, is shown in Fig. 3. The planktic forami-
niferal records of IN 68-5 and IN 68-9 are
based on determinations in the 150-595 um
size-fraction. An oxygen isotope record on G.
ruber has been constructed for core IN 68-5
(Fig. 3). The Adriatic cores have been accu-
rately dated with the AMS '*C technique by
Jorissen et al. (1993, this volume), who de-
fined and dated three planktic foraminiferal
biozones for the interval between 18,000 yr
B.P. and Recent. The positions of the bounda-
ries between these foraminiferal zones are in-
dicated in Fig. 3.

For our interpretations of the fauna, we use
habitat characteristics for each species as de-
scribed in previous studies. These habitat
characteristics, and the source references, are
listed in the Appendix.

3. The northern Levantine cores

Our highly detailed oxygen isotope record of
core T87/2/20G, along with the seven AMS
14C dates in T87/2/20G and T87/2/27G, en-
dorses the tentative correlation of the northern
Levantine cores with the eastern Mediterra-
nean standard core RC9-181 (Vergnaud Graz-
zini et al., 1977) proposed previously by Rohl-
ing and Gieskes (1989). From top to bottom,
the four sapropels present in each core are
identified as S,, S5, S, and S;. In this paper, the
term sapropel is applied to sediments depos-
ited in dysoxic to anoxic bottom waters. Gen-
erally, these sediments are brown to black col-
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Fig. 2. Lithology and sample positions of cores T87/2/13G, T87/2/20G and T87/2/27G (modified from Rohling and
Gieskes, 1989). Small numerals along T87/2/20G and T87/2/27G represent AMS '*C dates. The curve represents the
oxygen isotopic record of T87/2/20G and a rough subdivision in isotopic stages is indicated.
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Fig. 3. Lithology of cores IN 68-5 and IN 68-9, with planktic foraminiferal zonal boundaries I/11I and I1/111, dated at 9600
and 12,700 yr B.P., respectively. Curve on right hand side represents oxygen isotope record of core IN 68-5, based on G.

bulloides.
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oured, and contain more than average amounts
of pyrite and benthic foraminifera indicative
of low bottom water oxygen conditions. Also,
benthic foraminifera may be completely ab-
sent from sapropels (so-called ‘“benthic de-
sert” conditions). Often, sapropels are dis-
tinctly laminated. From a paleoenvironmental
point of view, we do not consider the organic
carbon content in sediments to be a useful
means to discern what is (not) a sapropel.
Factors such as variations in the sedimenta-
tion-rate and post-depositional oxydation may
substantially influence the organic carbon con-
tent, in addition to the primary controls (ex-
port production and deep-water oxygen con-
centrations) which are highly indicative of
environmental conditions at times of sapropel
deposition.

In Fig. 2, hatched intervals have been indi-
cated above several sapropels in the cores T87/
2/20G and T87/2/27G. There, a sharp and
distinct colour change, marking the visible top
of a sapropel, is followed by a relatively minor
colour change a few centimetres upcore. The

TABLE 1
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depths of these minor colour changes are listed
in Table 1, and they are indicated with dashed
lines in the planktic foraminiferal records dis-
played in Figs. 4-6. The hatched intervals rep-
resent blueish-grey clays which are lighter in
colour than the sapropel below, but still some-
what darker than the clay above.

This might indicate that the sapropels ini-
tially were thicker, extending up to the (at
present) minor colour change, and that they
became partly oxydized downwards when the
bottom waters were oxygenated again. Such a
process has been described by De Lange et al.
(1989) as “burning down”. Rasmussen
(1991) argued convincingly that “burning
down” affected the Holocene sapropel S, in
cores from the Ionian Basin. Alternatively,
Hilgen (1987) studied Pliocene sapropels and
preferred to regard the blueish-grey layer as
genuine and characteristic of a wet climatic
phase, in which the incorporated sapropel
would represent the extreme.

We favour the first interpretation, the
blueish-grey (hatched) intervals being reoxi-

The upper limits of the blueish-grey layer which occurs above most sapropels in the northern Levantine cores T87/2/20G and

T87/2/27G

Core T87/2/20G

Above S colour change between 8 and 9 cm
Above S5 colour change at about 160 cm
Above S, colour change at 206 cm

Core T87/2/27G

Above S, no change visible in the 2 cm recovered above S
Above Sy colour change between 152 and 153 cm

Above S, colour change between 188 and 189 cm

Above Sy

not obvious, sample at 217.5 cm may as well seem
to be part of S due to bioturbational mixing

—
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Fig. 4. Planktic foraminiferal percentages in T87/2/13G. I=100XP/(P+B); 2=G. ruber, 3=0. universa, 4=G. saccu-
lifer; 5=G. rubescens;, 6=G. tenella; 7=G. siphonifera, 8 =sPRUDTS-group; 9=G. bulloides; 10=G. inflata; 11=G. glutin-
ata, 12=neogloboquadrinids; 13="T. quinqueloba;, 14=G. scitula, 15=indeterminable. Frequencies of G. truncatuli-

noides are too low to be plotted.

dized continuations of the sapropels. This
interpretation is supported by the fact that in-
tervals poor in benthic fauna extend above the
currently visible tops of the sapropels [re-
flected by high values of the plankton percent-
age 100xP/(P+B) in Figs. 4-6]. This sug-
gests that dysoxic to anoxic bottom water
conditions prevailed. Additionally, the more
important faunal changes do not seem to cor-
respond with the tops of the currently visible
sapropels, but rather match with the minor
colour changes marking the top of the blueish-
grey clays. Table 2 lists the differences in core
depth between the currently visible sapropels
and such faunal changes. A fair correspond-
ence is suggested at the sapropel bases, but off-
sets occur at the tops. Therefore, we will in the
following consider the sapropels not to be de-
limited to the olive green to black coloured in-
tervals, but we include the blueish-grey (pre-
sumably reoxidized ) intervals.

3.1. Faunal records

The planktic foraminiferal records of the
three northern Levantine cores are shown in
Figs. 4-6. The present-day habitats of the taxa
are listed, with references, in the Appendix.
Figure 7 presents a dendrogram of the differ-
ent taxa in the cores T87/2/20G and T87/2/
27G. It illustrates the clustering of the individ-
ually rare species Globigerinoides sacculifer,
Hastigerina pelagica, Globoturborotalita ru-
bescens, Orbulina universa, Globigerinella dig-
itata, Globoturborotalita tenella and Globiger-
inella siphonifera into the so-called SPRUDTS-
group, which will in the following be treated as
one entity (see Appendix).

There is a marked consistency between the
three faunal records, especially between those
of T87/2/20G and T87/2/27G. The consis-
tent pattern of Neogloboquadrina abundances
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Fig. 5. Planktic foraminiferal percentages in T87/2/20G. Numbers correspond to those in the caption of Fig. 4. Within
the distribution of G. ruber, the black coloured portion indicates the frequency of the pink variety. Roman numerals
indicate the faunal zones defined by Jorissen et al. (1993, this volume).

in these cores has been discussed by. Rohling
and Gieskes (1989), who related it to previous
observations of such a consistency (e.g. Kul-
lenberg, 1952; Cita et al., 1977; Thunell et al.,
1977; Vergnaud Grazzini et al., 1977). The
frequency distribution of pink coloured G.
ruber, determined in T87/2/20G and T87/2/
27G, is very consistent as well. If this variety
should indeed be considered as indicative of
optimum warm conditions (see Appendix),
temperature optima are suggested during the
formation of S, and (the lower partof ) S;.
The conspicuous peak of indeterminable
specimens which occurs above sapropel S5 in
all three cores (Figs. 4-6) is caused by the
abundance of heavily carbonate-encrusted for-
aminifera. Nearly all foraminifera that could
still be determined showed some coating as
well. Moreover, encrustation has been ob-
served on all species present in the interval, and
we suspect that it is an early diagenetic feature.

Although we cannot rule out that some species
are affected more than others, we think that our
countings are still representative for the origi-
nal associations.

On the average, a rough gradient appears in
the percentages of Turborotalita quinqueloba
and Globorotalia scitula versus G. ruber and the
SPRUDTS-group, going from T87/2/13G via
T87/2/20G to T87/2/27G (approximately
from east to west). 7. quingueloba and G. sci-
tula are indicative of low temperatures (e.g. Bé,
1969; Tolderlund and Bé, 1971; Thunell and
Reynolds, 1984; Hemleben et al., 1989) and
are most frequent in T87/2/27G (west). G.
ruber and the sPRUDTS-group reflect higher
temperatures (e.g. Tolderlund and Bé, 1971;
Vergnaud Grazzini et al., 1986; Hemleben et
al., 1989) and are most frequent in T87/2/
13G (east). This suggests a general pattern of
eastwards increasing temperatures throughout
the last 125,000 years, the time-span covered
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the distribution of G. ruber, the black coloured portion indicates the frequency of the pink variety. Roman numerals
indicate the faunal zones defined by Jorissen et al. (1993, this volume ).

by all three cores. This eastward temperature
increase also exists at present (Vergnaud
Grazzini, 1985; Stanev et al., 1989).

Apart from the consistent faunal changes in
the three northern Levantine records, one im-
portant peculiarity was noticed, namely the
marked increase of Globigerina bulloides,
passing upwards from the last glacial maxi-
mum into S, in core T87/2/27G, whereas no
such trend exists in the other two cores. T87/
2/27G has been recovered from the Antiky-
thira Straits, a passage between the western part
of the Aegean Sea and the Levantine Basin.
Therefore, we envisage that this increase of G.
bulloides may be related to a similar increase
in a core named SK1, which was recovered
from the Sporades Basin, south of Skopelos Is-
land (western Aegean; Zachariasse et al.,
1991). Those authors argued that the G. bul-
loides increase in core SK1 resulted from in-
creased nutrient concentrations during the S,
formation, which resulted from enhanced river

runoff in northern Greece and extended south-
ward by the western branch of the generally cy-
clonic Aegean circulation.

3.2. Principal Components Analysis

Because of the bioturbation in core T87/2/
13G, we excluded this core from the statistical
processing. The SPRUDTS-group was treated as
one entity (see previous section and Appen-
dix), and the sapropels are considered to in-
corporate the blueish-grey, presumably reoxi-
dized, intervals. The habitat characteristics of
the different species used in interpreting the
results are discussed in the Appendix, and the
reader is referred to that section for the source-
citations.

A principal components analysis (PCA;
Davis, 1973) has been performed on the com-
bined records of T87/2/20G and T87/2/27G
(total of 130 samples). Both the standardized
and the non-standardized mode of PCA have
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The offsets between the limits of the presently visible sapropels and the major faunal changes in the northern Levantine cores

T87/2/20G and T87/2/27G

Core T87/2/20G

between 280.0

| sapropel presently major faunai
visible changes
Sy top 12 between 55 &1
base 18 between 170 &1
Sy top 162.5 between 158.5 & 16
base 172 between 170.5 & 17
S,  top 216 between 204.5 & 21
base 220 between 219.5 & 22
Sg top 248 between 246.5 & 24
base 281 & 28

P> NO NS 20

I agwm

Core T87/2/27G

~N =
=N N

(@0
R

sapropel presently major faunai
visible changes
S, top 2 above 0.
base I between 10.5 &
Sy top 158 between 149.5 & 1
base 170 between 168.5 & 1
S, top 201 between 185.5 & 1
base 202 between 201.5 & 2
Sy top 218 between 2115 & 21
base 243 between 242.5 & 2

NG

o oy O

2
—

oo o o s

been applied; the first relying on the correla-
tion-coefficients, and the second on covari-
ances between the different taxa.

From the standardized PCA, the first two
components are considered; PC1 which de-
scribes 32.27%, and PC2 which describes
22.31% of the variation (Table 3A). Table 4A
lists the loadings of the taxa on these two axes.
From the non-standardized PCA, as well, the
first two components are considered; PCl
which describes 56.33%, and PC2 which de-
scribes 20.42% of the variation (Table 3B).
Table 4B lists the loadings of the taxa on these
two axes.

The standardized PC1 (Table 4A) shows
highly positive loadings of G. ruber and the
SPRUDTS-group, versus very negative loadings
of T. quingqueloba, G. scitula, Neoglobogquad-

rina, G. glutinata and G. inflata. This grouping
corresponds quite closely to that found previ-
ously in principal components analysis on
Quaternary eastern Mediterranean foramini-
feral records by Thunell et al. (1977), al-
though these authors found a stronger negative
loading of G. bulloides, which probably results
from the much larger area covered by their co-
res as compared to the restricted northern Lev-
antine area focused on in the present study. As
summarized in the Appendix, the positively
loading taxa thrive in warm, subtropical waters,
while the negatively loading taxa prefer cool/
cold conditions or seem to be quite indifferent
to temperature (G. glutinata, and neoglobo-
quadrinids as a group). In agreement with
Thunell et al. (1977), therefore, we interpret
the standardized PC1 as a temperature axis,
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with higher temperatures towards its positive
side.
Note, however, that the influence of nu-

TABLE 3
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trient concentrations inevitably interferes with
the temperature axis. This problem arises from
the fact that the warm side is dominated by
typical subtropical mixed layer dwellers. The
mixed layer is usually deprived of nutrients due
to the (seasonal) density discontinuity which
marks its base, since this discontinuity ham-
pers turbulent advection of nutrients from be-
low. Usually, the density discontinuity is a
(summer) seasonal thermocline, developing
due to solar heating of the surface waters. Thus,
apart from being warmer, the mixed layer
waters are relatively oligotrophic, compared to
the waters below the density discontinuity. In
winter, there is no density discontinuity ham-
pering nutrient advection from below. On the
cool side of the temperature axis, species with
negative loadings are found which do not pre-
fer the warm, oligotrophic mixed layer condi-
tions. Some thrive below the mixed layer, down
to the base of the euphotic layer, when a (sea-
sonal ) pycnocline resides within the euphotic
layer. Others prefer the winter situation of
cool/cold temperatures and fairly eutrophic

(A) The percentages of the variation explained by each PCA axis separately and the cumulative percentage. The result for the
standardized run on the combined record of T87/2/20G and T87/2/27G. (B) The percentages of the variation explained by
each PCA axis separately and the cumulative percentage. The result for the non-standardized run on the combined record of

T87/2/20G and T87/2/27G

A B
standardized PCA on T87/2/20G + T87/2/27G non—standardized PCA on T87/2/20G + T87/2/27G
axis % trace % cumulative axis % trace % cumulative
1 32.27 32.27 1 56.33 56.33
2 22.51 54.58 2 20.42 76.75
3 12.66 67.24 3 9.89 86.64
4 12.04 79.28 4 7.70 94.35
5 9.13 88.41 5 2.20 96.54
6 5.1 93.77 6 1.80 98.34
7 3.26 96.77 7 1.1 99.45
8 2.48 99.25 8 0.50 99.95
9 0.75 100.00 9 0.05 100.00
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TABLE 4

(A) Ranking of the species along the first and second PCA axis, together with their loadings. The result for the standardized run
on the combined record of T87/2/20G and T87/2/27G. (B) Ranking of the species along the first and second PCA axis, together
with their loadings. The result for the non-standardized run on the combined record of T87/2/20G and T87/2/27G

A B

Cores T87/2/20G + T187/2/27G Cores T87/2/20G + T87/2/27G

ranking on standardized PC1 ranking on non-—standardized PCt

G. ruber +0.49 G. ruber +0.68
SPRUDTS—group +0.41 SPRUDTS—group +0.21
G. truncatulinoides +0.05 G. bulloides +0.03
G. bulloides -0.03 G. truncatulinoides 0.00
G. inflata -0.24 G. glutinata ~0.06
G. glutinata ~0.26 G. scitula —0.08
neogloboquadrinids -0.32 G. inflata -0.07
G. scitula ~0.38 T. quinqueloba -0.22
T. quinqueloba ~0.46 neogloboquadrinids -.065

ranking on standardized PC2 ranking on non-standardized PC2

G. glutinata +0.42 neogloboquadrinids +0.60
G. scitula +0.23 SPRUDTS—group +0.31
neogloboguadrinids +0.22 G. ruber +0.30
SPRUDTS—group +0.22 G. truncatulincides 0.00
G. ruber -0.01 G. scitula -0.03
T. quinqueloba ~0.10 G. glutinata ~0.04
G. truncatulinoides ~0.16 G. inflata -0.25
G. inflata —0.54 G. bulloides —-0.34
G. bulloides ~0.59 7. quinqueloba -0.52

conditions throughout the euphotic layer. The
quality of our standardized PC1 is, therefore,
reduced to a rough approximation of temper-
ature. The downcore scores are plotted in Figs.
8and 9.

The non-standardized PC1 (Table 4B) pre-
dominantly separates G. ruber from the neo-
globoquadrinids. The downcore scores are
plotted in Figs. 8 and 9. Evidently, the interfer-
ence of different environmental parameters is
much more extreme than on the standardized
PC1. On the non-standardized PC1, tempera-
ture-induced modulations in the G. ruber re-
cord interfere with information on Deep Chlo-
rophyll Maximum (DCM) development
reflected by the record of Neogloboquadrina.
Such an interference is not very informative,
and we will not use this axis for paleoenviron-
mental interpretation. Temperature fluctua-
tions can better be approximated with the
standardized PC1. With respect to the history

of DCM development, better information can
be obtained directly from the frequency varia-
tions of Neogloboquadrina, and this has been
done already for the three northern Levantine
cores by Rohling and Gieskes (1989).

The standardized PC2 and the non-stand-
ardized PC2 yield quite similar results (Figs. 8
and 9). Our interpretation, however, is con-
fined to the non-standardized PC2 (Table 4B)
since the standardized PC2 (Table 4A) shows
highest positive loadings of G. glutinata, which
is a cosmopolitan species from which no con-
clusive paleoenvironmental information can be
derived yet.

The non-standardized PC2 shows high pos-
itive loadings of Neogloboguadrina, the
SPRUDTS-group and G. ruber. The first prevail
in areas with a well-developed “deep” (DCM)
habitatand the latter two occur predominantly
in the “shallow” (mixed layer) system, while
some members of the SPRUDTS-group are
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Fig. 8. Downcore scores on the four PCA axes for core T87/2/20G. Numbers below the axes correspond to those in the
caption of Fig. 4 and indicate the species dominating the positive or negative sides of the axes (cf. Table 4).

known to thrive in the DCM during part of
their life-cycle (see Appendix). Summarized,
the association of these species is suggestive of
a well-stratified euphotic zone, with a rela-
tively oligotrophic mixed layer above the (sea-
sonal) pycnocline and a DCM below it down
to the base of the euphotic layer. On the nega-
tive side of the non-standardized PC2, a
grouping occurs of T. gquinqueloba, G. bul-
loides, and G. inflata. The first two species were
grouped also by Van Leeuwen (1989), who in-

terpreted them as upwelling-indicators. Up-
welling areas generally are characterized by a
homothermal water column and high food lev-
els. G. inflata is a species which requires a
homothermal water column and intermediate
food levels (see Appendix). Moreover, these
three species are found to flourish in winter in
the western Mediterranean (Vergnaud Graz-
zini et al., 1986), when the seasonal thermoc-
line is disrupted and a homogeneous watercol-
umn exists throughout the euphotic zone.
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The non-standardized PC2 may, therefore,
be interpreted as a measure of “annual stabil-
ity”. A shift towards more positive scores in-
dicates that the euphotic layer was stratified
over a longer proportion of the average year. A
shift towards more negative values reflects
prevalent homothermal conditions. In the vi-
cinity of river mouths, abundances of G. bul-
loides may result from riverine discharge of
particulate organic matter (see Appendix). In
such settings, the flux of particulate organic

matter may, therefore, substantially influence
the scores on the non-standardized PC2, push-
ing them to negative values. The complex in-
terplay of environmental variations influenc-
ing the scores on the non-standardized PC2 is
schematically represented in Fig. 10.
Summarizing, there are two axes which seem
to yield relevant paleoenvironmental infor-
mation. The standardized PC1 approximates
temperature variations, and the non-standard-
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ized PC2 probably approximates ‘“annual
stability™.

3.2.1. Interpretation of the downcore scores
on the two relevant PCA axes

The downcore fluctuations along the stand-
ardized PC1 (Figs. 8 and 9) are very similar
to the temperature records of the cores T87/
2/20G and T87/2/27G presented by Rohling
and Gieskes (1989), which were based on a
priori grouping of warm and cool water indi-
cators. A similar conclusion was reached by
Thunell et al. (1977). Thus, if interested only
in determining paleotemperature variations,
one might refrain from using the more elabo-
rate PCA method, and favour a priori group-
ing (cf. Cita et al., 1977; Thunell et al., 1977;
Rohling and Gieskes, 1989). In the present
study, however, the results of the non-stand-
ardized PC2 are considered equally interest-
ing, although less easily interpreted than those
of the standardized PC1.

On the standardized PC1, our temperature

positive

association
to be expected in
stratified euphotic
layer, with DCM at the
base, and with oligotrophic
mixed layer above the
density discontinuity

stratification within
euphotic layer due to:

/\

(a) (8)
seasonal pycnocline shoaling of
developing during permanent pycnocline
summer half year to a depth within the
euphotic layer

resulting from:
(cf. Rohling and Gieskes, 1989)

(1 (2)
shallower flow depth
of MIW, in response to
increased freshwater input
into eastern Mediterranean

(sapropels) (glacials)

non—st. PC2

sea—level lowstands,

which probably limited

the exchange across
the Sicilian sill
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axis, glacial and interglacial intervals are clearly
distinguishable, although neither the distinct
peak glacials, nor the warmer interstadials
show up. Also in the oxygen isotope record of
core T87/2/20G (Fig. 2), the interstadial stage
3 cannot be distinguished from the glacial
stages 2 and 4 without ambiguity. Thunell et
al. (1977) found more obvious reflections of
interstadials on their temperature axes, as well
as in their isotope record. The isotope record
of the eastern Mediterranean standard core
RC9-181 (Vergnaud Grazzini et al., 1977) also
showed a more prominent stage 3. As yet, we
cannot provide a satisfactory explanation.

Apparently, the entire curve along the stand-
ardized PC1 for core T87/2/27G (Fig. 9) is
displaced towards more negative (colder) val-
ues compared to that for T87/2/20G (Fig. 8),
which suggests that the temperature near An-
tikythira Island has consistently been some-
what lower than that near Gavdos Island dur-
ing the past 125,000 years.

Our temperature results endorse those of

negative

association suggesting
eutrophic conditions
throughout the
euphotic layer

due to:
(A) (8)

upwelling winter mixing, which
causes desintegration
| of seasonal pycnocline
| and turbulent advection
i of nutrients from beiow

1

L _ a

|
both these options imply
approximately homothermal
euphotic layer
NOTE;
possible interference by
riverine nutrient discharge
(esp. due to its influence
on the abundance of
G. bulloides )

Fig. 10. Schematic representation of the complex interplay of environmental parameters influencing the scores along the

non-standardized PC2.
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Thunell et al. (1977), suggesting that sapro-
pels S, and S were deposited at highest tem-
peratures, S; during a slightly cooler phase and
S, during a short, remarkably cold period. A
Holocene temperature optimum within S, is
strongly suggested in both T87/2/20G and
T87/2/27G. No conspicuous temperature op-
timum is reflected within S5 (Figs. 8 and 9), in
contrast to what we expected on the basis of
high frequencies of pink G. ruber—a tempera-
ture optimum in the lower half of S.

As argued in the previous section, the non-
standardized PC2 may be an indication of
“annual stability”. In the eastern Mediterra-
nean, the annual stability within the euphotic
layer may be increased in two ways (see Fig.
10). Firstly, by means of shortening of the cool
and stormy season with deep vertical mixing,
which implies a lengthening of the part of the
year during which a seasonal thermocline is
present. Secondly, by rising of the permanent
pycnocline up to a depth within the euphotic
layer (cf. Rohling and Gieskes, 1989). This
permanent pycnocline essentially is a haloc-
line, forming the transition between Mediter-
ranean Intermediate Water (MIW) and sur-
face water.

In interglacial non-sapropelic intervals, the
values for annual stability are fairly high (Figs.
8 and 9). According to Rohling and Gieskes
(1989), however, these periods were probably
characterized by a permanent pycnocline at a
position comparable to the present, namely
below the base of the euphotic zone. Temper-
ature was high during these periods, and there-
fore we envisage that the fairly high annual sta-
bility values reflect a significant persistence of
the seasonal thermocline during a large part of
the year.

At first sight, it is surprising that the upper
half of the last glacial interval, which should
contain the Last Glacial Maximum, displays a
high annual stability, which is consistent in
both cores. This may, however, be explained
by persistence of the permanent pycnocline
within the euphotic zone during this interval

E.J.ROHLINGET AL.

of time. Such a shallow position of the perma-
nent pycnocline would be a likely result of gla-
cio-eustatic sea-level lowering (Rohling,
1991).

In the lower half of the last glacial interval,
however, annual stability appears to be consis-
tently low in both cores. Apparently the hydro-
graphic conditions in the euphotic zone were
not uniform throughout the last glacial and
homothermality of the watercolumn within the
euphotic layer was much more pronounced in
the earlier part than in the later part. This may
be interpreted as an indication of either a
deeper position of the permanent pycnocline
and/or a shorter thermally stratified season in
the earlier part of the last glacial. As yet we
cannot offer a sound explanation as to which
of these two possibilities dominated.

The sapropels S; and S; are characterized by
high annual stability values. Annual stability
values in S, are lower, especially in core T87/
2/20G. Annual stability during the formation
of S, appears to have been about equal to that
during the formation of S, in core T87/2/20G,
but less than that during the formation of S4 in
core T87/2/27G. Rohling and Gieskes (1989)
reasoned that the pycnocline probably resided
within the euphotic layer during the formation
of S;, S, and S, which should cause high an-
nual stability values in these sapropels. The
relatively low values in S,, therefore, may in-
dicate a relatively short thermally stratified
season during the formation of this sapropel as
compared to that during the formation of S;
and Ss. On the standardized PC1, our temper-
ature proxy (Figs. 8 and 9) S, appeared signif-
icantly colder than S; and S;. Hence, we envis-
age that there is a link between the lower
temperatures during the formation of S, and
its lower annual stability values relative to
those of S; and S;.

Being devoid of Neogloboquadrina, apart
from a brief recurrence in its topmost part,
sapropel S, bears no indication of a (shallow)
position of the permanent pycnocline within
the euphotic zone (Rohling and Gieskes,



PLANKTIC FORAMINIFERA: PALEOENVIRONMENTAL GRADIENTS

1989), but still annual stability appears to have
been fairly high (Figs. 8 and 9). We assume
that this resulted from strong prevalence of the
seasonal thermocline, which may be related to
high temperatures during the S, formation, as
suggested by the standardized PC1.

4. The Adriatic cores compared to the northern
Levantine cores

Figures 11 and 12 show the planktic fora-
miniferal records of cores IN 68-5 and IN 68-
9 from the southern Adriatic Sea. The core lo-
cations are shown in Fig, 1, the descriptions in
Fig. 3. The time-stratigraphic framework for
the Adriatice cores is provided by the oxygen
isotope record of core IN 68-5 in combination
with several AMS "“C dates (Fig. 3). The sap-
ropel found in both cores IN 68-5 and IN 68-9
is identified as the Holocene sapropel S,.

Within Figs. 3, 11 and 12, we indicated the
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(bio-)zonal boundaries for intra-Mediterra-
nean correlation as presented by Jorissen et al.
(1993, this volume ). Zone I11 is full glacial, the
II/II1 boundary (12,700 yr B.P.) approxi-
mately matches the end of Termination 1la.
Zone II spans the interval from 12,700 to 9600
yr B.P., and the Zone I/II boundary matches
with Termination 1b. Zone I is the Holocene
interglacial, containing sapropel S,. The AMS
14C dates (Fig. 3) indicate that S, formed be-
tween about 8300 and 6300 yr B.P., which is
in fair agreement with previous estimates
(Stanley and Maldonado, 1977, 1979; Verg-
naud Grazzini, 1985; Troelstra et al., 1990,
1991; Rasmussen, 1991).

The faunal records of the two Adriatic cores
are very similar, as expected since these cores
were recovered from sites only about 100 km
apart. They are remarkably different, how-
ever, from the records of the three northern
Levantine cores. Due to the very low sedimen-

500 200 50 0 200 30

11 12 13 14

Fig. 11. Planktic foraminiferal frequency distribution in IN 68-5. Numbers correspond to those in the caption of Fig. ¢
Roman numerals indicate the faunal zones defined by Jorissen et al. (1993, this volume).
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Fig. 12. Planktic foraminiferal frequency distribution in IN 68-9. Numbers correspond to those in the caption of Fig. 4.
Roman numerals indicate the faunal zones defined by Jorissen et al. (1993, this volume).

tation rates in the northern Levantine cores, the
three Adriatic biozones cannot be recognized
without ambiguity. Especially the short Zone
IT (12,700-9600 yr B.P.) is difficult to discern
in the northern Levantine cores. In the Ad-
riatic cores, Zone II represents the interval be-
tween the top of Zone III (temporal exit G. sci-
tula) and the base of Zone I (temporal exit
Neogloboquadrina + marked increase G.
ruber). These boundary criteria, however, suf-
fered from bioturbation in the low sedimenta-
tion rate cores from the northern Levantine
Basin. Especially in core T87/2/13G, the zonal
discrimination appears impossible due to the
intense bioturbation. For T87/2/20G and
T87/2/27G (Figs. 5 and 6 ), we tentatively in-
dicated the Zones I and III and also the inter-
val which roughly corresponds in age to the
Adriatic Zone II. From the Adratic cores, no
distinct criterion could be obtained to describe
the base of Zone III. Based on cores T87/2/

20G and T87/2/27G, we propose to place the
base of the glacial Zone III at the temporal exit
of G. inflata, which roughly coincides with a
marked increase of G. scitula. This proposed
base of Zone 111 is also indicated in Figs. 5 and
6.

The species G. ruber is nearly absent in the
Adriatic glacial Zone III (Figs. 11 and 12),
whereas it is continuously present in the north-
ern Levantine records (Figs. 5 and 6). . sci-
tula reaches higher percentages in the Adriatic
Zone III than anywhere in the northern Lev-
antine records. These differences suggest that
the Adriatic Sea was characterized by substan-
tially lower glacial temperatures than the
northern Levantine Basin.

G. bulloides reaches high percentages in the
Adriatic Holocene Zone I (Figs. 11 and 12),
whereas it remains fairly constant in the north-
ern Levantine cores (Figs. 5 and 6), from the
last glacial to the Holocene (except in T87/2/
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27G, as discussed in section 3.1). The fre-
quency distribution of G. bulloides in the Ad-
riatic seems likely to be influenced by varia-
tions in nutrient concentrations induced by the
nearby Po river’s discharge (see Appendix).

In the Adriatic records (Figs. 11 and 12) and
in the northern Levantine records (Figs. 5 and
6), Neogloboquadrina abounds in the last gla-
cial up to a marked frequency-drop to zero at
the Pleistocene—-Holocene transition. The ex-
treme peak in the frequencies of Neoglobo-
quadrina in the Adriatic Zone II (12,700-9600
yr B.P.), however, has no equivalent in the
northern Levantine records. This discrepancy
is genuine, since the almost continuous sam-
pling below S, in T87/2/20G should have re-
vealed at least traces of a distinct frequency
peak just prior to the Holocene (i.e. in Zone
I1), if such a peak were present. This discrep-
ancy in (Zone II) neogloboquadrinid frequen-
cies between the Adriatic and the northern
Levantine records will be discussed in section
4.2.2.

4.1. A brief comparison of cluster analyses

Cluster analyses (programme DENDRO;
Drooger, 1982) were performed on 1. the
combined records of T87/2/20G and T87/2/
27G, which will serve as a northern Levantine
standard, and 2. the combined records of IN
68-5 and IN 68-9, two standard cores for the
Adriatic Sea. Unfortunately, it was not possi-
ble to run DENDRO on only the youngest part
(last 18,000 years) of the northern Levantine
records, since relatively few samples could be
taken from that interval in these low sedimen-
tation rate cores. Although we realize that there
is a problem when we compare analyses based
on records spanning different intervals of time,
we apply DENDRO to show major differences
and similarities between the general faunal
groupings of the two areas.

The Adriatic dendrogram (Fig. 13) differs
in two major aspects from the northern Lev-
antine dendrogram (Fig. 14). The first differ-
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Fig. 13. Dendrogram of the combined record of the Ad-
riatic cores IN 68-5 and IN 68-9. Y-axis shows correlation
coefficients.

ence lies in the position of G. bulloides, an in-
dicator of eutrophication due to upwelling or
riverine influxes (see Appendix). In the Ad-
riatic, G. bulloides appears strongly coupled to
the warm-water cluster (i.e. G. ruber
+ sPRUDTS-group ). This might suggest that the
Po river discharge had the greatest influence
during the warm (Holocene) interval in the
Adriatic records. Secondly, the Adriatic den-
drogram deviates from the northern Levantine
dendrogram in as much as G. inflata, G. glutin-
ata and G. truncatulinoides correlate nega-
tively with the cool/cold-water cluster in the
Adriatic records, whereas G. inflata and G.
glutinata correlate negatively with the warm-
water cluster in the northern Levantine rec-
ords. Since these species are known neither as
typical warm-water dwellers, nor as typical
cold-water dwellers (Appendix ), their affinity
to the warm-water cluster in the Adriatic and
to the cool/cold-water cluster in the northern
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Fig. 14. Dendrogram of the combined record of the north-
ern Levantine cores T87/2/20G and T87/2/27G. Y-axis
shows correlation coefficients.

Levantine records might indicate a lower av-
erage temperature in the southern Adriatic Sea,
relative to that in the northern Levantine Basin.

4.2. Comparison of the northern Levantine and
Adriatic records using PCA

We will not present separate principal com-
ponents analyses of the Adriatic cores IN 68-5
and IN 68-9, since it would be difficult to com-
pare with T87/2/20G and T87/2/27G owing
to the relatively short time-span covered by the
Adriatic records. Instead, we consider cores
T87/2/20G and T87/2/27G as reference-se-
quences for the central and eastern Mediterra-
nean, and subsequently interpret the faunal
variation in the Adriatic cores in the context
of the much longer northern Levantine rec-
ords, by using the two paleoecologically rele-
vant PCA axes of the latter.

In the non-standardized mode, we calcu-
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zones as defined by Jorissen et al. (1993, this volume).

lated the downcore scores of IN 68-5 and IN
68-9 by multiplying the relative frequencies of
all taxa with their loadings on the PCA axes of
the northern Levantine cores.

In the standardized mode, we standardized
census data of IN 68-5 and IN 68-9 using the
means and standard deviations from theé ma-
trix of the northern Levantine cores. There-
after, the procedure was identical to the one in
the non-standardized mode.

We realize that the described procedures,
henceforth called FPCA (fixed principal com-
ponents analysis), is only allowed in a region
where specific paleoenvironmental - fluctua-
tions are expressed by similar faunal re-
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zones as defined by Jorissen et al. (1993, this volume).

sponses. We envisage that this is (approxi-
mately) the case for the central and eastern
Mediterranean.

Figures 15 and 16 show the downcore FPCA
scores of IN 68-5 and IN 68-9 (based on the
fixed PCA axes of T87/2/20G+T87/2/27G).
The only “fixed axes” presented are the stand-
ardized PC1 and non-standardized PC2 of
T87/2/20G, since these are the only two yield-
ing relevant paleoenvironmental information
(see section 3.2).
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4.2.1. Interpretation of fluctuations along
standardized FPCI; the temperature axis

The temperature differences between the
Adriatic Sea and the northern Levantine Basin,
which we inferred before (the former being
cooler than the latter) are confirmed by the
FPCA procedure. Especially the very negative
values along the temperature axis (standard-
1zed FPC1) in the Adriatic full glacial interval
(Zone III; Figs. 15 and 16) differ from those
in the corresponding interval of the northern
Levantine records (Figs. 8 and 9). This large
difference might be an artifact of the method,
since no such extremely negative values as
found in the Adriatic full glacial interval occur
anywhere in the Levantine records. We think,
however, that the suggested trend, with more
intense lowering of glacial temperatures in the
land-locked Adriatic than in the more open
oceanic sites of the northern Levantine Basin,
may well be realistic. Stronger enrichment of
0'80 in the Adriatic glacial Zone III (Fig. 3),
relative to that in the corresponding interval of
the northern Levantine records (Fig. 2), sup-
ports the trend observed with our temperature
proxy. During the Holocene, our temperature
proxy suggests that the temperature difference
between the two areas appears to have been
distinctly smaller than at glacial times. Never-
theless, the Adriatic Sea seems to have re-
mained cooler than the northern Levantine
Basin during the Holocene, as it is at present
(Stanev et al., 1989). Hence, the glacial to in-
terglacial temperature change appears to have
been substantially larger in the Adriatic Sea
than in the northern Levantine Basin.

Although the basal part of the interval be-
tween 12,700 and 9600 B.P. (Zone II) seems
to be characterized by somewhat higher tem-
peratures than the upper part of that zone
(Figs. 15 and 16), in the Adriatic cores, no dis-
tinct Younger Dryas cooling event can be in-
dentified with our temperature proxy axis.
Also, the Younger Dryas is poorly visible in the
isotopic record of core IN 68-5 (Fig. 3), which
endorses the information obtained from our
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temperature proxy axis. This would suggest
that the Younger Dryas, which so dramatically
affected the Northern Atlantic realm (e.g. Ber-
ger et al., 1987; Mangerud, 1987), hardly had
a noticable effect on temperature in the Ad-
riatic Sea. We find this difficult to believe, since
previous paleoclimatic reconstructions sug-
gested a great influence of the Younger Dryas
event on the circum-Mediterranean climate
(e.g. Guiot, 1987; Magaritz and Goodfriend,
1987; Pons et al., 1987; Rognon, 1987). As yet,
we have no ready explanation for this
discrepancy.

The temperature optimum during the for-
mation of the Holocene sapropel S,, which is
most prominent in the record of T87/2/20G,
is much less conspicuous in the Adriatic rec-
ords. In the Adriatic records, however, a dis-
tinct early Holocene temperature increase
seems to precede the S, formation. Just above
S, a short recursion to lower values and a sub-
sequent recuperation is suggested both in the
Adriatic records and in that of T87/2/20G.

4.2.2. Interpretation of fluctuations along
non-standardized FPC2; “‘annual stability”

Along this axis, the Adriatic records (Figs.
15 and 16) display a very conspicuous tripar-
tition. The glacial Zone III and the Holocene
interglacial Zone I contain scores of compara-
ble magnitude, whereas the transitional Zone
IT (12,700-9600 yr B.P.) is characterized by
much higher scores. This pattern differs com-
pletely from that in the northern Levantine
records (Figs. 8 and 9), where the last glacial
to Holocene values remain more or less in the
same range. The northern Levantine values are
intermediate to the high values of the Adriatic
Zone II and the low values of the Adriatic
Zones Iand II1.

The high abundances of Neogloboquadrina
in the last pleniglacial interval of the northern
Levantine cores (Zone III; Figs. 5 and 6) are
suggestive of a shallow position of the perma-
nent pycnocline within the euphotic layer,
which would be a likely result of glacio-eus-
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tatic sea-level lowering (Rohling and Gieskes,
1989; Rohling, 1991). The presence of Neoglo-
boquadrina in the Adriatic glacial interval
(Zone III; Figs. 11 and 12) suggests that the
pycnocline resided within the euphotic layer in
that basin as well. Therefore, one would expect
the annual stability scores to be as high-in the
Adriatic glacial interval as they are in the
northern Levantine glacial interval. This ex-
pectation is, however, not supported by the ac-
tual values. The scores along the non-stand-
ardized FPC2 in the Adriatic full glacial
interval (Zone III; Figs. 15 and 16) are much
lower than those in the corresponding interval
of the northern Levantine records (Figs. 8 and
9). Two processes may have caused this
discrepancy.

Firstly, the Adriatic may have been charac-
terized by a substantially shorter thermally
stratified season, possibly as a result of its more
continental setting, compared to the northern
Levantine region. This would be supported by
our previous observation that the Adriatic Sea
probably was significantly colder than the
northern Levantine Basin, at glacial times.
Secondly, the influence of the Po river may
have disturbed the signal along FPC2 by caus-
ing abundance increases of G. bulloides. In-
creased influence of the river’s nutrient supply
in the glacial interval is not necessarily due to
enhanced discharge. It may also reflect the re-
duction of the distance between the river-
mouth and the sites of IN 68-5 and IN 68-9 by,
at least, 275 km, caused by the lower glacial sea
level. Previously, however, we concluded from
our cluster analysis that the influence of the Po
river was relatively minor in the glacial inter-
val and increased with temperature into the
Holocene, Furthermore, Rohling and Gieskes
(1989) argued that the higher than average
primary production rates in the pleniglacial
eastern Mediterranean should have resulted in
a significant lowering of bottom water oxygen
concentrations, unless substantial Eastern
Mediterranean Deep Water (EMDW) was
formed. Since the glacial sediments generally
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appear to have accumulated under normal ox-
ygenated conditions, this suggests that sub-
stantial EMDW formation indeed occurred at
glacial times. Today, EMDW formation in the
Adriatic Basin results from seasonal deep con-
vection at times of reduced vertical density
gradients and related low stability of the water
column. Therefore, we envisage that the low
glacial scores along FPC2 in the Adriatic, rel-
ative to those in the northern Levantine rec-
ords, resulted primarily from a shorter strati-
fied season in the Adriatic Sea compared to that
in the northern Levantine Basin.

The very high scores on the non-standard-
ized FPC2 in Zone II (12,700-9600 yr B.P.)
of the Adriatic records (Figs. 15 and 16) are
almost entirely due to extremely high frequen-
cies of Neogloboquadrina in that interval
(>60%; Figs. 11 and 12). As argued before,
no such extreme peak is found just prior to the
Holocene in the northern Levantine records.
There, the neogloboquadrinid frequencies—
just before the abrupt abundance drop at the
base of the Holocene—are similar to those of
the last pleniglacial interval.

Because of the general occurrence of Neoglo-
boquadrina, we envisage that the pycnocline
resided within the euphotic layer, and that a
distinct DCM was developed throughout the
eastern Mediterranean (including the Ad-
riatic) during the pleniglacial and until about
9600 yr B.P. (i.e. top of Zone IT). However, an
additional factor must have contributed to the
extreme dominance of neoglobogquadrinids in
the Adriatic between 12,700 and 9600 yr B.P.
(Zone I1). An argument inverse to the one ap-
plied to the pleniglacial section would imply
that the thermally stratified season was longer
in the Adriatic than in the northern Levantine
Basin between 12,700 and 9600 yr B.P. This
would mean that EMDW formation in the Ad-
riatic was not very effective at that time. In
combination with fairly high productivity rates
throughout the eastern Mediterranean, low
EMDW formation may have induced a grad-
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ual decrease in the deep water oxygen concen-
trations, thus preconditioning the eastern
Mediterranean for sapropel formation. This
alleged preconditioning, starting at about
12,700 yr B.P.,, would be in agreement with
previous studies, which suggested that the pro-
cesses culminating in bottom water anoxia, and
resultant deposition of S,, started already at
about 13,800 yr B.P. (Troelstra et al., 1990,
1991), or 12,000 yr B.P. (Howell and Thunell,
1992).

The scores on the non-standardized FPC2 in
the Holocene Zone I of the Adriatic records
(Figs. 15 and 16) are markedly lower than
those in the northern Levantine records (Figs.
8 and 9). This would suggest that, during the
Holocene, thermal stratification was less prev-
alent in the Adriatic than in the northern Lev-
antine Basin. Such an interpretation would
agree with the fact that the Adriatic is the ma-
jor site of EMDW formation. However, we
have to be careful in interpreting the Holocene
scores. Rossignol-Strick (1987) stated that
from about 11,000 yr B.P. onwards and cul-
minating during the formation of the sapropel
S, an increase of deciduous oak pollen oc-
curred in the northern borderlands of the east-
ern Mediterranean. She interpreted this in-
crease in terms of an increase in (summer)
precipitation. Therefore, the frequencies of G.
bulloides may have been enhanced by an in-
crease of the Po river discharge and nutrient
influx. Our cluster analysis of the Adriatic rec-
ords showed a coupling of G. bulloides with G.
ruber and the SPRUDTS-group, a major differ-
ence compared to its clustering with G. inflata
in the dendrograms of the more oceanic north-
ern Levantine records. We interpreted this
anomaly by assuming that the Po river’s influ-
ence had increased parallel to temperature. The
low Holocene scores on the Adriatic non-
standardized FPC2, therefore, may also be ex-
plained by an increased abundance of G. bul-
loides related to nutrient discharge of the Po
river.
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5. Conclusions

Throughout the past 125,000 years, an east-
ward increase of temperature seems to have
existed from the site of T87/2/27G, near An-
tikythira island, via that of T87/2/20G, near
Gavdos island, to that of T87/2/13G, just east
of Crete.

Generally, the sapropels S, and S5 seem to
have been deposited at highest temperatures,
S, during a relatively cool phase and S, during
a remarkably cold period.

On the average, the Adriatic Sea has been
significantly colder than the region around
Crete during the last 18,000 years. This differ-
ence was largest during the pleniglacial and
only small during the Holocene. The glacial to
interglacial temperature gradient appears to
have been much larger in the Adriatic Sea than
in the northern Levantine Basin.

Apart from an axis expressing relative tem-
perature changes, our PCA analysis also yields
an axis which seems to reflect “annual stabil-
ity”, indicating the relative dominance of
stratified or homothermal conditions in the
euphotic layer.

In cores T87/2/20G and T87/2/27G, an-
nual stability values are high in the upper part
of the last glacial interval and in the sapropels
S; and Ss, probably as a result of a shallow po-
sition of the permanent pycnocline within the
euphotic layer. Temperature and annual sta-
bility seem to have been low during S, forma-
tion, which may indicate that, at that time, the
thermally stratified season was shorter than
during the formation of S; and S;. Annual sta-
bility during the formation of S, appears to
have been moderate, although there are no in-
dications of a shallow permanent pycnocline
position (within the euphotic layer). We think
that the moderate annual stability during the
formation of S, is due to long persistence of
the seasonal thermocline, since temperature
was high at that time.

In the Adriatic cores IN 68-5 and IN 68-9,
no distinct Younger Dryas cooling event could
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be identified with our temperature proxy-axis.
Also, our detailed oxygen isotope record of IN
68-5 fails to show the Younger Dryas without
ambiguity. This is not in accordance with pre-
vious paleoclimatic reconstructions of the cir-
cum-Mediterranean climate, which suggested
a great impact of the Younger Dryas event.
Furthermore, it is hard to discern interstadials
within the last glacial interval of the northern
Levantine records, even in the high resolution
oxygen isotope record of T87/2/20G. As yet,
we cannot offer a satisfactory explanation.

Low annual stability values in the last plen-
iglacial interval of the Adriatic cores contrast
with high values in the corresponding interval
of the northern Levantine cores. This may in-
dicate that the thermally stratified season was
shorter in the Adriatic, relative to that in the
northern Levantine realm. If so, significant
Eastern Mediterranean Deep Water (EMDW )
formation may have occurred in the Adriatic,
at pleniglacial times. High annual stability val-
ues in the interval between 12,700 and 9600 yr
B.P. in the Adriatic records suggest strong
prevalence of a seasonal thermocline, which
could have resulted in relatively low EMDW
formation rates. In combination with fairly
high productivity throughout the eastern Med-
iterranean, this may have caused a gradual de-
crease in bottom water oxygen concentrations,
thus preconditioning the eastern Mediterra-
nean for sapropel formation.
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Appendix

Globigerinoides ruber. Mixed layer species (Fairbanks et al.,
1982; Hemleben and Spindler, 1983; Almogi-Labin, 1984;
Thunell and Reynolds, 1984; Bé et al., 1985; Vergnaud Graz-
zini et al., 1986; Hemleben et al., 1989; Pujol and Vergnaud
Grazzini, 1989; Van Leeuwen, 1989). 620 reflects summer
sea-surface temperatures (Ganssen, 1983). 6'3C reflects that
of surface XCO, (Pujol and Vergnaud Grazzini, 1989). Tem-
perature range 13.3° 10 29.5°C, optimum above 21.3°C; pink
variety most abundant at 7>24.4°C (Tolderlund and Bé,
1971). Conclusions: reliable warm-water indicator; pink va-
riety possibly reflects highest temperatures.

Although the following seven species do not live in com-
pletely identical habitats, their individually low frequencies
and their tendency to group in cluster analyses, led us to lump
them into one category, the SPRUDTS-group. Members of the
SPRUDTS-group have been grouped in several other studies as
well (e.g. Tolderlund and Bé, 1971; Thunell, 1978; Hemleben
and Spindler, 1983; Almogi-Labin, 1984; Van Leeuwen,
1989).

Globoturborotalita rubescens, Globigerinoides sacculifer and
Hastigerina pelagica. Often reported as mixed layer species
(Hutson, 1977; Hemleben and Spindler, 1983; Almogi-La-
bin, 1984; Thunell and Reynolds, 1984; Bé et al., 1985; Verg-
naud Grazzini et al., 1986; Pujol and Vergnaud Grazzini,
1989). Also deeper occurrences, however, for G. sacculifer
(Fairbanks et al., 1982; Hemleben and Spindler, 1983; Bé et
al., 1985) and H. pelagica (Hemleben and Spindler, 1983;
Almogi-Labin, 1984; Bé et al., 1985). These probably repre-
sent specimens in reproducing stage, sunk due to spine shed-
ding and/or breakdown of cytoplasm (Hemleben and Spin-
dler, 1983).

Orbulina universa. Both in mixed layer (B¢ et al., 1985;
Vergnaud Grazzini et al., 1986; Reynolds and Thunell, 1989)
and deeper waters (Fairbanks et al., 1982; Almogi-Labin,
1984; Bé et al., 1985). Lives surficially during spiral stage and
deeper during spherical stage (Bé et al., 1985).

Globigerinella siphonifera and Globoturborotalita tenella.
Thrive in deeper waters (Almogi-Labin, 1984; Béetal., 1985).

Globigerinella digitata. Poorly known, but may be re-
stricted to deeper waters (Hemleben et al., 1989).

Several members of SPRUDTS-group have optimum
temperatures of about 20°C or higher (Tolderlund and
Bé, 1971). Conclusions: SPRUDTS-group applicable as
warm (subtropical ) water indicator, especially when con-
sidered in combination with G. ruber.

Globorotalia inflata. Probably lives in deeper waters (Hut-
son, 1977; Pujol and Vergnaud Grazzini, 1989). However,
seems to calcify in mixed layer (Fairbanks et al., 1980). Iso-
topic composition reflects winter sea surface temperatures
(Ganssen, 1983). Peak abundances related to seasons of
strong vertical mixing and a consequently homothermal wa-
tercolumn (Tolderlund and Bé, 1971; Hutson, 1977; Pujol
and Vergnaud Grazzini, 1989; Van Leeuwen, 1989). One of
the authors (C.V.G.) recently observed high G. inflata abun-
dances in a frontal system in the Alboran Sea. Distribution
also reflects intermediate food levels (Van Leeuwen, 1989).
Temperature range 2.2° to 22.6°C, optimum between 10.6°
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and 17.3°C (Tolderlund and B¢, 1971). Conclusions: indic-
ative of well-mixed, cool environment with intermediate nu-
trient levels.

Globigerinita glutinata. Most abundant in surficial (mixed
layer) waters (Fairbanks et al., 1982; Bé et al., 1985; Thunell
and Reynolds, 1984; Hemleben et al., 1989; Reynolds and
Thunell, 1989), but may live in deeper waters as well (Al-
mogi-Labin, 1984). Encompasses the entire temperature and
salinity ranges studied by Tolderlund and Bé (1971). Great-
est abundances occur at very different, not overlapping, tem-
perature ranges. Conclusions: cosmopolitan species.
Turborotalita quinqueloba. Shallow (mixed layer) dweller
(Hutson, 1977; Vergnaud Grazzini et al., 1986; Hemleben et
al., 1989; Pujol and Vergnaud Grazzini, 1989; Reynolds and
Thunell, 1989; Van Leeuwen, 1989). Considered as upwell-
ing indicator in the Angola Basin, together with Globigerina
bulloides (Van Leeuwen, 1989). Temperature range 2.2° to
16°C, although lower limit may even be about 1°C and upper
limit about 21.5°C according to sparse findings; optimum
between 4.6° and 10.8°C (Tolderlund and Bé, 1971). Test
size seems inversely correlated to temperature (Kroon et al.,
1988). Conclusions: tolerant to fairly low salinities and in-
dicative of low temperatures and/or enhanced fertility in sur-
ficial waters (Ch. Hemleben, pers. commun., Cambridge,
1989).

Neogloboquadrina. Category in this study comprises predom-
inantly dextrally coiled pachyderma types and quite tightly
coiled dutertrei types. Both the reason to group them, and the
records from three northern Levantine cores, are treated by
Rohling and Gieskes (1989). Abundance closely linked to
development of a Deep Chlorophyll Maximum (DCM; Rohl-
ing and Gieskes, 1989; and references therein). Often de-
scribed as pycnocline-dwellers (also: Fairbanks and Wiebe,
1982; Fairbanks et al., 1980, 1982; Hemleben and Spindler,
1983; Thunell and Reynolds, 1984; Bé et al., 1985; Hemleben
et al., 1989; Pujol and Vergnaud Grazzini, 1989; Reynolds
and Thunell, 1989; Van Leeuwen, 1989). As a group, neoglo-
boquadrinids have a very wide temperature range. Conclu-
sions: thrive in deeper, eutrophic waters, in DCM and, there-
fore, considered indicative of stratified conditions within
euphotic layer.

Globorotalia scitula. Probably thrives in very deep waters (Bé,
1969). Although little is known, it seems to behave more or
less like Globorotalia truncatulinoides (see below), calcifying
at very great depths. In spring, offshore Bermuda, G. scitula
appear near surface as very thin shelled specimens and sub-
sequently sink to deep water (Hemleben et al., 1989). Char-
acteristic for subpolar waters, together with 7. quinqueloba
and N. pachyderma (Bé, 1969; Thunell and Reynolds, 1984).
Occurs in temperate regions (Hemleben et al., 1989). Con-
clusions: occurs down to great depths, in cool to cold waters.
Globigerina bulloides. Inhabits both mixed-layer (B¢, 1969;
Béetal., 1985; Hemleben et al., 1989; Reynolds and Thunell,
1989; Van Leeuwen, 1989) and deeper waters (Almogi-La-
bin, 1984; Hemieben et al., 1989; Pujol and Vergnaud Graz-
zini, 1989). Characterizes upwelling conditions (Kipp, 1976;
Coulborn et al., 1980; Duplessy et al., 1981; Thiede, 1983;
Zhang, 1985; Hemleben et al., 1989; Overpeck et al., 1989;
Van Leeuwen, 1989). Also high standing stocks near river
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mouths (Barmawidjaja et al., 1989; Van Leeuwen, 1989).
Occurs in very warm tropical waters (Barmawidjaja et al.,
1989) as well as in water with temperatures as low as 0°C
(Tolderlund and B¢, 1971). May occur in warmer waters only
when the food level is high, and in cooler waters also at more
variable food levels (Van Leeuwen, 1989). Conclusions: no
depth preference, but highly dependent on food levels en-
hanced by. upwelling or river-input.

Globorotalia truncatulinoides. Very deep dwelling species
(Tolderlund and Bé, 1971; Hutson, 1977, Hemleben and
Spindler, 1983; Vergnaud Grazzini et al., 1986; Hemleben et
al., 1989). Near Bermuda, G. truncatulinoides seems 10 re-
produce in winter near the surface and continues to grow as
it sinks to great depths ( > 1000 m; Hemleben et al., 1989).
Lohmann and Schweitzer (1990), on the contrary, think that
G. truncatulinoides reproduces at about 600 m water depth,
and that vertical mixing down to that depth is required to
return juveniles to surface. Size distribution may be-indica-
tion of thermocline depth (Lohmann and Schweitzer, 1990).
Temperature range between 10.5° and 28.1°C, optimum be-
tween 15.4° and 22°C (Tolderlund and B¢, 1971). Marked
preference for coiling either sinistral or dextral (Tolderlund
and B¢, 1971; Brummer and Kroon, 1988; Hemleben et al.,
1989). Left-coiling shells spend only winter months in shal-
low water, while right-coiling shells persist there throughout
the year (Lohmann and Schweitzer, 1990). Conclusions: oc-
curs down to great depths, in fairly cool waters. Note: very
rare in the studied eastern Mediterranean records.
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