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Abstract

A new high-resolution combined marine proxy-pollen sequence from the Portuguese margin, MD01-2443, enables direct
comparison of ocean and ice volume changes with vegetation development in south-west Iberia during marine isotope stages (MIS)
7, 8 and 9. Changes in sea surface conditions on both orbital and millennial time scales are closely mirrored by forest extent,
indicating a coherence of climate variability between the North Atlantic and south-west Iberia. Deglacial warming at the start of
MIS 7 and 9 was interrupted by incursions of subpolar water masses at the site, accompanied by reversals in tree population
expansion. During MIS 7e and 9e, the close relationship in timing and amplitude between vegetation and offshore conditions broke
down: early forest collapse points to pronounced cooling and aridification on land which, although not accompanied by a change in
water masses at the Portuguese margin, appears to have coincided with abrupt decreases in atmospheric methane concentration
recorded in Antarctic ice cores. The most extreme glacial conditions of MIS 8 occurred during the early part, followed by an
interval of warmer conditions and tree population expansion ~ 263 ka. This has sometimes been considered as indicating an early
deglaciation, but the data presented here show that it was distinct from Termination III, which occurred later, in line with
Milankovitch forcing. A sub-orbital oscillation in both isotopic and pollen records is observed at the end of MIS 7 (ca. 184 ka)
which appears to be coeval with a recently identified sea level high stand.
© 2006 Elsevier B.V. All rights reserved.

Keywords: North Atlantic; Portugal; marine palynology; MIS 7; MIS 8; MIS 9; land-ocean correlation

1. Introduction France [4,5] over the last 40 years (Fig. 1). In contrast to
the majority of sequences from northern Europe, these

The pattern of vegetation development in southern sites contain continuous records spanning multiple
Europe during the last 450 ka is well known from the climatic cycles. As such they provide an opportunity to
long pollen records that have been produced in study the responses of vegetation to different combina-
sedimentary sequences from Greece [1,2], Italy [3] and tions of environmental boundary conditions at individual

sites. The sequences reveal a pattern of forested intervals

alternating with periods characterized by more open
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Fig. 1. (a) Location of sites discussed in the text and key European pollen sites spanning the interval 180 to 350 ka [1-5,55,72]. (b) Bathymetry of the
Portuguese margin and location from which core MD01-2443 was retrieved: 37°52.8'N, 10°10.57'W at water depth 2925 m.
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driven global climatic changes recorded in marine
isotope records of global ice volume [6,7]. However,
dating uncertainties mean that it has not been possible to
determine the relationship between changes preserved in
marine and terrestrial records with precision. Previous
correlations have had to assume synchroneity between
vegetational shifts and some feature of the marine record.
For example, the correlation scheme of [8] aligned four
long pollen records from southern Europe to the
SPECMAP benthic 6'%0 stack by assuming synchrone-
ity between forest expansion and deglaciation. In doing
so, this study confirmed the broad equivalence of
terrestrial and marine signals and demonstrated that the
marine isotope stratigraphy is a suitable framework
within which to interpret terrestrial environmental
records. It is also suggested that the forested intervals,
previously assumed to be of similar duration, may have
varied in length from one stage to another. However, the
assumption of synchroneity remained to be tested.
Deep ocean sediment cores drilled close to con-
tinental margins provide a solution to the problems
inherent in correlating land and ocean sequences and
provide a means to test and fine-tune previous
assumptions about their temporal relationship. Combin-
ing the potential for high resolution benthic and
planktonic foraminiferal oxygen isotope data with
pollen data in the same sediment core, such sequences
record the precise relationship between the marine
isotope records of ice volume and sea surface tempera-
ture, and vegetation development on land. At the
Portuguese margin sedimentation rates are high enough
(up to 10 cm per 1000 years [9]) to allow identification
of phase offsets at centennial to millennial scales. Pollen
analysis of marine cores from the Portuguese margin
have already provided detailed records of vegetation
development in Iberia and its relationship to the marine
isotope record and to oceanographic changes in the
North Atlantic for the last climatic cycle [9—12]. Work
on the last interglacial in core MD95-2042 demonstrated
that the boundaries of the marine-defined isotopic Last
Interglacial (MIS 5e) do not coincide with the
boundaries of the terrestrially-defined palynological
Last Interglacial (Eemian) which began ca. 6 ka after
Termination II and ended well into MIS 5d, ca. 5 ka
after northern hemisphere ice sheet accumulation had
begun [9-12]. This illustrated the importance of
centennial to millennial scale climatic events, in
determining the pattern of vegetation change at the
south-west European margin, relative to the longer term
forcing effects of insolation and global ice volume. In
addition, our previous publication on core MD01-2443
showed that offset between marine isotopic warm stages

and forested, temperate intervals on land was also
characteristic of earlier interglacial complexes, and that
the precise extent of the offset is variable from one warm
stage to the next [13], suggesting that the factors
controlling the duration of forested intervals are not a
straightforward function of insolation or ice volume
forcing and are still poorly understood. In this paper we
present the detailed pollen stratigraphy of MDO01-2443
alongside benthic and planktonic isotope data and polar
foraminifera abundance from the same sediment
sequence. In situ correlation enables the establishment
of the nature and timing of the vegetation response to
climate and oceanographic changes and thus the
determination of the effect of abrupt (centennial to
millennial scale) events and orbital scale forcing on the
vegetation of south-west Europe during MIS 7, 8 and 9
(180 to 345 ka). Since there are no terrestrial sequences
in Portugal reaching this far back in time, this sequence
also contributes a missing piece to the picture of
vegetation change across southern Europe during the
Middle Pleistocene.

2. Site description
2.1. Core site

Core MDO01-2443 was recovered in 2001 using a
CALYPSO Giant Piston corer aboard the French
research vessel Marion Dufresne II. The core site is
located at 37° 52.85' N, 10° 10.57" W, 100 km south-
west of Lisbon, close to the site of MD95-2042 [9,10],
at a water depth of 2925 m (Fig. 1). The core is
29.48 m long and the sediments are dominated by deep
ocean clay with planktonic and benthic foraminifera
and a terrestrial component which includes pollen.
Benthic oxygen isotope stratigraphy indicates sedi-
mentation over the last 420,000 years with no hiatuses
or erosional events [14]. Surface circulation on the
Iberian margin today is southward during the summer
[15] when northerly winds result in upwelling. During
the rest of the year a warm undercurrent, the
Portuguese Coastal Counter Current, flows northward
bringing warm saline water to the region [16]. At times
during the last glaciation, the North Atlantic Polar
Front was situated at the latitude of southern Iberia
[17,18] and icebergs reached the area during Heinrich
events [19,20].

2.2. Pollen transport

Previous studies show that pollen assemblages from
continental margin sediments represent vegetation
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growing on the adjacent continent and that rivers, when
present, tend to constitute the dominant transport vector
[21,22]. The River Tagus (Tejo) flows into the North
Atlantic at Lisbon and its catchment is thought to
represent the main pollen source area [10]. Wind
transport probably plays a relatively minor role since
the prevailing winds blow from the north and west over
open ocean, although the presence of a few Cedrus
grains, presumably from North Africa [10,23], suggests
a minor wind-blown component. In Portuguese margin
sequences the coherence of pollen and marine isotope
signals, and similarity of the pollen signal to Greenland
ice core records of rapid climatic oscillation during the
last glaciation [24,25], argue strongly against significant
reworking or delay in incorporation of pollen into the
sediment. Furthermore, from comparison of late glacial
and early Holocene marine pollen records off Porto [24]
with a sequence from the Serra da Estrella in central
Portugal [26] it is clear that although over-representation
of Pinus (e.g. [27]) and herbaceous pollen causes the
proportions to be different, the marine pollen record
faithfully reproduces patterns recorded on land [28].
Arboreal pollen (AP) percentages (excluding Pinus) in
early Holocene deep ocean sediments are, at 40%
[28,29], much lower than the 80% interpreted to
represent forest cover in terrestrial records of the same
age [26]. Marine AP also reaches ca. 40% during
previous interglacials and thus the mid-points in the most
rapid AP rises, which occur around 20% AP, are taken to
represent the onset of forested intervals [13].

2.3. Modern climate and vegetation

The River Tagus runs north-east to south-west
across the centre of the Iberian Peninsula and its
catchment encompasses the north—south division
between temperate and Mediterranean vegetation
types at around 40°N. Today mean annual precipitation
ranges from 600 mm in the lowlands to 2000 mm in
the mountains which are influenced by depression-
bearing westerly air-flow. Mean temperatures are 10—
12 °C in January and 20-24 °C in July [30]. The
Atlantic climate favours the growth of deciduous
Quercus species: Q. robur is widespread at low
altitudes, with Q. pyrenaica dominant higher up [31].
Towards the east and south, the climate becomes more
Mediterranean in character with mild winters, hot, dry
summers, and annual precipitation below 600 mm per
year. Evergreen Quercus woodlands, including Q. ilex,
O. rotundifolia and Q. coccifera, dominate here
[32,33]. Pinus is also important in the Iberian
landscape, and P. pinaster dominates humid, coastal

hills, particularly on the acid, siliceous soils and sands
of coastal areas [31]. Shrub communities are char-
acterized by ericaceous heath on the Atlantic coasts
and hills, especially on acidic substrates, while ever-
green aromatic shrubs dominate in drier areas [31].

3. Materials and methods
3.1. Stable isotopes

Stable isotope analyses were carried out using a
VG PRISM mass spectrometer (for all benthic
measurements and a few very small samples of
planktonics) or a VG SIRA mass spectrometer (for
the majority of planktonic measurements). On both
instruments the samples are reacted sequentially using
ISOCARB systems. For the planktonic record about
25 specimens of Globigerina bulloides were selected
from a sieved size fraction 355-425 um. For the
benthic record several different species were used as
no single species was present in sufficient numbers to
generate a continuous record. Where possible two or
three separate analyses of different species were made
in each sample; a correction factor was applied
according to the species and the average of all the
corrected values at each level is shown in the figures.
The following species were analysed, and adjusted as
indicated: Cibicidoides robertsonianus, +0.50; Uvi-
gerine peregrina and similar specimens, 0.0; Globo-
bulimina affinis, —0.30; Cibicidoides wuellerstorfi,
+0.64; Cibicidoides kullenbergi, +0.54; Hoegludina
elegans, —0.60; Oridorsalis umbonatus, 0.0; Cassi-
dulina carinata, 0.0. These adjustments are optimised
for cores in this area in accordance with the long-
standing convention by which Uvigerina perigrina is
assumed to deposit oxygen in isotopic equilibrium
[34]. Out of about 700 measurements 12 were rejected
as significantly discrepant and in addition one sample
level (19.38 m) was rejected because of very wide
scatter among the four measurements. For the
remaining 213 replicated samples, the average esti-
mated standard deviation is 0.07%e.

3.2. Foraminiferal faunal analysis

The sediment fraction larger than 150 pm was divided
by microsplitter to obtain 300 to 500 specimens of
planktonic foraminifera per sample. They were counted
and identified following [35] and [36]. Only the
proportion of left-coiling Neogloboquadrina pachy-
derma (N. pachyderma s.) in the total planktonic fauna
is presented here.
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3.3. Palynological analysis

Sub-samples of 4 cm”>, at intervals of between 2 and
8 cm, were prepared for pollen analysis using a standard
hot acid digestion technique [37]. Identification was
carried out using reference material and [38]. Nomen-
clature follows Flora Europaea [39]. Pollen abundance
is presented as percentages of a sum which excludes
Pinus, Pteridophyte spores and aquatic taxa. A minimum
of 150 pollen grains, excluding Pinus, aquatics and
spores, was counted in each of 214 samples. Quercus
pollen was divided into deciduous and evergreen
morphotypes. The deciduous Quercus type includes Q.
robur, Q. petrea and Q. suber, while the evergreen
Quercus type includes Q. ilex, Q. coccifera and Q.
rotundifolia. Preservation was not sufficiently good to
allow routine subdivision of Ericaceae, but some taxa
can be eliminated on the basis of those features that are
preserved well. Neither Arbutus unedo nor Erica
umbellata were encountered. Erica arborea may be
present. The small size, triangular tetrad shape and long
colpi of many grains suggest that they could represent
Erica erigena [40].

3.4. Statistical analyses

Cluster analysis was carried out on the pollen
dataset in order to identify recurring groups of taxa
which may represent vegetation communities. Samples
were grouped using Ward’s linkage method and the
Chi-squared distance measure [41]. All taxa present at
>3% in more than one sample are included, except
Pinus. The species that characterize samples in each
group were identified by indicator species analysis
[42].

The pollen sequence is divided into zones (sensu [43])
with the aid of numerical zonation using constrained
cluster analysis (CONISS) in the pollen plotting and
analysis program PSIMPOLL. The zones are illu-
strated in Fig. 3 and their main features described in
Table 2.

3.5. Chronology

The time scale for MDO01-2443 [13] was developed
by aligning the benthic 6'®0 record to the Antarctic
Vostok deuterium (D/H) record [44]. This was based
on the study by [45] which showed strong similarity
between the benthic 6'®0 record off Portugal and
Antarctic temperatures. The implication that shifts in
benthic §'®0 are synchronous with shifts in Antarctic
temperature allows the use of chronologies developed

for the Antarctic ice cores to generate an age model
for MD01-2443. The Vostok time scale used here has
been developed by F. Parrenin (personal communica-
tion) through alignment with the EPICA Dome C
record [46]. It is considered an improvement on the
Vostok glaciological time scale (GT4) of [44] because
ice at the Vostok site originates upstream, where
accumulation changes are poorly constrained, whereas
ice at Dome C accumulates in situ, which facilitates
derivation of a time scale based on an ice-flow model.
Fig. 2 shows the alignment of the MD01-2443 record
to Vostok D/H and the resulting sediment accumula-
tion rates (SAR). Inflections of the SAR curve show
the location of the control points (listed in Table 1),
which were chosen at the mid-points of cold to warm
transitions between marine isotopic stages. The great-
est source of uncertainty in this age model is that
associated with the Vostok chronology where the age
uncertainty, between MIS 5.5 and MIS 11, is +6 ka (at
20), which is equal to the size of the orbital control
windows used to constrain the age of glacial
terminations in the development of the ice core
chronology ([46]; F. Parrenin, personal communica-
tion). The maximum age uncertainty arising from
visual correlation of MD01-2443 benthic 6'*0 and
Vostok D/H is 300 years, that is equivalent to half the
longest sampling interval across the cold-warm
transitions (whose mid-points were used as tie-points).
When the uncertainties on the ice core chronology and
the maximum visual correlation uncertainty are
summed in quadrature (according to convention) the
latter become insignificant (for example, the resulting
confidence interval at termination III is +6.007 ka).
Another, potentially large, source of age uncertainty is
in the assumption of synchrony between Vostok D/H
and MDO01-2443 benthic 6'*0. Since our age model

Table 1
Age control points established by comparison of benthic 6'%0 in
MDO01-2443 with Vostok D/H record (F. Parrenin, unpublished data)

Depth in MD01-2443 (m) Age (ka)
16.34 183.5
16.46 185.3
16.58 187.45
17.18 201.00
18.38 216.80
19.32 244.45
19.44 248.15
20.5 266.50
21.96 290.30
22.78 305.68
23.28 316.54
24.68 338.00
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Fig. 2. Basis of the age model for MD01-2443. Age control was established by alignment of the MD01-2443 benthic foraminiferal oxygen isotope
record (8'%0 (%) shown in grey) to the Vostok deuterium record (D/H (%o) shown in black) [44]. Inflections of the sediment accumulation rate (SAR)

curve indicate positions of the tie points.

rests on this assumption, we do not incorporate this in
the quantification of confidence intervals.

4. Results and interpretation
4.1. Stable isotopes

The benthic 6'*0 record (Figs. 2 and 3) shows the
classic succession of climatic cycles representing the
accumulation and wasting of continental ice masses
through MIS 7, 8, 9 and the early part of MIS 6. Rapid
shifts to lighter benthic 6'%0 values at the MIS 7/8
boundary and at the MIS 9/10 boundary represent
Terminations III and IV (TII and TIV), respectively
[47]. The interglacial complexes MIS 7 and 9 are resolved
into three warm, low ice volume episodes (substages a, ¢
and e) and two intervening cold intervals of greater ice
volume (substages b and d). MIS 8 is resolved into two
distinct periods of larger ice volume separated by a period
of lower ice volume which contains marine isotope event
8.3 [48]. Here we refer to this interval of lower ice
volume, between 253 ka and 266 ka, as MIS 8c. Sub-
orbital scale oscillations are also recorded: MIS 9c is
interrupted by an isotopically heavier interval and, at the
end of MIS 7, there is an additional light peak in the
planktonic 6'30 which coincides with a shoulder or
pause in the trend of increasingly heavy benthic 5'*0,
following the main peak of MIS 7a.

Previous studies have suggested that planktonic
0'%0 at the Portuguese margin is most strongly

influenced by sea surface temperature with salinity
having a relatively small impact on the signal
[18,49,50]. This is supported by the close correspon-
dence of the planktonic 6'%0 signal and sea surface
temperature estimates based on faunal analysis of
planktonic foraminifera (L. de Abreu, in prep.). There
is a temporal offset between the benthic and planktonic
6'®0 signals in this sequence, which is particularly
pronounced at deglaciations: the shift to lighter values
is recorded 3000 years earlier at MIS 7/8 and
1000 years earlier at MIS 9/10. There is also a
pronounced offset at MIS 8c, with relatively light
planktonic 6'*0 values beginning later, at 265 ka, and
ending later, at 247 ka. The differences in timing may
be partly due to changes in deep water temperatures
and 6'%0, reflecting changes in deep-water hydrogra-
phy as has been shown for Termination I [51].

4.2. Polar foraminifera

The most pronounced peaks in N. pachyderma s.
abundance (Fig. 3), as a percentage of total planktonic
foraminifera, reach between 40 and 50% during the
deglaciations (coinciding with TIII and TIV) and during
the early part of MIS 8 (between 268 and 264 ka, which
we refer to as MIS 8d) when benthic 6'%0 values record
extremely large ice volume and planktonic §'*0 values
indicate low sea surface temperatures. This species is
considered as an indicator of the development of sub-
polar surface water conditions [50].
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4.3. Palynology

Results of palynological analyses are presented as
percentage pollen diagrams (Fig. 3a and b) and
summarized in Table 2. Deciduous Quercus is the
dominant temperate tree taxon (reaching maximum
values of 35%). Pollen of other temperate trees is
present in much smaller quantities, the most abundant
being Corylus and Alnus. Ulmus, Carpinus, Fagus and
Abies are represented by occasional grains. The most
abundant Mediterranean tree taxa are evergreen Quer-
cus, and Olea. Other Mediterranean taxa, Pistacia,
Fraxinus ornus, and Phillyrea, are present in much
smaller quantities. Pinus pollen is very abundant, but is
known to be consistently over-represented in marine
pollen records. The most abundant herbaceous taxa are
Ericaceae, Gramineae, the steppe taxa Artemisia and
Chenopodiaceae, pollen of the type Compositae Liguli-
florae, and the spores of Isoétes hystrix.

4.4. Cluster analysis

A scheme of five cluster groups provides an
informative summary of the pollen data. Each cluster
represents a set of co-occurring taxa, that can be
interpreted as broad vegetation types (Table 3). The
occurrence of these groups is plotted stratigraphically,
above planktonic 'O, in Fig. 4. A repeating pattern (or
succession) of vegetation types is evident and shows a
clear correspondence to the progression of precessional
scale climatic cycles indicated here by the planktonic
680 curve.

4.5. Vegetation changes during MIS 7, 8§ and 9

4.5.1. MIS 9

Afforestation in south-west Portugal associated with
TIV began with Juniperus and Pinus, followed by
deciduous Quercus ca. 1000 years after the shift to light
planktonic isotope values. A peak in N. pachyderma s.
percentages indicates the presence of sub-polar water
masses offshore at the termination and interruptions in
forest expansion indicate coeval cooling and drying on
land. Temperate tree populations expanded abruptly as
soon as cold waters retreated at 336 ka. Deciduous
Quercus dominated in the earliest phase (336.5-333 ka)
accompanied by evergreen Quercus and Olea. The
Quercus phase ended abruptly within the isotopic
plateau making the forest interval, Lisboa (MD-2),
short (3.6 ka) compared with the duration of MIS 9e
(14 ka). After a brief maximum in herbaceous taxa
(mainly Compositae Liguliflorae), Ericaceae expanded

to a peak at 327 ka, and temperate tree populations
recovered slightly. This was followed by a pronounced
decline as sea surface temperatures fell and global ice
volume increased.

MIS 9d is characterized by relatively minor excur-
sions in benthic and planktonic isotope values and
moderate influence of sub-polar water masses. Herbac-
eous vegetation was dominated by grass with a
relatively small contribution by steppe communities.
This suggests a less arid and cold climate than during
stadial intervals where steppe was more abundant and
temperatures offshore were lower.

Planktonic ¢'®0 records two clear warm intervals
(though not as warm as MIS 9e) with a cooler phase in
between during MIS 9c. This is clearly reflected in the
pollen record which shows moderate temperate forest
extent (Queluz forest interval, MD-5 to 7) interrupted by
a decrease (MD-6). The second warm interval of MIS 9¢
(305 to 299 ka) saw greater heath expansion than the
first which could indicate higher precipitation levels and
a greater degree of soil deterioration.

MIS 9b corresponds to a pronounced tree population
collapse coeval with a moderate and brief incursion of
sub-polar water offshore and large accumulation of
continental ice (more clearly recorded in other
sequences; e.g. Shackleton 2000). Steppe vegetation
expanded to its greatest extent since MIS 10, indicating
dry, cold conditions on land.

Forest expansion at the start of MIS 9a corresponds
closely with planktonic and benthic 6'*0 and was inter-
mediate in extent between that of 9c and 9e. Evergreen
Quercus is the only Mediterranean taxon to make a
significant contribution (Mafra forest interval; MD-10).
After 276 ka, increasing ice volume and decreasing sea
surface temperatures coincided with a decline in heath
and forest populations, indicating cooling and drying.

4.5.2. MIS 8

Benthic 4'%0 indicates greatest ice volume, and
planktonic 6'*0 and N. pachyderma s. record lowest
sea surface temperature, in the early part of MIS § (MIS
8d). The end of MIS 8d is marked by a large peak in V.
pachyderma s., pointing to the occurrence of a Heinrich-
type event. This is followed by an interval of warmer
conditions (MIS 8c) the onset of which is, in the
planktonic record, close to the peak in July insolation at
65°N [52] (Fig. 5). A brief return to low temperatures is
recorded before Termination III. Portuguese vegetation
reflects this pattern, with extensive steppe vegetation
and reduced tree populations between 276.6 and 265 ka,
culminating in the largest tree and heath population
collapse at 265 ka, immediately following the M.
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Table 2

The main features of the pollen
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record

Forest stages

Pollen zones

Main pollen features

Belem

Cascais

Estoril

Mafra

Queluz

Lisboa

MD-26
MD-25

MD-24

MD-23

MD-22

MD-21

MD-20

MD-19

MD-18

MD-17

MD-16

MD-15

MD-14

MD-13

MD-12
MD-11
MD-10

MD-9

MD-8

MD-7

MD-6

MD-5

MD-4

MD-3

MD-2

MD-1

High percentages of steppe (50%) and pioneer (15%) pollen. Peak in Pinus abundance.

High percentages of Ericaceae pollen (40%) near start of zone but decreases to <10% by the end. Isoétes
abundant at start (35%) then decreases. Steppe pollen increases through zone (reaching 30% by the end).
Moderate temperate tree pollen values (just under 20% deciduous Quercus) following a short-lived decrease.
Low percentages of Mediterranean taxa. Ericaceae increases to 30% at top of zone. Peak in Pinus abundance.
Isoétes (35%) and other spores reach high values at the top.

Temperate and Mediterranean tree pollen abundant: deciduous Quercus 32%, evergreen Quercus 12%, Olea 5%.
Peak in Isoétes (55%).

Chenopodiaceae, Gramineae and C. Liguliflorae each around 25%. In upper part of zone temperate tree pollen
increases, peak in Pinus reached, and steppe abundance decreases.

Herbaceous pollen abundant. Ericaceae decreasing. Relatively low percentages for temperate and Mediterranean
pollen.

Temperate and Mediterranean tree pollen abundant: deciduous Quercus 30%, evergreen Quercus 12%, Olea 5%,
Corylus 5%. Isoétes (55%) and other spores reach high values. Oscillation at 18 m in which tree pollen falls
decrease briefly and Gramineae increases; followed by an increase in temperate (but not Mediterranean) tree
pollen to 40%. Ericaceae pollen increasing throughout.

High percentages of steppe (50%) and pioneer (20%) pollen. Peak in Pinus abundance. Low values of temperate
trees at start but increase at end of zone.

Ericaceae pollen abundant reaching a peak of 30%. Decreasing temperate trees. Increasing percentages of steppe
pollen.

Herbaceous elements abundant: Gramineae and C. Liguliflorae both around 30%. Moderate values for temperate
and Mediterranean tree pollen (largely remain <20%), and Ericaceae (around 10%).

Temperate and Mediterranean tree pollen abundant: deciduous Quercus 35%, evergreen Quercus 10%, Olea 5%.
Continuous curve of Corylus begins. Decrease in tree pollen at 19.10 m, then recovers before decreasing again
at end of zone. Isoétes (65%) and other spores reach high values.

High values Juniperus (20%) and Chenopodiaceae (25%). Increasing deciduous Quercus. Decreasing steppe.
Ericaceae also decreasing. Peak in Pinus abundance.

Continued increase in percentages of temperate taxa, reaching 15% with a slight increase in Mediterranean tree
pollen. These fall to very low values at end of zone. Steppe pollen is reduced (ca. 20%) relative to zone below.
Ericaceae increases reaching a peak of 35% in the upper part, then decrease by end of zone.

Steppe pollen abundant reaching 35%. Pinus reaches a peak in lower part of the zone, followed by an increase
in Juniperus (to 20%) then an increase in temperate tree pollen, deciduous Quercus reaching 10% as Juniperus
decreases.

Ericaceae pollen abundant (20%). Brief return to moderate percentages of deciduous (15%) and evergreen (5%)
Quercus. These decrease towards end of zone while steppe and Gramineae pollen increase.

Low percentages of temperate and Mediterranean tree pollen. Ericaceae increasing.

Temperate and Mediterranean tree pollen abundant: deciduous Quercus 25%, evergreen Quercus 5% in lower
half of zone. Isoétes (30%) and other spores abundant. Tree pollen decreases towards top as herbaceous elements
and Ericaceae increase.

High percentages of steppe (35%) and pioneer pollen (15%). Pinus peak near end of zone.

Decrease in deciduous Quercus and Ericaceae and peak in steppe taxa at 22.40 m, followed by return of Quercus
to moderate values. Mediterranean taxa rare. Increasing abundance of Juniperus, steppe, C. Liguliflorae and
Gramineae pollen through zone.

Temperate tree pollen abundant: deciduous Quercus reaches 25%. Ericaceae increases to a peak of 35% one
sample above the Quercus peak. Both decrease at 22.40 m to <10% while steppe pollen increases to 45%.
Increase in herbaceous pollen percentages: Chenopodiaceae 15%, Gramineae 25%, C. Liguliflorae 25%. Drop in
tree pollen abundance: deciduous Quercus falls below 5%. Peak in Corylus (5%) towards end of zone as
deciduous Quercus recovers.

Moderate abundance of temperate and Mediterranean tree pollen: deciduous Quercus 22%, evergreen Quercus
7%. Peak in Pinus early in the zone. Gradual increase in steppe.

Herbaceous pollen abundant: Gramineae ca. 30%, C. Liguliflorae between 20 and 45%. Deciduous Quercus and
Ericaceae remain below 10% for most part. Peak in Isoétes (50%) and other spores.

High percentages of Ericaceae pollen which increase to a peak (40%) at 24 m then decrease, and of Compositae
Liguliflorae (40%). Isoétes falls from 50 to 20%.

High temperate and Mediterranean tree pollen percentages: deciduous Quercus 35%, evergreen Quercus and Olea
both 5%. Isoétes attains a peak of 65%. Other spores also abundant. Increasing Ericaceae percentages.

Steppe (40%), Gramineae (40%), and Juniperus (20%) pollen abundant. Pinus and Juniperus, both increasing.

Pollen assemblage zones and names assigned to forested intervals indicated on the left (see also Table 3). Values given in brackets represent the highest
percentage value attained in the zone unless indicated otherwise.
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Table 3
Groups (a) Indicator taxa (b) Vegetation types (c) Climate according to Corresponding planktic
marine proxies (d) 5'%0 range (e) (%o)
A Ephedra distachya (45), Artemisia (42), Steppe (+pioneer) Cold stage 1.5-3
Juniperus (27), E. fragilis (24),
Gramineae (24), Compositae
Tubuliflorae (24)
B Ericaceae (35), Artemisia (25), Alnus (24) Heath (+steppe) Late warm stage and 1.2-2
transitions to cold stage
C Juniperus (47), Chenopodiaceae (33) Pioneer (+steppe) Transitions from cold 0.6-2.6
to warm stage
D (Isoetes [52], Pterydophytes trilete [42]), Olea (38), Temperate woodland +  Early warm stage 0.4-1.4
Corylus (38) evergreen Quercus (33), deciduous Mediterranean elements
Quercus (32) Cyperaceae (26)
E Compositae Liguliflorae (31), deciduous Temperate woodland+  Late warm stage 0.1-1.7

Quercus (28), (Isoetes [28], Pterydophytes
trilete [26]), Alnus (25),
Ericaceae (24)

heath

(a) Groups established by cluster analysis using Ward’s hierarchical linkage method and Chi-squared distance measure [41]. (b) Taxa indicative of
samples in each group, identified by indicator species analysis [42]. Taxa with the highest indicator values (over 24) for each group are given in
descending order. Where there is a gap of 10 or more between the indicator values for the top taxa and the next in the list, the top taxa are marked in
bold to indicate which are most strongly indicative in strictly numerical terms. (c) Suggested vegetation communities represented by the clusters
(dominant vegetation first, more minor vegetation in brackets). (d) Stage in marine-defined climatic cycles at which vegetation communities most
often occur. (¢) Range of planktonic 5'%0 values with which vegetation communities are associated.

pachyderma s. maximum. An expansion of tree
populations occurred between 265 and 252 ka, followed
by a return to steppe and pioneer vegetation (252 to
246 ka) coincident with the arrival of sub-polar water
masses offshore before TIII.

4.5.3. MIS 7
Temperate forest expansion at the start of the Estoril
forest interval (MD-16) coincides closely with the shift

in planktonic 'O to light values at the start of MIS 7e.
Reversals in the trend appear to coincide with peaks in
N. pachyderma s. and the final, most rapid, part of the
expansion took place only once sub-polar waters had
retreated. The forested interval was shorter (6.2 ka) than
the marine isotopic warm stage (17 ka), ending mid-way
through the plateau in planktonic 6'*0 in a similar way
to that of MIS 9e but it differs in that heath expanded
more gradually, not dominating the vegetation until
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Fig. 4. Stratigraphic distribution of sample cluster membership, shown above planktonic §'0 data to illustrate the succession of vegetation types
through precessional climatic cycles. A — steppe (with pioneer) vegetation; B — heath (with steppe) vegetation; C — pioneer (with steppe)
vegetation; D — temperate woodland and heath vegetation; E — temperate woodland with Mediterranean elements (see also Table 3).
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Fig. 5. Comparison of data from MD01-2443, Spannagel Cave and Devils Hole. From the top down: (A) July insolation at 65°N [53]; (B) 6'%0 of
vein calcite in Devils Hole, Nevada, plotted on U/Th time scale [72]; data from deep marine core MD01-2443 for the period 180 to 345 ka plotted on
the Vostok/EPICA Dome C-derived time scale (F. Parrenin personal communication), (C) planktonic 6'%0, (D) benthic 6'%0, (E) marine isotope
stratigraphy (Terminations III and IV are indicated), (F) N. pachyderma s. percentages, (G) cumulative percentage data for arboreal pollen and
Ericaceae; (H) black bars indicate U-series dated periods of speleothem growth in Spannagel Cave (Zillertal Alps, Austria) [71].

later. The ensuing period of small but oscillating tree
populations and expanding ericaceous heath coincided
with falling North Atlantic sea surface temperatures and
increasing global ice volume.

The pronounced contraction of tree populations
and expansion of steppe vegetation coinciding with
MIS 7d indicates cold, dry conditions on land, similar

to the early part of MIS 8. Temperatures offshore
reached glacial levels and sub-polar water masses
extended to this latitude. Records from Antarctica and
the North Atlantic show MIS 7d to have been an
extremely cold stadial event [44,53,54], low global
temperatures and large ice volume resulting from high
eccentricity, low obliquity and high precession which
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combined to give low northern hemisphere summer
insolation [52].

Forest expansion at the start of MIS 7c, marking the
beginning of the Cascais forest interval (MD-20), closely
tracked planktonic 6'0. This substage saw the longest
forested interval of MIS 7 (10.3 ka), mirroring the
duration of sea surface warmth. Mediterranean taxa and
Corylus made a significant contribution to the vegetation
only during the first 3 ka of the forested interval. At
212 ka tree populations decreased briefly, after which
only deciduous Quercus recovered completely, reaching
the greatest extent of the whole sequence. Ericaceae
populations expanded throughout the period of lightest
planktonic 6'%0, reaching a maximum at 206 ka. Heath
then joined temperate tree populations in a gradual
decline, coinciding with falling sea surface temperatures
and increasing global ice volume.

Atlantic sea surface temperatures declined only
slightly during MIS 7b [54] and sea level estimates
indicate only minor accumulation of ice [55]. In MDO1-
2443 polar foraminifera remain rare. Of all the stadial
events of this sequence, this has the least polar water
influence. Steppe elements remained correspondingly
rare and while temperate tree populations were small,
they remained more widespread than during the other
cold stages recorded here.

The first 'O peak of MIS 7a is represented by a
tree population expansion which, although short-
lived, is more pronounced than in the previous MIS
7 warm sub-stages, with significant contributions of
Mediterranean elements (Belem forest interval). The
decline in tree populations that marks the end of the
forest interval was followed by a moderate re-
expansion of deciduous Quercus (MD-23) associated
with the second planktonic 6'*0 peak of MIS 7a and
a step in the benthic 6'%0 curve. In the planktonic
record this isotopically light peak is resolved into
two parts, interrupted by a brief interval of heavier
values, which is reflected by an oscillation in
deciduous Quercus abundance (with one peak in
MD-23 and another near the base of MD-25).
Declining tree populations were then accompanied
by a pronounced increase in the extent of heathland
(MD-25); a phase of extensive heathland spans the
MIS 7/6 transition.

4.5.4. MIS 6

The first 4 ka of MIS 6 are recorded here. Falling sea
surface temperatures and increasing global ice volume
coincided with shrinking forests and heathland, and the
expansion of steppe and Juniperus, which indicate the
onset of cold and dry conditions.

5. Discussion
5.1. The nature of the vegetation response

There is a clear and reasonably consistent relation-
ship between the amplitude of oscillations in planktonic
6'®0 and the amplitude of oscillations in arboreal pollen
percentages at both orbital and millennial time scales.
Concordance is also observed in the amplitude of the
arboreal pollen and benthic isotope curves and with
reconstructed changes in sea level. According to the sea
level estimates of [55] and [56], and the direct
determinations of [57], the highest sea level of MIS 9
occurred in substage 9e, which corresponds to the
greatest forest extent of this stage, while the relatively
lower high stands of substages 9c and 9a saw more
moderate forest expansion in south-west Iberia. Differ-
ences between the high stands of MIS 7 are less
pronounced: sea level appears slightly higher during
sub-stage 7c in the estimates of [56], while in the
reconstruction of [55], MIS 7a saw the highest sea level,
although error margins on the estimates for each
substage overlap. Sea level determinations from Barba-
dos corals also suggest higher sea level during MIS 7a
[58]. The largest tree population expansion in Iberia
appears to have occurred during MIS 7a, although the
differences in AP between the temperate sub-stages of
MIS 7 are small and may not represent significant
differences in tree population extent. The extensive
forest and sea levels as high, or higher, than in the
previous two MIS 7 substages are unexpected in light of
relatively low insolation values [52] and patterns
recorded in Antarctica where temperature and concen-
trations of carbon dioxide and methane are lower than
MIS 7e and 7c [44]. A possible explanation, for the
higher AP values in MIS 7a, is the persistence of
relatively large tree populations through the preceding
stadial MIS 7b which meant that even minor warming
could subsequently have led to extensive forest [59].
Likewise, the minor ice accumulation of MIS 7b may
explain the small residual ice volume, and correspond-
ingly high sea level, of the ensuing warm substage.

The close relationship, in timing and amplitude,
between AP and benthic and planktonic §'*0 breaks
down in MIS 7e and 9e. Here, although forest initially
expands in proportion to offshore warming and degla-
ciation, it contracts after only 3.6 ka in 9¢ and 6.2 ka in
7e, pointing to pronounced cooling and aridity on land.
An increase in herbaceous pollen and corresponding
drop in AP could be caused by a pulse of reworked
glacial sediment off the shelf but neither magnetic
susceptibility nor sediment density, proxies that might
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indicate a change in sediment source, record any
significant shift at these times [60]. In the absence of a
taphonomic explanation, we interpret the drop in AP to
represent a real decline in tree population extent. This
forest decline is not reflected in planktonic or benthic
6'80 values, and it took place long before the sea surface
cooling and continental ice accumulation of the ensuing
stadials began. It is also not clearly reflected in the
abundance of N. pachyderma s. (neither here nor further
north in ODP 980 [54]), which we would expect to
increase were the drop in AP related to a change in ocean
surface conditions. During MIS 9e an increase in N.
pachyderma s. is observed but this post-dates the drop in
AP values, which suggests that a change in ocean
circulation was not the proximal cause of the forest
collapse. During MIS 7e, N. pachyderma s. values
remained low throughout. Comparison with other
southern European sequences [13] revealed that similar
forest collapses are also recorded at ca. 333 ka and
237 ka, although in the MIS 9e event, forest was able to
recover in France, Italy and Greece, while in Portugal
heath, rather than forest, subsequently developed. In the
absence of evidence for changes in North Atlantic
circulation the causes of these forest collapses remain
unclear. Tzedakis et al. [13], however, pointed out that
these events were coeval with abrupt declines in
atmospheric methane concentration, following the
early interglacial overshoots observed in the Vostok
record [44]. The coincidence of these changes may
reflect the occurrence of a global shift in climate
conditions occurring within interglacials.

Vegetation types, identified by cluster analysis, show
a clear correspondence to the progression of preces-
sional scale climatic cycles or marine isotopic substages.
Extensive open steppe vegetation (cluster A) indicates
cold, dry conditions on land and coincides with the
lowest temperatures offshore and largest continental ice
volume. Pioneer populations dominated by Juniperus
(cluster C) expanded in response to the earliest phases of
warming. Extensive temperate woodland and popula-
tions of Mediterranean trees (cluster D) characterize the
early phase of peak warmth offshore. Contraction of tree
populations and expansion of ericaceous heath (cluster
E) follow through the latter phases of offshore warmth
and subsequent cooling. The pollen taxa indicative of
cluster E (Compositae Liguliflorae, deciduous Quercus,
Alnus, Ericaceae) do not easily lend themselves to
identification of a particular vegetation community, but
the fact that samples belonging to this group recur
together through long sections of the sequence supports
its identification as a temporally (but not necessarily
spatially) distinctive palynological assemblage. Heath

vegetation with few trees (cluster B) characterizes the
continuation in falling offshore temperatures. Similar
heath vegetation, with a small contribution from
temperate trees, also developed during MIS 8c. Steppe
vegetation (cluster A) increases as the coldest sea
surface temperatures prevail once more.

Successive warm stages in the MD01-2443 pollen
record are characterized by the same forest taxa, in
contrast to existing terrestrial sequences from southern
Europe where forests are more diverse and vary in
composition from one stage to the next. Typically, for
example at Lac du Bouchet, central France, initial
pioneer populations of Juniperus, Betula and Pinus are
followed by deciduous Quercus and Corylus but, unlike
the Portuguese record, this is followed by other mesic
forest trees including Carpinus, and then a phase of
more montane taxa with greater moisture requirements:
Abies, Fagus, and Picea [4,5,59]. It is mainly these trees
of the latter part of the succession that vary in abundance
between temperate stages [61]. We suggest that the
extreme rarity of Fagus and Carpinus in our sequence is
an indication that they did not grow in significant
numbers in the MDO01-2443 catchment during the
temperate intervals of MIS 7 or 9: since Fagus is
recorded in MIS 7a, 7c, 9¢c and 9a, and Carpinus is
present in every temperate interval in marine pollen
spectra from Galician margin cores [62] their absence
from MDO01-2443 is unlikely to be a taphonomic
artefact. Either, there was insufficient time during
these warm intervals for populations of Carpinus and
Fagus to reach the south-west from their positions of
glacial refuge (which may have included north-west
Iberia [63—66]), or climatic and/or ecological conditions
in the south-west never became favourable.

5.2. Land—sea correlations and stratigraphical
implications

While forest expansions are effectively synchro-
nous with shifts in planktonic §'*0, within the
resolution of the records, they lag by 1.5-3 ka the
mid-points of the shifts in benthic 6'%0 at transitions
from cold to warm intervals. This has stratigraphical
implications because it suggests that while land—sea
correlations are broadly correct, there may be
considerable offsets in the precise timing of terrestrial
and marine stage boundaries (defined in terms of
vegetation and sea level changes respectively). The
extent of this offset may be temporally and spatially
variable. Skinner and Shackleton [51] showed, for
Termination I, that changes in deep-water hydrography
in the Portuguese margin may lead to shifts in the
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benthic isotope signal being up to 4 ka earlier than in
curves from the eastern equatorial Pacific. Since deep-
water hydrography varies from site to site, and from
one termination to another, the precise nature of the
phase lag between marine and terrestrial stages will
vary accordingly. Estimating the local hydrographic
component of benthic foraminiferal %0 in future
would enable a more accurate assessment of phase
relationships between marine and terrestrial stage
boundaries and would allow the potential status of
this sequence as a land—ocean correlation reference
scheme for southern Europe to be fully realized. Be
that as it may, improved terrestrial chronologies could
be still achieved by correlating the onset of forest
warm stages with those in the MDO01-2443 pollen
sequence or, alternatively, by aligning them to cold-to-
warm transitions in the planktonic isotope signal.

5.3. Climatic oscillation during deglaciations

Peaks of 40 to 50% N. pachyderma s. at TIIl and TIV
indicate the influence of sub-polar water at the latitude of
MDO01-2443. These percentages are similar to those
encountered in the Heinrich layers of the last glaciation
in cores nearby [29,67]. Peaks in ice-rafted detritus
(IRD) in these layers record the presence of icebergs off
southern Portugal [20,68]. There is currently no lithic
record from MDO01-2443 but the record from ODP 980
(55°29'N, 14°42’W) in the north-ecast Atlantic shows
distinct peaks in IRD at the deglaciations, including TIII
and TIV, suggesting that the peaks in polar foraminifera
abundance were related to large iceberg discharges
similar to Heinrich events [54]. Smaller peaks in M.
pachyderma s. abundance indicate lesser, but none-
theless significant, influence of sub-polar water off
Portugal and coincide with heavy excursions in
planktonic §'%0.

At the deglaciations, TIII and TIV, tree population
expansion associated with deglaciation was already
under way when it was interrupted by an abrupt drop
in sea surface temperature. The cooling appears to
have caused reversals in the pattern of tree population
expansion. Tree populations then only reached their
maximum extent once temperate conditions had
returned offshore (and polar foraminifera returned to
background levels). The presence of subpolar water,
and very likely icebergs, offshore apparently led to
cooling and increased aridity downwind in south-west
Iberia, which interrupted the warming trend associated
with deglaciation. Similar interruptions or pauses are
known to have affected this region during the last
[9,10] and penultimate [29,69] deglaciations (TT and

TII) and have been related to melt-water-induced
slowing or cessation of the thermohaline circulation.
From our data it seems likely that similar cold events
also occurred during TIII and TIV. Interruptions in
warming and tree population expansion have also been
identified during TIII and TIV in deep sea cores from
further north on the Portuguese margin, off Galicia
[62, 70]. Higher percentages (up to 90%) of N.
pachyderma s. reflect the more northerly position of
these sites.

5.4. MIS 8 and the timing of TIII

Recent high-precision U-series dates on flowstone
from Spannagel Cave (Zillertal Alps, Austria) identi-
fied a series of speleothem growth phases during MIS
8 and 7 [71]. In this dataset the earliest interval of
calcite deposition occurred between ca. 261 and
249 ka, which falls within MIS 8 of the deep-sea
stratigraphy [48]. However, Holzkdmper et al. [71]
considered the possibility that the first growth period
of flowstone at 261 ka may reflect an early onset of
MIS 7e. This would be in agreement with the U/Th-
dated vein calcite record from Devils Hole, Nevada,
which shows an increase in 8'*0 values around that
time and suggests a significantly older age for
Termination III [72—74]. These alternatives can now
be assessed within the context of the high resolution
data from MDO01-2443.

The MDO01-2443 record shows a warm interval
between 249 and 263 ka, characterized by light
planktonic 6'®*0 values, which corresponds approxi-
mately to MIS 8c. A similar warm interval is also
evident in the Vostok [44] and Dome C [46] records
of Antarctic air temperature and has parallels in
atmospheric 6'0 and, methane and carbon dioxide
concentrations [44]. In all of these records this warm
interval is followed by a return to glacial values before
the warming associated with deglaciation begins. The
MDO01-2443 pollen data show an expansion of
deciduous Quercus populations (MD-14) during MIS
8c, indicating increased warmth and moisture on land.
This is followed by a contraction, suggesting cooling
and/or aridification, prior to the deglacial tree popula-
tion expansion. A similar pattern is visible in
terrestrial pollen sequences from southern Europe
[8,61,75]. In central France, Pinus populations
expanded [4], as did deciduous Quercus and Pinus
populations in north-west Greece [2] indicating an
amelioration of climatic conditions across southern
Europe. On the basis of the MDO01-2443 and
Spannagel cave chronologies the early interval of
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speleothem growth, indicating temperatures above
freezing at ca. 2500 m altitude [71], appears to be
correlative with MIS 8c in MDO01-2443, within the age
uncertainties, which is characterized by increased
temperatures, precipitation and tree population expan-
sion. Cessation of speleothem growth marks a drop in
temperatures below freezing at 249 ka, which
corresponds closely to the pre-termination cooling in
MDO01-2443 (supporting its placement within MIS 8).
Although the Devils Hole 6'*0 dataset [72] is of
lower resolution than the marine, terrestrial and ice
core sequences discussed here, close inspection
reveals considerable structure in the curve at the
transition from MIS 8§ to 7: an interruption in the
warming trend at 254 ka divides the transition into an
early period of gradual change and a later period of
rapid change. We suggest that the early period of
warming is equivalent to the late MIS 8 warm interval
(MIS 8c) (Fig. 5), while the minor reversal in the
warming trend at 254 ka correlates with the return to
glacial values, and the final interval of rapid warming
represents the deglaciation. Such an interpretation
would mean that the midpoint of the rapid shift in
6'%0 at Devils Hole, should be placed later, ca.
248 ka. This brings the age of Termination III in this
record closer to the MDO01-2443, Antarctic and orbital
ages for this event, and indeed coincides with these
ages when age uncertainties are taken into account.

5.5. The end-MIS 7 sub-orbital oscillation

A sea level high stand has been identified in a
6'®0 sequence from the Bahamas [76] and in coral-
based sea level estimates from Barbados [58,77] after
the peak of MIS 7a (or event 7.1). U-Th dates from
these records indicate a discrete high stand lasting 5
to 10 ka after 190 ka, the SPECMAP [7] age for the
MIS 7/6 transition [58,76,77] the drop in sea level
that marks the onset of the MIS 6 glaciation occurs at
the end of this high stand. This additional oscillation
at the end of MIS 7 is clearly represented in MDO1-
2443 where planktonic 6'%0 shows a distinct light
excursion, suggesting sea surface warming, while
benthic 6'®0 shows a pause in the trend of
increasingly heavy isotopic values. The pollen record
shows increased abundance of deciduous Quercus,
suggesting increased warmth and moisture availability
on land. Thus, the sea level high stand, so far only
recorded in sea level and marine isotopic records,
appears to have also been a period of warmth in
south-west Europe. Placing the MIS 7/6 boundary at
the mid-point of the isotopic decrease following this

extra, sub-orbital scale oscillation (rather than follow-
ing the first MIS 7a peak [13]) gives an age of 184 ka
in our chronology. This is broadly in line, when age
uncertainties are taken into account, with the max-
imum age of 180 ka, suggested by [76] and [77], for
the end of the high stand.

6. Conclusions

1. MDO01-2443 records similar patterns of ocean
surface conditions and forest extent at orbital and
millennial time scales, indicating a spatial coher-
ence of climate variability between the North
Atlantic and south-west Europe with an ocean-
atmosphere linkage.

2. Each precessional cycle is characterized by a
similar succession of vegetation types: i) pioneer
populations with abundant Juniperus, ii) temperate
tree populations dominated by deciduous Quercus,
iii) ericaceous heathland, and iv) steppe vegetation,
closely following the pattern of warming and
cooling recorded offshore.

3. Heinrich-type events, leading to incursions of sub-
polar water at the site, during deglaciations (TIII and
TIV) appear to have caused cooling and increased
aridity in Portugal: tree population expansion was
interrupted by brief reversals coincident with the
arrival of subpolar water masses.

4. The close relationship, in timing and in amplitude,
between sea surface conditions and forest extent
breaks down in MIS 9e and 7e. Forest collapse,
indicating pronounced cooling and aridification on
land, early on in these marine isotopic substages
appears to coincide with cooling and decreasing
atmospheric methane concentrations recorded in
Antarctic ice cores, pointing to a global scale climatic
shift. However, there is no accompanying change in
water masses at the Portuguese margin or further
north.

5. The high-resolution MDO01-2443 record shows that
the most extreme glacial conditions of MIS 8§
occurred during the first part (MIS 8d), culminating
in a Heinrich-type event. This was followed by an
interval of warmer conditions and tree population
expansion (MIS 8c), and then a return to glacial
values before TIII. This suggests that previous
claims for an early deglaciation based on lower-
resolution records have been conflating the onset of
MIS 8c with TIII. The sub-orbital scale sea level
high stand identified recently at the end of MIS 7 is
recognised in MDO01-2443 as a (double) light peak
in the planktonic isotope curve and corresponding
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expansion of deciduous Quercus populations,
indicating warmth in south-west Iberia.

6. The data show offsets in the timing of benthic
isotopic and palynological changes, underlining the
value of marine pollen records in land—ocean
correlation. The precise temporal relationship
between forest expansion and deglaciation depends
on identification of the local hydrographic compo-
nent in the benthic isotope record in the future.
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