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ABSTRACT

Marine Isotope Stage (MIS) 13, ~533-478 ka, has received particular attention due to the unexpected
enhancement of monsoon systems under a cool climate characterized by lower atmospheric CO2 and
larger ice volume than many other interglacials. Key questions remain about its regional expression
(intensity, climate variability, length), and underlying forcing factors, in particular at the mid-latitudes.
Here we examine the SW Iberian vegetation, terrestrial climate and sea surface temperature (SST)
variability during MIS 13 by combining pollen and biomarker data from IODP Site U1385 with climatemodel
experiments. We show, for the first time, that despite strong precessional forcing, MIS 13 stands out for its
large forest expansions with a reduced Mediterranean character alternating with muted forest contractions,
indicating that this stage is marked by a cool-temperate climate regime with high levels of humidity. Results
of our data-model comparison reveal that MIS 13 orbitally driven SW Iberian climate and vegetation
changes are modulated by the relatively strong ice-sheet forcing. We find that the Northern Hemisphere
ice-sheets prescribed at the MIS 13 climate optimum reinforce the insolation effect by increasing the tree
fraction and both winter and summer precipitation. We propose that the interactions between ice-sheets
and major atmospheric circulation systems may have resulted in the persistent influence of the mid-latitude
cells over the SW Iberian region, which led to intensified moisture availability and reduced seasonality,
and, in turn, to a pronounced expansion...
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Marine Isotope Stage (MIS) 13, ~533—478 Kka, has received particular attention due to the unexpected
enhancement of monsoon systems under a cool climate characterized by lower atmospheric CO, and
larger ice volume than many other interglacials. Key questions remain about its regional expression
(intensity, climate variability, length), and underlying forcing factors, in particular at the mid-latitudes.
Here we examine the SW Iberian vegetation, terrestrial climate and sea surface temperature (SST)
variability during MIS 13 by combining pollen and biomarker data from IODP Site U1385 with climate-
model experiments. We show, for the first time, that despite strong precessional forcing, MIS 13 stands
out for its large forest expansions with a reduced Mediterranean character alternating with muted forest
contractions, indicating that this stage is marked by a cool-temperate climate regime with high levels of
humidity. Results of our data-model comparison reveal that MIS 13 orbitally driven SW Iberian climate
and vegetation changes are modulated by the relatively strong ice-sheet forcing. We find that the
Northern Hemisphere ice-sheets prescribed at the MIS 13 climate optimum reinforce the insolation effect
by increasing the tree fraction and both winter and summer precipitation. We propose that the in-
teractions between ice-sheets and major atmospheric circulation systems may have resulted in the
persistent influence of the mid-latitude cells over the SW Iberian region, which led to intensified
moisture availability and reduced seasonality, and, in turn, to a pronounced expansion of the temperate
forest.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

transition occurring between MIS 12 and MIS 11 at ~430 ka (Jansen
et al., 1986). Interglacial periods before this transition (MIS 13, 15,17

The Mid-Brunhes Event (MBE) represents an important climate and 19) appear in general to be longer and characterized by larger

ice-sheets, lower sea-level, cooler temperatures in Antarctica and
lower greenhouse gases (GHG) concentrations than the more
recent ones (MIS 5, 7, 9 and 11) (e.g., Lisiecki and Raymo, 2005;
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their structure, intensity and climate forcings before and after the
MBE transition are not yet fully understood mainly due to the
scarcity of detailed and long paleoclimate records, especially from
terrestrial environments (Lang and Wolff, 2011; Yin and Berger,
2010, 2012; Candy and McClymont, 2013; Past Interglacials
Working Group of PAGES, 2016). Marine Isotope Stage (MIS) 13
(533—478 ka; Lisiecki and Raymo, 2005) is a pre-MBE interglacial of
particular interest as it stands out for its complex and unusual
climate signature. This long interglacial has been considered as the
weakest, coolest and most glaciated interglacial of the past 800 kyr
globally, despite regional exceptions (e.g., Guo et al., 2009; Lang and
Wolff, 2011; Candy et al., 2015; Past Interglacials Working Group of
PAGES, 2016; de Vernal and Hillaire-Marcel, 2008; Cortina et al.,
2016). Unexpectedly, it is associated with a remarkably strong
East Asian summer monsoon (EASM), representing the wettest
period of the past 800 kyr on the Chinese Loess Plateau (e.g., Yin
and Guo, 2008; Guo et al., 2009; Lu et al., 2020), and also with
intense monsoons in Africa and India (e.g., Bassinot et al., 1994;
Rossignol-Strick et al., 1998). The occurrence of such enhanced
monsoons during a cool and glaciated interglacial characterized by
relatively low CO,, CHs and not atypical incoming insolation
compared to other interglacials, has been pointed out as a “seeming
climate paradox” (Yin and Guo, 2008). Although there is still some
debate about the driving mechanisms of this “seeming paradox”
(Yin and Guo, 2008), recent modeling experiments have shown that
a strong EASM could result from a combination of insolation and
ice-sheet forcing, with the Eurasian ice-sheet playing a crucial role
in reinforcing the monsoon precipitation (Yin et al., 2008, 2009;
Muri et al., 2012, 2013; Sundaram et al,, 2012). MIS 13 is also
characterized by the most prominent global benthic carbon isotope
excursion (3'3Cp,) of the last 800 kyr despite relatively low levels of
atmospheric CO; and global ocean export productivity (e.g., Raymo
et al,, 1990; Wang et al., 2004; Barth et al., 2018). Such outstanding
313Cp, enrichment can also result from a change in the carbon
reservoir rather than ocean circulation. A higher monsoon precip-
itation would have increased the forested areas in these regions of
the Northern Hemisphere (NH), enabling a higher storage of light
carbon in the terrestrial reservoir (Barth et al., 2018). Notwith-
standing the clear evidence for strong precipitation and consequent
increase in the terrestrial biomass in the monsoon regions during
MIS 13 (e.g., Yin and Guo, 2008; Yin et al., 2008), due to the paucity
of studies, key questions remain concerning the distribution of the
forest in other important areas of the NH, such as southern Europe.
So far, the expression of MIS 13 in this region is only documented by
discontinuous continental records with strong local character and/
or uncertain chronology (Russo Ermolli et al., 2015; Margari et al.,
2018 and references therein; Di Rita and Sottili, 2019) and long
lacustrine pollen sequences with a relatively low temporal resolu-
tion over MIS 13 (Tenaghi Philippon, Greece: Tzedakis et al., 2006;
and Lake Ohrid, Balkan Peninsula; Wagner et al., 2019). Therefore,
deciphering controlling factors of interglacial forest development
and regional climate is critical. Model simulations using the
LOVECLIM model suggest that insolation is the main driver for tree
cover changes during interglacial periods in sub-tropical regions
(Yin and Berger, 2012). These simulations do not include ice volume
changes, although other recent modeling research shows that both
ice-sheet size and configuration also play an important role
(Bouttes et al., 2018).

Here we document the southwestern European vegetation and
climate dynamics during MIS 13 at unprecedented time resolution
(centennial-scale) from a multiproxy study of the SW Iberian
margin Integrated Ocean Drilling Program (IODP) Site U1385,
which allows a direct comparison between terrestrial and marine
climatic indicators, and therefore, the reconstruction of vegetation-
based regional atmospheric conditions and their relationships with

oceanic temperature variability and ice volume changes. To assess
the impacts of insolation, GHG and ice-sheets on the regional
vegetation and climate at the interglacial optimum we also per-
formed a suite of experiments with the LOVECLIM Earth system
model (Brovkin et al., 1997).

2. Regional setting

The deep-sea Site U1385 or “Shackleton Site” (37°34.285'N,
10°7.562’W; 2578 m below sea-level), drilled on the SW Iberian
margin, is under the influence of the surface Portugal Current
System, the southern branch of the eastern subtropical gyre (Fig. 1).
This system is composed by two major currents, the Iberian Pole-
ward and Portugal Currents, which are mainly controlled by the
strength and direction of the offshore winds (e.g., Fitiza, 1984;
Teles-Machado et al., 2016). During winter, the SW Iberian region is
strongly affected by the North Atlantic westerlies and associated jet
stream, whereas during the summer the influence of the northward
expansion of the Azores high-pressure system prevails and strong
northerly winds induce coastal upwelling (Trigo et al., 2004;
Lionello et al., 2006). These atmospheric circulation patterns result
in a Mediterranean climate characterized by high seasonal contrast
(mild-rainy winters and dry-warm summers) that enables the
development of Mediterranean vegetation dominated by conifers
(Pinus, Juniperus) at the highest elevations and deciduous oak at the
mid-altitudes. Evergreen oak and Mediterranean sclerophylls (Olea
sylvestris, Pistacia lentiscus, Phillyrea) are widespread at lower alti-
tudes in warmer zones (Blanco Castro et al., 1997). Shrub commu-
nities mainly composed of heathlands (Ericaceae) dominate the
zones with relatively high humidity, while rockroses (Cistaceae)
occupy drier environments. As shown by the studies of Naughton
et al. (2007) and Morales-Molino et al. (2020), the marine pollen
signature from the western Iberian margin provides a reliable in-
tegrated image of the vegetation of the adjacent continent because
the fluvial systems of the Tejo and Sado rivers are the main pollen
suppliers to offshore deep-sea sediments.

3. Material and methods
3.1. Chronological framework

The reference chronological framework provided by Hodell et al.
(2015) for Site U1385 encompasses four depth-age models derived
from oxygen isotope stratigraphy, orbital tuning and correlation to
other reference records. Here we use a revised version of the LR0O4-
derived chronology that extends back to ~1.45 Myr with a mean
sedimentation rate of 10.9 cm/kyr. This chronology was developed
by correlating the low-resolution (20 cm) benthic oxygen isotope
(3'80y,) record of Site U1385 to the LRO4 global 3'®0y stack of
Lisiecki and Raymo (2005). To better constrain the MIS 13 stratig-
raphy, we identified two additional age-depth tie points, the MIS
13a 3'80p, peak at ~401 ka and the MIS 13-12 transition at 478 ka
(Lisiecki and Raymo, 2005) (Table 1). Age-depth modeling was
based on linear interpolation between the seven age control points
from ~469 to 540 ka (Table 1). High sedimentation rates and
sampling resolution (<4 cm) provide the highest temporal resolu-
tion available for Southern European pollen and sea surface tem-
perature (SST) records spanning the entire MIS 13, with a mean
resolution of ~253 yr and ~167 yr, respectively.

Multiple deep-sea 3'80}, records show that MIS 13 is charac-
terized by a first substage, MIS 13c encompassing the light isotopic
event MIS 13.3, followed by substage MIS 13b containing the heavy
isotopic event 13.2. The third substage MIS 13a, which is generally
considered as the full interglacial (Past Interglacials Working Group
of PAGES, 2016), incorporates the two light isotopic events 13.13
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Fig. 1. A) Location of IODP Site U1385 and European and North Atlantic records referred to in this study: ODP Site 983 (Barker et al., 2019); Site U1314 (Alonso-Garcia et al., 2011);
Site U1308 (Hodell et al., 2008); MD03-2699 (Voelker et al., 2010; Rodrigues et al., 2011); Site U1313 (Naafs et al., 2012); Tenaghi Philippon (Tzedakis et al., 2006); Lake Ohrid
(Wagner et al., 2019). Blue arrows represent the superficial water circulation: NAC: North Atlantic Current, IC: Irminger Current, PC: Portugal Current, AC: Azores Current, SPG and
STG: Polar and Subtropical Gyre. The meridional and zonal trajectory of the atmospheric westerlies is shown in red and blue arrows, respectively. B) Location of Tejo and Sado river
basins. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Site U1385 age-depth tie points and sedimentation rates. crmcd: corrected revised
meter composite depth. *New control points added for this study.

Site U1385 Control points Sed. Rate
Depth (crmcd) LRO4 Age (ka) (cm/kyr)
56.35 446.99

58.40* 478.00* 6.61
60.85* 491.01* 18.83
62.82 502.10 17.76
66.73 527.19 15.57
67.93 533.93 17.83
73.34 583.43 10.93

and 13.11 (double peak), separated by the heavy isotopic event
13.12 (e.g., Bassinot et al., 1994; Lisiecki and Raymo, 2005; Railsback
et al.,, 2015) (Fig. 3). To facilitate comparison with other proxy and
model reconstructions we use the recent substage nomenclature,
as recommended by Railsback et al. (2015), as well as the decimal

event notation because it distinguishes additional 3'80;, isotopic
events reflecting the orbital-scale variability within MIS 13.

3.2. Pollen and biomarker analyses

A total of 265 levels from Site U1385 were sampled for pollen
analysis every 2—4 cm and prepared following the protocol estab-
lished at the UMR EPOC (Oceanic and Continental Environments
and Paleoenvironments), University of Bordeaux (http://www.
epoc.u-bordeaux.fr/) described by Oliveira (2017). Pollen samples
were processed using an optimized protocol for marine samples
including coarse-sieving (150 wm mesh), successive treatments
with cold HCl and cold HF, micro-sieving (10 um mesh) and slide
mounting in glycerol. A mean of 23 pollen morphotypes (17—30)
and 113 (93—220) pollen grains excluding Pinus, Cedrus, aquatics
plants (Sparganium-Typha, Myriophylllum-type, Nuphar and Polyg-
onum persicaria-type) and Pteridophyta spores were counted per
sample to provide a reliable image of the vegetation community
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and its floristic diversity (McAndrews and King, 1976). Pollen zones
were identified visually from the pollen diagram shown in Fig. 2
and confirmed using the constrained cluster analysis based
squared Euclidian dissimilarity (CONISS) implemented in PSIM-
POLL (Bennett, 2009). The Mediterranean forest pollen percentage
(MF) record includes all temperate tree and shrub taxa excluding
Pinus, Cedrus and Cupressaceae (Acer, Alnus, Betula, Carpinus, Cas-
tanea, Corylus, Fagus, Fraxinus excelsior-type, Hedera helix, llex,
Juglans, Ligustrum-type, Myrica, Populus, Pterocarya, Quercus de-
ciduous-type, Salix, Tilia, Ulmus and Vitis) and Mediterranean scle-
rophylls (Quercus evergreen-type, Quercus suber-type, Cistus, Olea,
Pistacia and Phillyrea). Following experimental studies showing
that arboreal pollen percentages (AP%) reflect past tree cover pat-
terns (e.g., Williams and Jackson, 2003), we interpret the Site
U1385 MF record as an indicator of the SW Iberian tree fraction.
The alkenone-based sea surface temperature (UX37-SST) profile
is a higher resolution version of the record of Rodrigues et al.
(2017), in which the sampling interval was increased up to
2—4 cm (312 new samples). Alkenones were quantified from the
total lipid extraction (TLE) by removing 2g of sediment through
sonication with dichloromethane and hydrolysed with 6% potas-
sium hydroxide in methanol. After derivatization with bis(-
trimethylsilyl)trifluoroacetamide, the TLE was identified using
Bruker Mass spectrometer detector and quantified with a Varian
Gas chromatograph Model 3800 equipped with septum program-
mable injector and a flame ionization detector with a CPSIL-5 CB
column. Hydrogen was used as gas carrier (2.5 ml/min). The

quantification of di and tri-unsaturated alkenones of 37 carbons
was performed following the methods described in Rodrigues et al.
(2017). SST estimation was based on Miiller et al. (1998) equation.
The estimated analytical precision of this method is about 0.5 °C.

3.3. Model experiments

The climate model experiments were performed with the three-
dimensional Earth system model of intermediate complexity
LOVECLIM, including coupled dynamic atmosphere (ECBilt), sea-
ice-ocean (CLIO) and terrestrial biosphere (VECODE) components,
while the oceanic carbon cycle (LOCH) and the ice-sheets (AGISM)
are prescribed to their present-day configuration. VECODE (Vege-
tation COntinuous DEscription model) is a reduced-form dynamical
global vegetation model that simulates two basic plant functional
types, trees and grass. Their area concentration in a land grid cell
(tree fraction or grass fraction) is governed by empirical relation-
ships in view of the annual precipitation and the positive degree-
days (Brovkin et al., 1997). For each land grid cell, the tree and
grass fractions match the vegetation fraction and the rest corre-
sponds to the desert fraction. LOVECLIM has been successfully used
in multiple climate studies involving a significant range of distinct
boundary conditions of the past, present and future, and at global
and regional scales. An extensive description of the model is pro-
vided in Goosse et al. (2010).

To study the effects of the NH ice-sheets on the tree fraction and
climate over SW Iberia, we performed two sensitivity experiments
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Fig. 2. Percentage pollen diagram of selected morphotypes and ecological groups from Site U1385 plotted against depth. Ecological groups include Mediterranean forest (MF,
Mediterranean sclerophylls and all temperate trees and shrub taxa, excluding Pinus, Cedrus and Cupressaceae; Mediterranean sclerophylls: Quercus evergreen-type, Quercus suber-
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plants. On the right of the diagram are represented the pollen zones and the dendrogram showing the results of the cluster analysis. Pollen zones are labeled as following: Site
U1385 - MIS - number of the pollen zone. Shaded green areas indicate MF major expansions (MF ~>35%) within Oeiras, the terrestrial counterpart of MIS 13 in SW Iberia. (For
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Fig. 3. MIS 13 vegetation and climatic changes at Site U1385. From bottom to top: Percentages of selected pollen taxa or group of taxa: (a) semi-desert plants (orange), (b) Ericaceae
(heathlands) (blue), (c) Mediterranean sclerophylls (red) and Mediterranean forest (MF) (green); (d) Site U1385 U*'3,-SST (black). Bold lines represent 5-point moving averages from
a-d. (e) Site U1313 UX'3;-SST (Naafs et al., 2012) (dark blue) and Site U1314 MAT-mean annual SST (Alonso-Garcia et al., 2011) (light blue); (f) 30}, records of Sites U1385 (Hodell
et al., 2015) (dark blue), U1308 (Hodell et al., 2008) (grey) and LR04 (Lisiecki and Raymo, 2005) (light blue) with MIS 13 marine isotopic events. 3'30 seawater-based sea-level
relative changes (Elderfield et al., 2012) (orange); (g) 65°N summer insolation (black), obliquity (purple) and precession (red) parameters (Berger, 1978). (h) EPICA Dome C
temperature anomaly (Jouzel et al., 2007) (blue), CO, (Liithi et al., 2008) (black) and CH4 concentrations (Loulergue et al., 2008) (green). Green bands mark the MF major expansions
during Oeiras interglacial based on the zonation of the pollen diagram (Fig. 2) at the bottom. MIS substages following Railsback et al. (2015) are shown at the top. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

from Yin et al. (2008). One is “no ice” experiment, where insolation
and GHG of the MIS 13.13 climate optimum, assumed to be at 506
ka when NH summer occurred at perihelion, are used, but the
present-day ice-sheets are prescribed. Another is “ice” experiment,
where additional ice-sheets are prescribed over North America and
Eurasia. The calculation and configuration of MIS 13.13 ice-sheets
are presented in detail in Yin et al. (2008). Estimations of ice-
sheet volume are based on different individual 3'80y, profiles and

global stacks and their locations determined by extrapolating the
information available for the Last Glacial Maximum (LGM). The
calculation leads to a North America ice-sheet of 7.3 x 10% km?
centered at 90°W, 69°N, and an Eurasian ice-sheet of 3.7 x 10% km?
centered at 50°E, 63°N. The present-day Greenland ice-sheet is of
29 x 10° km>. The effect of the two additional ice-sheets is
assessed by comparing the results of the “ice” and “no ice” exper-
iments (Figs. 4 and 5).
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Fig. 4. Difference in the tree and grass fraction (%) (left and right panels, respectively) at 506 ka between the experiment “ice” (MIS 13.13 North American and Eurasian ice-sheets)
and the experiment “no ice” (present-day ice-sheets). Grid plot using the land-sea configuration in LOVECLIM.

4. Results and discussion
4.1. MIS 13 southern European vegetation and climate

Constrained hierarchical cluster analysis allowed the pollen di-
agram to be divided into eight pollen zones (Figs. 2 and 3). Glacial
sections of MIS 14 and MIS 12 are recorded as open vegetation
phases (U1385-14-1 and -12-1, respectively) dominated by semi-
desert vegetation and grassland (Poaceae and Taraxacum-type)
with Pinus, indicating prevailing cold and arid conditions (Figs. 2
and 3). The SW Iberian counterpart of MIS 13, named Oeiras, lasts
from 531 to 480 ka and comprises six pollen zones (U1385-13-1
to —6) characterized by MF values mostly above 20% (Figs. 2 and 3),
which is in line with the threshold defined in marine records for
representing interglacial forest development (Sanchez Goni et al.,
2016, 2018, 2019; Tzedakis et al., 2004; Roucoux et al., 2006;
Oliveira et al., 2016, 2017).

This 51-kyr long and floristically diverse forest stage is charac-
terized by a complex of three pronounced forest expansions and
intervening intervals of more open vegetation (Figs. 2 and 3). The
major forest phases, U1385-13-1, -13-3 and -13-5 encompassing
MIS 13.3, 13.13 and 13.11, respectively, are essentially characterized
by a well-developed MF dominated by deciduous Quercus (MF
~35—65%), the occurrence of various cool-temperate taxa such as
Alnus, Carpinus, Corylus, Fagus, Fraxinus excelsior, Hedera and Ulmus,
and a weak representation of thermophilous and summer drought-
adapted Mediterranean sclerophylls (mean 5.5%) (Figs. 2 and 3).
Based on present-day climatic requirements, these vegetation types
reflect a cool-temperate and particularly humid climate regime
characterized by a reduced seasonal contrast (e.g., Polunin and
Walters, 1985; Blanco Castro et al., 1997). The prominent develop-
ment of Ericaceae (mean 22%) further supports our interpretation
as this family thrives under a temperate and moist climate with
cool winters and low rainfall seasonality (Polunin and Walters,
1985; Loidi et al., 2007). In contrast to the other SW Iberian in-
terglacials of the last 800 kyr (Sanchez Goni et al., 2016, 2018, 2019;
Tzedakis et al., 2004; Roucoux et al., 2006; Oliveira et al., 2016;
IODP Site 1385 unpublished data), the maximum extent of the MF
reflecting increased warmth and humidity within MIS 13, is not
recorded during the earliest phase of the interglacial but during the
second forest phase (-13-3, ~509—501 ka), associated with MIS
13.13. During the other phases of forest expansions (-13-1, 531522

ka; and -13-5, ~489—483 ka), the MF extent reached a similar
magnitude, however, the reduced development of heathlands
during the younger and shorter forest phase suggests relatively
cooler and less moist conditions. Phases of open forest, U1385-13-2,
-13-4 and -13-6, associated with MIS 13.2,13.12 and the MIS 13.13-
MIS 12 transition, respectively, are represented by MF decreases to
moderate values (MF ~20—35%) episodically crossing the 20%
threshold (Figs. 2 and 3), indicating a shift to cooler and drier
conditions but most often not below the bioclimatic thresholds
required to sustain forest development.

Similar to Site U1385, Tenaghi Philippon and Lake Ohrid pollen
sequences show an extensive forest period marked by three major
expansions of oak, suggesting overall warmth and/or moisture
availability (Tzedakis et al., 2006; Wagner et al., 2019). Conversely,
high humidity levels and mild winters are clearly documented by
the Italian records of Vallo di Diano and Ceprano, in southern and
central Italy respectively, through the strong expansion of mixed
mesothermic forest and the significant presence of waterlogging-
tolerant trees (e.g., Alnus and Ulmus) and moisture-demanding
taxa (Hedera) (Russo Ermolli et al., 2015; Margari et al., 2018). A
notably wet climate for MIS 13 in Europe is also supported by small-
vertebrate fossil remains in Spain (Blain et al., 2012), and by eastern
European loess-paleosol sequences (Markovic et al, 2009;
Fitzsimmons et al., 2012).

The U1385 UX'37-SST profile shows a long period of relatively
stable conditions, but cooler than present-day, with SSTs around
~17 °C on average. Stadial conditions of MIS 13.2 are only marked by
a slight SST decrease of less than ~1 °C, close to the analytical un-
certainty of 0.5 °C, while no cooling is recorded during MIS 13.12.
The warmest SSTs, ~18.5 °C, are also recorded during MIS 13a but
during the phase of more open vegetation U1385-13-4 (Fig. 3). The
complex climatic structure of Oeiras at orbital-scale with three
distinct forest peaks is, therefore, not paralleled by the UK57 -SST
record. Noticeably, at millennial-scale, few abrupt coolings
centered ~526.7, 507.4, 503.8, 482.7 and 479.8 ka are synchronously
detected on land (Fig. 3). The atypical late position of the MIS 13
thermal optimum emerges as a consistent characteristic of this
interglacial, being recorded in the Mediterranean Sea and in the
North Atlantic ocean (e.g., Voelker et al., 2010; Rodrigues et al.,
2011; Naafs et al., 2012; Marino et al., 2014; Candy et al., 2015;
Martin-Garcia et al., 2015; Marino et al., 2018), with the exception
of IODP Site U1314 and ODP Site 983 (Alonso-Garcia et al., 2011;
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Fig. 5. Difference in the annual mean, winter (DJF) and summer (JJA) surface air temperature (°C) and precipitation (cm/year) (left and right panels, respectively) at 506 ka between
the experiment “ice” (MIS 13.13 North American and Eurasian ice-sheets) and the experiment “no ice” (present-day ice-sheets). The color shading indicates the regions for which
the simulated anomalies are significantly different at the 95% confidence level based on a t-test while the contour lines limit the changes that are not significant. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Barker et al., 2019) in the subpolar gyre (Fig. 1), as well as the muted
SST changes during MIS 13.2 (e.g., Voelker et al., 2010; Rodrigues
et al., 2011; Naafs et al., 2012; Cortina et al., 2016) (Fig. 3). This
oceanic optimum appears mostly associated with the reconstructed
global sea-level maximumy/ice volume minimum (Bintanja et al.,
2005; Lisiecki and Raymo, 2005; Elderfield et al., 2012; Spratt and
Lisiecki, 2016), as well as to the Antarctic temperature and CO;
concentration maxima (Jouzel et al., 2007; Liithi et al., 2008;
Bereiter et al., 2015) occurring during the late MIS 13a (Fig. 3). In
contrast, the atmospheric CH4 concentration (Loulergue et al.,
2008) shows the same internal three-peak structure as the
pollen-based vegetation record from Site U1385. However, sub-
event MIS 13.11 is slightly stronger than 13.13 (Fig. 3), which
further underlines the degree of complexity in the regional and
global expression of the climate optimum during late MIS 13.

4.2. The complex land-sea-ice interactions throughout MIS 13

The close correspondence between insolation changes and the
major shifts between forest expansion and more open vegetation
conditions during MIS 13 reflects the dominant influence of this
forcing on the SW Iberian vegetation (Fig. 3). The impact of pre-
cession is also clearly noted in the development of the Mediterra-
nean sclerophylls, although tenuous, during the intervals of
precession minima and in the expansion of heathlands under
precession maxima (Fig. 3). This vegetation response is consistent
with the influence of precession on the seasonal contrast over the
Mediterranean region, south of 40°N, (Ruddiman and MclIntyre,
1984), and its imprint on the SW Iberian vegetation across the
middle-to late Pleistocene and Holocene (e.g., Oliveira et al., 2017;
Sanchez Goni et al., 2018, 2019; Gomes et al., 2020).

Although insolation minima during MIS 13 are among the
strongest of the last 800 kyr (Berger, 1978), the forest did not
collapse as expected. We suggest that these limited forest re-
ductions may be linked to persisting warm STTs off SW Iberia and
associated relatively subdued ice volume changes during MIS 13, as
observed in the 380y records and sea-level reconstructions
(Lisiecki and Raymo, 2005) (Fig. 3). Moreover, during the MIS 13b
substage, the 5'80, values barely exceeded 3.5%o (Fig. 3), a critical
ice volume threshold for the cooling event amplification associated
with ice-sheet dynamic processes (McManus et al., 1999), and
related forest contractions in Iberia (Desprat et al., 2009; Margari
et al, 2010; Oliveira et al., 2016, 2017). However, no millennial
variability that could have driven episodical forest shrinkage is
observed in the North Atlantic SST and ice-rafted debris records
during this stadial (e.g., Alonso-Garcia et al., 2011; Hodell et al,,
2008; Barker et al., 2019). The interval of limited forest extent,
between 501 and 489 ka (U1385-13-4), occurs during the warmest
SSTs over the Iberian margin and the North Atlantic and concurred
with obliquity maxima counterbalancing the effect of precession-
driven ice growth during mid-MIS 13a (Fig. 3). Model simulations
focusing on the climatic effects of the high-versus-low obliquity
during the similar precession forcing of MIS 13.12 and 13.2 (495 and
516 ka time slices) (Fig. 3) have shown that the MIS 13.12 obliquity
maximum causes a warming over the NH high latitudes that may
have limited ice-sheet growth and delayed the glacial inception
process (Rachmayani et al., 2016). As the atmospheric circulation in
the mid-latitudes is mostly determined by the latitudinal thermal
contrast over the North Atlantic (e.g., Brayshaw et al., 2011), this
hypothesis is supported by our multiproxy reconstruction showing
that a reduced meridional thermal gradient (due to warm mid-to-
high latitudes) may have led to a weakening and southward devi-
ation of the westerlies that sustained SW Iberian forest develop-
ment (Fig. 3). This influence of the westerlies in the studied region
would imply a reduction in the northward transport of moisture

that is necessary for the build-up of NH ice-sheets, which may have
contributed to preclude glacial inception and to the particular long
duration of MIS 13.

4.3. How does MIS 13 stand out from other interglacials within the
last 800 kyr?

Although there is still an ongoing debate about the global and
regional imprint of the MBE in the interglacials within the last 800
kyr, recent data compilations and model simulations provide clear
evidence for the distinct weak/cool character of MIS 13 regardless
of spatial heterogeneity (e.g., Yin and Berger, 2012; Lang and Wolff,
2011; Candy and McClymont, 2013; Past Interglacials Working
Group of PAGES, 2016; Rodrigues et al., 2017; Barth et al., 2018;
Candy and Alonso-Garcia, 2018). So far, interglacial intensity has
been mostly estimated in terms of thermal regime, ice volume/sea-
level and GHG concentrations with little attention paid to precipi-
tation patterns. However, in regions with landscapes and ecosys-
tems highly susceptible to hydrological changes, such as the
Mediterranean, it is crucial to consider precipitation changes. Given
both present-day and past dependence of the SW Iberian forest on
winter rainfall (e.g., Gouveia et al., 2008; Oliveira et al., 2018), the
long pollen record from Site U1385 allows us to evaluate the in-
tensity of the MIS 13 Oeiras interglacial, in terms of forest expan-
sion and precipitation regime, in the context of other middle-to late
Pleistocene interglacials. Here, following recent work (Past
Interglacials Working Group of PAGES, 2016; Oliveira et al., 2018),
we estimate interglacial intensity based on the maximum values
achieved in the interval comprising the major development of MF
and Mediterranean sclerophylls (Table 2) as it reflects the optimal
expression of Mediterranean climate conditions (Polunin and
Walters, 1985).

The comparison of SW Iberian interglacials shows that the op-
timum forest development differs substantially between in-
terglacials (MF ~44—78%) although there is no expression of the
MBE as the tree cover maximum was higher, on average, during the
pre-MBE than during the post-MBE interglacials (Table 2). Most
importantly, it reveals that MIS 13 does not stand out as a weak
interglacial over the western Mediterranean (Table 2). MIS 13.13
displays the major forest expansion after MIS 17.3 and a maximum
similar to MIS 5.5, one of the strongest interglacials globally (MIS
13.13: 65.2%, MIS 5.5: 68.7%, MIS 17.3: 77.7% - Table 2). Moreover,
among all interglacials, the vegetation composition of MIS 13 at the
forest optimum emerges as unique, being characterized by the
lowest abundances of Mediterranean sclerophylls and the strongest
development of heathlands (Table 2). From a climatic point of view,
this comparison shows that in SW Iberia, MIS 13 differs from the
other interglacials for its cool-temperate climate regime marked by
high levels of humidity and the lowest seasonal contrast between
the cool-wet winters and warm-dry summers typical of this region.
In contrast, although noticed as one of the strongest, the MIS 13
forest expansion at the Tenaghi Philippon and Lake Ohrid sites does
not appear as conspicuously more prominent (Table 2). Both pollen
sequences rather exhibit similar interglacial forest expansions
throughout the last 650 kyr (Tzedakis et al., 2006; Wagner et al,,
2019). The marked differences between Site U1385 and these pol-
len sequences lend support to the idea that the forest ecological
requirements may vary between southern European regions. In
European sequences located above 40°N, forest development was
likely mainly limited by temperature, suggesting that similar
interglacial AP% reflect similar atmospheric warmth, while in the
southerly regions the primary limiting factor was moisture avail-
ability (Desprat et al., 2017; Sanchez Goni et al., 2018). In addition,
the continental Tenaghi Philippon and Lake Ohrid sites are under
the influence of both Mediterranean and continental climate (e.g.,



D. Oliveira et al. / Quaternary Science Reviews 247 (2020) 106573 9

Table 2

Maximum values for the peak interglacials of the past 800 kyr at Site U1385 records (this work; Tzedakis et al., 2004; Roucoux et al., 2006; Sanchez Goni et al., 2018, 2019;
Hodell et al., 2015; Rodrigues et al., 2017) and other terrestrial (Tzedakis et al., 2006; Wagner et al., 2019) and global reconstructions referred to in this study (Lisiecki and
Raymo, 2005; Bintanja et al., 2005; Liithi et al., 2008; Spratt and Lisiecki, 2016) along with insolation (Berger, 1978). Values for 13.13 are shown when the sub-events of
13.1 are distinguished. *Site U1385 (Tenaghi Philippon and Lake Ohrid) pollen data for MIS 7.5 (7.1) and 15.5 (15.1), corresponding to the isotopic events where the maxima
arboreal pollen (AP) % was achieved.

Post- MBE Pre- MBE
13.1/13.13 15.5%* 17.3 19.3

127.1-128.4 239.7-240.9 327.6.-328.8 408.3—409.6 502.2-503.5 620.4—619.1 695.2—694.1 784-785.5

MIS isotopic events 5.5 7.5% 9.5 113

Site U1385 Time comprising the
maximal expansion of MF
and Mediterranean

sclerophylls (ka BP)

MF maximum (average) % 68.7 (64.5)  43.9 (43) 55.9 (51.6) 43.8 (40) 65.2 (55.7)  62.1(533) 77.7(722) 455 (38.8)
Mediterranean sclerophylls 20.6 (17.6) 16.2(10.8) 23.8(19.6) 17(11.9) 9.6 (4.8) 31.3(21.3) 124 (9.4) 23.6 (15.2)
maximum (average) %
Ericaceae maximum 9.8 (8.1) 9.2 (6.9) 19.8 (144) 229(175) 324(254) 9.7(6.3) 8.8(5.2) 14.9 (11.9)
(average) %
Maximum Uk’37-SST (°C) 20.8 19.6 20.7 18.8 19.0 20.0 204 21.1
Benthic 3'80}, (%o) 24 2.76 2.58 2.70 3.09 2.87 3.02 2.86
Tenaghi Philippon AP maximum % 96 95.8 95.5 99.5 95.8 96.9 82.2 833
Lake Ohrid AP maximum % 92.8 89.2 91.5 81.2 93.5 924 65.7 83
Antarctic EDC ice core CO; (ppmv) 285.8 280.2 298.6 285.6 252.8 259.7 243.6 269.4
Insolation 65°N insolation at summer 548 529 542 523 530 545 543 532
solstice (W/m?)
LR04 stack Benthic 8'80, (%) 3.10 3.44 3.19 3.11 3.68 3.49 3.50 3.48
Modeled global Global sea level relative to 0 -19 -0.5 0 -29 -26 -22 -20
sea level present (m)
Sea level stack Sea level (m NN) -1 -9 -2 16 -11 -9 -10 -6

Xoplaki et al., 2003; Popovska and Bonacci, 2007), conditions likely
to determine the observed regional variability in southern Euro-
pean vegetation (Desprat et al., 2017). Other long continental re-
cords across the NH also contradict the view of a MIS 13 widespread
weakness, even if for some of the terrestrial proxies the environ-
mental/climatic relation is yet not clear, such as for the biosilica
content from the Siberian Lake Baikal and the Si/Ti of the Russian
Lake El'gygytgyn (Past Interglacials Working Group of PAGES, 2016
and references therein). Remarkably, MIS 13 is typically the stron-
gest interglacial in the long sequences from the East Asian monsoon
region (e.g., Xifeng loess section, China: Guo et al., 2009), and is
among the most intense in the African monsoon records (e.g.,
eastern Mediterranean ODP Sites 968 and 968: Ziegler et al., 2010;
Konijnendijk et al.,, 2014; Past Interglacials Working Group of
PAGES, 2016).

The observed cool-temperate climate regime marked by
enhanced precipitation in SW Iberia is associated with one of the
coolest interglacial SSTs of the last 800 kyr, as recorded by North
Atlantic records (e.g., Lang and Wolff, 2011; Past Interglacials
Working Group of PAGES, 2016) including Site U1385 (Table 2;
Rodrigues et al., 2017). Interestingly, shorter Iberian margin records
report for MIS 13 similar cooler conditions along with particularly
intense continental input and marine productivity (MIS 9—15,
MDO03-2699: Rodrigues et al., 2011; MIS 10—16, U1385: Maiorano
et al., 2015). We propose that pronounced continental input,
likely fostered by our pollen-inferred high levels of precipitation,
may have contributed to enhance the marine productivity during
MIS 13 by increasing the river flow of nutrient-rich waters into the
Iberian margin as observed for the Holocene (Rodrigues et al.,
2009). This unusual high productivity during MIS 13 has been
related to worldwide-scale changes in the global ocean carbon
reservoir as expressed by the most prominent peak of benthic 3'3C;,
in individual and global datasets of the last 800 kyr (e.g., Wang
et al., 2004; Lisiecki, 2014; Barth et al., 2018; Rodrigues et al.,
2017). The most common causes of the outstanding 313¢y, excur-
sion during MIS 13 involve (i) enhanced precipitation leading to
higher incursion of silica-enriched waters (Wang et al., 2004); (ii)
stronger North Atlantic Deep Water production (Raymo et al., 1997;

Ziegler et al., 2010); and (iii) increased continental biomass while
the levels of CO, and ocean export productivity remained similar to
other pre-MBE interglacials (Raymo et al., 1990; Yin and Guo, 2008;
Barth et al., 2018). Barth et al. (2018) argue that the 3'3C, excursion
is due to an increase in terrestrial biomass in the NH allowing for a
larger 13 C-depleted storage and resulting from the combined effect
of weak MIS 14 glaciation and strong monsoonal precipitation over
MIS 13. Our study and other long European pollen sequences
(Tzedakis et al., 2006; Wagner et al., 2019) reconstructing partic-
ularly high forest development during MIS 13 (Table 2) give support
to this hypothesis and emphasizes the need to consider other
important forested areas of the NH besides the monsoon regions.

4.4. Is ice-sheet forcing the key to understand the forest optimum of
MIS 13 in SW Iberia?

The MIS 13 pollen record from Site U1385 provides one of the
clearest evidences for the apparent lack of relationship between
CO, and the Mediterranean forest extent given that high MF
development occurred under particularly low interglacial CO,
concentrations (Fig. 3, Table 2). This observation is in line with
model experiments demonstrating that interglacial CO, changes
have a minor effect on the global tree fraction change and partic-
ularly over the northern tropical-subtropical regions (Yin and
Berger, 2012), including SW Iberia (Oliveira et al, 2018).
Conversely, insolation is found to be the primary driver of the
simulated vegetation change due to the strong impact of precession
on the precipitation regimes of these regions (Yin and Berger, 2012;
Oliveira et al., 2018). Although these model experiments reproduce
the well-documented impact of precession on the Mediterranean
vegetation (e.g., Tzedakis, 2007; Sanchez Goni et al., 2018), inso-
lation alone is insufficient to explain the different magnitude of the
terrestrial interglacials in SW Iberia over the past 800 kyr (Table 2).
However, these simulations are only forced by GHG and insolation
whilst ice-sheets were not taken into account (Yin and Berger,
2012; Oliveira et al., 2018). The absence of ice-sheets and related
feedbacks in the simulations has been proposed as the main cause
for discrepancies between SW Iberia’s pollen-based and modeled
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interglacial tree fraction optimum in MIS 19 (Oliveira et al., 2018).
Recent snapshot simulations comparing the response of the carbon
cycle to the different climate configurations of the pre- and post-
MBE interglacials show that ice-sheets play a crucial role on
setting the regional vegetation cover (Bouttes et al., 2018). In
particular, the agreement between models and reconstructions of
southern European vegetation is improved when the different
interglacial ice-sheets are included in the modeling experiments.
Despite deep-sea temperature overprinting on 880y, (e.g., Skinner
and Shackleton, 2005), MIS 13.13 consistently emerges as one of
the most glaciated interglacials of the past 800 kyr in the LRO4 stack
(Lisiecki and Raymo, 2005) and individual 8'®0y, reconstructions
(e.g., Site U1308: Hodell et al., 2008) including that of Site U1385
(Fig. 3, Table 2). Modeled global sea-level (Bintanja et al., 2005) and
sea-level stack (Spratt and Lisiecki, 2016, and references therein)
support a relatively low highstand (Table 2). Spahni et al. (2005)
suggested that the intermediate warmth of MIS 13 limited the
shrinkage of the NH ice-sheets leading to its southernmost inter-
glacial extension of the last 650 kyr. The apparent exception to this
pattern is based on the high pollen content at ODP Site 646 (Lab-
rador Sea) during MIS 13 interpreted as a result of a much more
reduced Greenland ice-sheet than on other interglacials besides
MIS 11 (de Vernal and Hillaire-Marcel, 2008). Nonetheless, it has
been argued that this potential loss of the Greenland ice-sheet
during MIS 13 did not lead to an overall low ice extent compared
to other interglacials (Past Interglacials Working Group of PAGES,
2016) and may be the result of persistent warm conditions over
MIS 15-13 due to the unusual weak glacial climate of MIS 14 (Lang
and Wolff, 2011).

To investigate the potential impact of the relatively large NH ice-
sheets of MIS 13 on SW Iberia, we performed LOVECLIM experi-
ments designed to isolate the response of the regional vegetation
and climate to the ice-sheet forcing presumed to exist at the
interglacial peak (MIS 13.13 time-slice at 506 ka). Fig. 4 shows that
the addition of the North America and Eurasian ice-sheets leads to a
significant increase in the Iberian tree fraction, particularly over the
southern part of the Peninsula (up to 10%), revealing that these ice-
sheets indeed contribute to increase the forest optimum of MIS 13.
As in the vegetation component of LOVECLIM (VECODE), the tree
fraction is a function of annual temperature and precipitation
(Brovkin et al., 1997), the analysis of these parameters clearly shows
that the SW Iberian tree fraction increase is driven by higher annual
precipitation as there is no change in the surface temperature over
this region with the inclusion of ice-sheet forcing (Figs. 4 and 5).
This dominant influence of precipitation on the modeled tree
fraction is consistent with our expectations based on the
terrestrial-marine climate records of Site U1385, which consider
regional hydroclimate as the primary determinant of MIS 13
vegetation patterns. Moreover, the model simulations show that
the presence of ice-sheets in North America and Eurasia causes an
intensification of the winter precipitation over SW Iberia and a
reduction in the typical Mediterranean summer dryness, as shown
by the rainfall increase during summertime (Fig. 5). These model
results successfully show that including ice-sheet forcing favors the
climate conditions necessary for the three key vegetation features
observed at the MIS 13 optimum (Figs. 2 and 3, Table 2), namely: (i)
wetter summers and reduced seasonality restricting the expansion
of Mediterranean sclerophylls, (ii) sustained humidity year-round
and cool temperatures explaining strong development of heath-
lands, and (iii) a temperate environment with high moisture
availability enabling the occurrence of diverse temperate and
summer drought-intolerant trees along with strong expansion of
deciduous oaks (Polunin and Walters, 1985; Blanco Castro et al.,
1997; Loidi et al., 2007). Therefore, we suggest that the regional
signature of MIS 13 over southern Iberia is explained by the

amplification of the insolation forcing by the relatively high ice
volume of this interglacial.

This supplementary forcing may have played a key role in
changing the large-scale atmospheric circulation, which ultimately
resulted in a temperate climate characterized by enhanced hu-
midity and weak seasonality over the studied region. The influence
of the same ice-sheets on the East Asian climate was reported in
previous work using both LOVECLIM and Hadley Centre Coupled
Model (HadCM3) (Yin et al., 2008, 2009; Muri et al., 2013). These
model experiments show that the topography of the Eurasian ice-
sheet can induce an atmospheric wave train across the Eurasian
continent propagating southeastward that leads to exceptionally
strong EASM precipitation and higher tree fraction. Interestingly, in
our model simulations a similar large-scale wave train is found in
precipitation (Fig. 5) and pressure fields across the North Atlantic
and Europe. This wave train is initiated from the North American
ice-sheet and propagates southeastward. It is most pronounced in
the winter precipitation with alternating dry and wet anomalies
elongating in northwest-southeast direction with a wet anomaly
over SW Iberia. In our study, the wave pattern is induced by the
North American ice-sheet topography as shown by a sensitivity
experiment where only the Laurentide ice-sheet is imposed
(Sundaram et al., 2012). It corresponds to the barotropic model
results of Grose and Hoskins (1979) and Hoskins and Karoly (1981).
Actually, many climate simulations have shown that the large
Laurentide ice-sheet over the last glacial could alter the large-scale
atmosphere circulations over the Atlantic (e.g., Lofverstrom et al.,
2014). Although only a small Laurentide ice-sheet is used in our
modeling experiments, the results show that it is large enough
(more than 2000 m high) to alter the Atlantic atmosphere
circulation.

In addition, the large remnant ice-sheets of MIS 13 could lead to
a more southerly position of the atmospheric circulation systems
than during the other interglacials, including the parallel
displacement of the Hadley and Ferrel cells and associated mid-
latitude westerlies controlling the SW Iberian winter hydro-
climate (e.g., Lionello et al., 2006). Indeed, a southward position of
the North Atlantic jet stream and the deviation of the storm tracks
transporting moisture into SW Iberia has been reported for the last
glacial period (e.g., Lainé et al., 2009; Beghin et al., 2015), with
significant increase of precipitation over Iberia (Ludwig et al., 2016),
although probably to a much larger extent due to the glacial climate
context (higher ice volume). These inferred shifts in the atmo-
spheric circulation during MIS 13 would also imply a southward
position of the Intertropical Convergence Zone (ITCZ) and associ-
ated subtropical subsidence influencing the SW Iberian summer
dryness (e.g., Lionello et al., 2006). A more southerly position of the
North Atlantic Subtropical High would decrease the influence of
high-pressure systems over southern Iberia leading to reduced
summer dryness, and, therefore, to higher annual moisture avail-
ability and muted seasonality as indicated by the pollen-based
vegetation of Site U1385 and model results (Figs. 3—5). This con-
ceptual model is consistent with previous work linking SW Euro-
pean vegetation and hydroclimate changes for the past 800 kyr to
the prevalence of low or mid latitudinal forcing depending on the
ITCZ position, which in turn is strongly influenced by ice volume
conditions (Tzedakis et al., 2009).

Considering the importance of ice-sheet forcing to explain the
SW Iberian vegetation and climate of MIS 13.13, a similar climate-
driven forest optimum would be expected for the other pre-MBE
interglacials characterized by relatively high ice volume baseline
conditions and high insolation (Table 2). Interestingly, while MIS
15.5 and 17.3 are marked by high forest development, MIS 19.3
exhibits a rather low forest extent of just 45% (Table 2). We spec-
ulate that the different configuration of NH ice-sheets during MIS
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19.3 (larger Eurasian ice-sheet development) may have caused a
reduced penetration of the winter storm tracks into the Iberian
region with subsequent reduced forest expansion, as suggested by
Oliveira et al. (2018). Long and accurate ice-sheet reconstructions
and new interglacial data-model comparisons are definitively
needed to explore the impact of changes in extent and configura-
tion of the ice-sheets on regional precipitation, a key factor con-
trolling the amplitude of MF development and vegetation
composition.

5. Conclusions

MIS 13 regional expression and underlying forcing mechanisms
are investigated for the first time in the western Mediterranean
through new multiproxy reconstructions from IODP Site U1385 and
its comparison with climate-model experiments. Our findings
demonstrate the importance of combining insolation and ice-sheet
forcing to explain the regional vegetation and climate imprint of
MIS 13. The major findings are summarized hereunder.

1. The strong Mediterranean forest development and vegetation
composition during MIS 13 reveals a cool-temperate climate
with relatively high levels of humidity and reduced seasonal
contrast over the SW Iberian region.

2. This warm stage is marked by three insolation-driven forest
expansions interrupted by muted contractions despite strong
precession forcing. While terrestrial and marine climate profiles
agree on the cool character of MIS 13, a land-sea decoupling is
noted through the interglacial, being particularly evident on the
asynchronous time of forest and ocean surface temperature
optima during MIS 13a. The moderate forest extent and asso-
ciated influence of the westerlies in this region during mid-MIS
13a indicates a reduction in the transport of moisture nour-
ishing the NH ice-sheets that may have prevented the end of
MIS 13 at this time (~495 ka).

3. MIS 13 stands out from the other SW Iberian interglacials of the
last 800 kyr for its large optimum forest development of weak
Mediterranean character. This finding highlights that increased
land biomass during MIS 13 was not limited to the monsoon
regions, supporting the view that a larger terrestrial carbon
storage may have contributed to the unusual carbon isotope
excursion recorded in the different ocean basins.

4. The model-data comparison reveals that the dominant effect of
MIS 13 insolation forcing on the regional vegetation and pre-
cipitation regime in SW Iberia is amplified by the relatively large
extent of the ice-sheets in high northern latitudes at the inter-
glacial peak (MIS 13.13). In qualitative agreement with the
pollen-based evidence, model results show that ice-sheet forc-
ing triggers an increase in the SW Iberian tree fraction along
with both intensified winter and summer rainfall. The topog-
raphy of the North American ice-sheet induces an atmospheric
wave train propagating southeastward leading to a wetter sit-
uation in SW Iberia, visible in both summer and winter seasons,
albeit more pronounced in the latter. The relatively large inter-
glacial ice-sheets during MIS 13 could also lead to a southward
shift of the North Atlantic jet stream and the ITCZ which
consequently increase the large-scale winter and summer pre-
cipitation in SW Iberia, and therefore, higher forest cover with
reduced Mediterranean sclerophyllous vegetation.
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