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Abstract The seasonal and latitudinal distribution of insolation is considered the main factor controlling the
magnitude and timing of interglacial periods. However, despite small differences in insolation forcing,
vegetation and hydrology in southern Europe during past interglacials are variable and the gradual change in
insolation cannot explain the observed short-lived forest optimum. Here we focus on vegetation and
hydroclimatic changes at orbital- and suborbital-scales in southwestern Europe during two past warm
interglacial periods with reduced ice-sheets, namely Marine Isotope Stages (MIS) 9e and Se. We provide new
pollen and sea surface temperatures records for MIS 9e from IODP Site U1385. This pollen record shows a
forest expansion in southern Iberia over a 14 ky interval, bracketed by the millennial-scale cooling events of
Termination IV and MIS 9d. Between 334.5 and 332.5 ka, forest expansion reached a maximum, suggesting
increased winter moisture during early MIS 9e. Model-data comparison for MIS 9e and 5e shows that insolation
is the main driver of the orbital-scale vegetation and precipitation changes in Iberia, atmospheric CO, forcing
playing a secondary role. The high-frequency component of the MIS 9e and 5Se forest timeseries highlights the
early interglacial forest and precipitation maxima as prominent suborbital events lasting ~2 ky. We propose that
the primarily insolation-driven forest and precipitation optima were fostered by the non-equilibrium conditions
generated by the millennial-scale deglacial variability during the early interglacials. Additionally, the early end
of these optima may have been favored by a cooling and drying event that is part of the persistent intra-
interglacial variability.

1. Introduction

Two decades of sustained research on interglacial climates have revealed that interglacials of the last 1 million
years are, on a global scale, highly diverse in their intensity and duration (Masson-Delmotte et al., 2010; Past
Interglacials Working Group of Pages, 2016; Tzedakis, Raynaud, et al., 2009). Furthermore, data compilations
and simulations indicate that the magnitude and nature of the climate response during interglacial periods had
varied spatially (Lang & Wolff, 2011; Past Interglacials Working Group of Pages, 2016; Yin & Berger, 2015). For
instance, the Marine Isotope Stage (MIS) Se and 9e interglacials are globally recorded as warmer, with partic-
ularly pronounced warming at high latitudes, enabling the Greenland ice-sheet to melt substantially (Hatfield
et al., 2016; Irvali et al., 2020). High sea surface temperatures (SST) are also recorded during these interglacials
on the Iberian margin (Martrat et al., 2007; Rodrigues et al., 2017). On land, the regional response of the tem-
perature and precipitation to strong global climate warming, as observed during the MIS 10 to 9 and MIS 6 to 5
deglaciations, that is, Terminations II and IV, respectively, still need to be better documented and the forcing
factors better understood.

Variations in Earth's orbital parameters, which determine changes in the latitudinal and seasonal distribution of
insolation, are pacing deglaciations leading to interglacial periods but cannot alone explain the difference in
temperature magnitude between interglacials and the particularly spatially variable hydroclimatic changes
(Tzedakis, Raynaud, et al., 2009; Yin & Berger, 2012). Modeling studies have shown that interglacial climate and
vegetation on a global scale are mainly driven by the combined forcing of orbital parameters and atmospheric CO,
but their relative importance would vary from one interglacial to another and across latitudes (Yin &
Berger, 2012, 2015). Transient experiments show that the SW Iberian forest dynamics over the MIS 1, 11c, and
19c interglacials were mostly coupled to changes in winter precipitation mainly controlled by precession while
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CO, played a negligible role (Oliveira et al., 2018). However, a recent study points to atmospheric CO, as a major
forcing of precipitation and vegetation changes in the eastern Mediterranean region over the past 500 ky, although
without clear identification of mechanistic processes (Koutsodendris et al., 2023). We still need to better un-
derstand the main factors controlling vegetation and hydrological changes in the Southern European region and
how they have shaped them during periods of strong high-latitude warming.

Research on the Iberian margin has been prolific in paleoclimatic sequences, especially deep-sea pollen se-
quences, which are valuable source of information on vegetation and hydroclimatic changes in southern Europe
during past interglacial periods (e.g., Desprat et al., 2007, 2017; Sanchez Gofii et al., 2018; Tzedakis et al., 2004).
Pollen records from the SW Iberian margin were used to document the past variations of the warm-temperate
forest, also called Mediterranean Forest (MF), mainly formed of temperate deciduous trees and shrubs and
sclerophylls. These records show a particularly strong expansion of the MF, suggesting increased temperatures
and winter precipitation during the first millennia of the most recent interglacial periods MIS 9e, MIS 7e
(Tzedakis et al., 2004), MIS 5e (Sanchez Goii et al., 1999; Tzedakis et al., 2018) or MIS 1 (Chabaud et al., 2014;
Oliveira et al., 2018). However, the gradual change in orbital forcings over the course of these interglacials cannot
explain this regional short-lived optimum in forest and humid conditions. Based on the apparent co-variation of
forest extent and atmospheric CH, concentrations during MIS 9e and 7e, a control of the position of the Inter-
tropical Convergence Zone (ITCZ) on the relative influence of the mid-latitude and tropical atmospheric cir-
culations has been proposed to explain the strong seasonal supply in moisture to southern Iberia during the early
intervals of interglacials (Tzedakis, Pilike, et al., 2009). However, the MIS 9e record from core MDO01-2443 in the
SW Iberian margin remains puzzling. It shows that the MF developed in the southwestern Iberian Peninsula for
only 3.6 ky at the beginning of the MIS 9e (Tzedakis et al., 2004), whereas in the northwest of the peninsula, the
temperate forests, mainly composed of deciduous elements, thrived for a much longer period of 12 ky, during
most of MIS 9e (Desprat et al., 2009). In addition, no collapse of the MF is observed during other interglacials in
southern Iberia. Only one speleothem record from the southern Balkans shows wet conditions during MIS 9e for
only 5 ky (Regattieri et al., 2018) although the timing appears to be different from the wet period in the SW Iberia.
The reason of this early forest collapse in southern Iberia remains enigmatic, as it occurs without any change in ice
volume or sea surface temperature (Tzedakis et al., 2004). The authors suggested that it could be the result of a
millennial-scale event, albeit undetected in the marine proxy records of the same core.

There is growing evidence that millennial-scale variability persisted through the last 1.5 Myr, even during past
interglacial periods, albeit generally with lower amplitudes than during glacial periods or glacial inceptions due to
the weak or absence of amplification by ice feedbacks (McManus et al., 1999; Past Interglacials Working Group
of Pages, 2016; Sun et al., 2021). In southern Europe, repeated drying and cooling events have been recorded
during the last interglacial (Tzedakis et al., 2018), and the MIS 11c and MIS 19c interglacials (Kousis et al., 2018;
Oliveira et al., 2016; Sanchez Goii et al., 2016; Sassoon et al., 2023), but the resolution of the available records
does not allow yet to resolve millennial to centennial variability during MIS 9e. It is also becoming increasingly
clear that abrupt climatic changes on millennial time scales (10°~10* years) are not only superimposed on the
climatic variations occurring on orbital timescales (10*~10° years) but that the two variabilities, millennial and
orbital, interact. For instance, after the Mid-Pleistocene Transition, in complement to glacial amplification, the
magnitude of millennial-scale climate variations from high- to low- latitudes appears to be modulated by the
orbital forcing (Sdnchez Goiii et al., 2008; Sun et al., 2021; Zorzi et al., 2022). The reverse is also true, with
millennial-scale variability amplifying orbital forcing, explaining for instance the substantial accumulation of ice
from MIS 5a to MIS 4 at around 70 ka (Sénchez Goiii et al., 2013). As recently proposed, the terminal millennial-
scale events of the deglaciations, marked by a dramatic reduction in the AMOC and massive iceberg discharges in
the North Atlantic may have altered the climate response to orbital forcing during the early millennia of the
interglacial periods in generating non equilibrium conditions (Barker et al., 2019; Barker & Knorr, 2021; Deaney
et al., 2017). The influence of millennial-scale variability on orbital-scale climate response is less commonly
proposed but has strong implications for defining the climate optimum of an interglacial period and its intensity,
and the contribution of controlling factors (Barker et al., 2019).

Here we present a new high-resolution pollen record from the IODP Site U1385, collected on the SW Iberian
margin, spanning the MIS 9e interglacial. In this study, a comparison of the MIS 9e records with published MIS
Se records from the Iberian margin is proposed to characterize the orbital-scale response of vegetation and
hydroclimate in southwestern Europe during past warm interglacials and a model-data comparison will be pre-
sented to estimate the relative contribution of the CO, and insolation forcing on these changes. In addition, the
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Figure 1. Site location and physiographic elements of the North Atlantic region. Left panels: maps representing the

(a) summer and (b) winter sea surface temperatures (°C), winds (arrows) and precipitation over land (mm) as well as sites
mentioned in the text. The IODP Site U1385 (this study) and previously published pollen records from the southwestern
Iberian margin are located on the map of the right panel. Colors on this map represent the bathymetry of the margin and the
relief of the peninsula.

intra-interglacial variability during MIS 9e and 5e is investigated using timeseries analyses allowing to extract the
high-frequency component of forest pollen timeseries. We will focus most particularly on the potential influence
of this variability in shaping the forest and moisture optimum of the interglacials. We selected the MIS 9e and 5e
interglacials because the residual Northern Hemisphere ice-sheets were particularly small due to significant
warming at high latitudes but related to different insolation and greenhouse gas forcings. While MIS 5e is marked
by a greater insolation forcing during boreal summer, MIS 9e exhibits stronger GHG forcing at minima in
precession (P;,)-

2. Materials and Methods
2.1. The Site U1385 and Modern Physio- and Phyto-Geographic Context

The investigated IODP site U1385 was recovered during IODP Expedition 339 on a spur on the continental slope
of the southwestern Iberian margin (37°34.285'N, 10°7.562'W, 2578 m.b.s.l.) at 2,656 m water depth, off the
mouth of the Tagus River (Figure 1). It is in close proximity to the extensively studied Marion Dufresne piston
cores MD95-2042, MDO01-2444 and MDO01-2443. The latter is only 26 km away from Site U1385. Detailed
information on the drilling procedure and sedimentation at Site U1385 can be found in Hodell, Crowhurst,
et al. (2013) and Hodell, Lourens, et al. (2013).

At present, the main upper water masses above Site U1385 are the different modes of the Eastern North Atlantic
Central Water conveyed by the Portuguese Current System (Pérez et al., 2001). SST for the site area are ~16°C in
winter and ~20°C in summer (Salgueiro et al., 2008). At depth, the site is under the influence of the Northeast
Atlantic Deep Water (NEADW). Information on the modern deep and surface hydrography above the site is
detailed in previous publications (e.g., Rodrigues et al., 2017; Sanchez Goiii et al., 2016).

IODP Site U1385 mainly recruits pollen from the Mediterranean vegetation that dominates the major river basins
of southwestern Iberia (i.e., the Tajo and Sado rivers), as shown in a previous study of surface pollen samples from
the southwestern Iberian margin (Naughton et al., 2007) and the comparison between present-day pollen as-
semblages from the vegetation of the Tagus basin and marine and estuarine pollen assemblages from the sea-
sediment surface representing the last centuries (Morales-Molino et al., 2020). The composition of the Medi-
terranean vegetation varies according to the altitude and the continentality (Blanco Castro et al., 1997). At lower
altitudes, the oleo-lentisc formation is found in the warmest areas. Otherwise, evergreen oak woodlands (Quercus
rotundifolia, Q. suber) dominate, with evergreen shrubs such as pistachio (Pistacia terebinthus), phillyrea
(Phyllirea angustifolia), and rockrose (Cistus). As the maritime influence decreases eastward, the evergreen oaks
are associated with juniper (Juniper communis) and Aleppo pine (Pinus halepensis). In the mountain ranges, due
to the increase in rainfall and the decrease in temperature promoted by the altitudinal gradient, deciduous oak
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woods (Quercus pyrenaica, Q. faginea) dominate the mid-altitude landscapes, while pine woods (Pinus syl-
vestris, P. nigra) with juniper develop at higher altitudes. In humid mountainous areas, we can also find heather
(Ericaceae). This vegetation thrives in the Mediterranean climate, which is highly seasonal, with wet, mild
winters and hot, dry summers (Peinado Lorca & Martinez-Parras, 1987). Winter moisture is brought to Iberia by
the prevailing westerly winds, which intensity and direction are currently controlled by the North Atlantic
Oscillation (Trigo et al., 2004). Dryness in summer is induced by the development of the Azores anticyclone in the
North Atlantic subtropics, which is related to the seasonal migration of atmospheric cells.

2.2. The Proxy Records: Vegetation and SST Reconstructions From Site U1385

Past vegetation changes in SW Iberia and offshore SST are documented in this study using pollen and Uk’ ;,-SST
analyses of sediments from the IODP Site U1385 over the interval 47.46 and 43.96 crmcd (corrected revised
meter composite depth). Sediment from Holes D and E was subsampled at intervals of 3—16 cm for pollen analysis
with increased resolution (3—4 cm) over the interval 46—45.15 m crmcd and every 2 cm for biomarker analysis.

The pollen sample preparation protocol is briefly described below; more details can be found on the webpage of
the EPOC laboratory (https://www.epoc.u-bordeaux.fr/index.php?lang=fr&page=eq_paleo_pollens). Sediment
samples were first washed and sieved at 150 pm. Lycopodium marker grains (exotics) were added to each sample
prior to chemical treatments to determine pollen concentrations. Successive chemical treatments were applied to
the sediment fraction lower than 150 pm (cold HCl at 10%, at 25% and 50%, cold HF at 45% and at 70%, cold HC1
at 25%). After sieving through a 10 pm nylon mesh screen, the residue was mounted in glycerol without staining.
Pollen grains were counted using a light microscope at 400X and 1,000X (oil immersion) magnifications. Three
out of the 60 samples analyzed were considered sterile due to low pollen concentration. Pollen percentages for
each taxon were calculated from a main pollen sum which excluded pollen of Pinus and aquatic plants, pteri-
dophyte spores, and indeterminable and unknown pollen. Pinus percentages were estimated from the main sum
plus Pinus. We excluded Pinus from the main sum because of it is overrepresentated in marine sediments due to
high production rates and high buoyancy in air and water (Heusser & Balsam, 1977; Turon, 1984). Percentages of
indeterminable and unknown pollen, spores, and aquatic pollen were calculated from the total pollen and
spore sum.

New biomarker analyses were performed to extend the U1385 Uk’;,-SST record from Rodrigues et al. (2017) to
MIS 9c. Detailed information on the procedure is given in Rodrigues et al. (2017).

2.3. Data Analysis

To decompose the time series into low-frequency and high-frequency signals, we performed, as in Tzedakis
et al. (2018), a Gaussian smoothing of the MF, sclerophylls and Ericaceae percentages as well as benthic 8'°C
from Site U1385. For that, we used the R package smoother (Hamilton, 2015). The bandwidth for the kernel
smoothing was chosen to provide smoothing over a window of 7 ky. Such a window is commonly used in the
literature to separate the millennial-scale variability of a time series from the changes attributable to orbital
forcing (Barker et al., 2011, 2019). The high-frequency component was obtained by calculating the residuals
between the unsmoothed original data and the smoothed time series. We performed a final Gaussian smoothing
with a bandwidth of 0.7 ky to reduce noise as recommended by Barker et al. (2011). Prior to data processing, we
interpolated the original data to obtain evenly spaced time series, which is an essential step for applying a regular
smoothing window. The steps chosen depend on the original time resolution of the series. To avoid oversampling
or underrepresentation of the high-frequency changes, we selected a constant step of 0.3 ky.

Since the choice of filtering method is known to be mostly arbitrary, we used different methods on the MF time
series with variable interpolation steps (from 0.1 to 1.3 ky) and smoothing windows (from 5 to 10 ky) to estimate
the global envelopes of the filters (orbital component) and residuals (millennial component) and to test whether
the choice of smoothing method, window and interpolation affects the results (Figures S1-S3 in Supporting
Information S1). In addition to Gaussian smoothing, we performed a moving average smoothing (method used in
Barker et al., 2011, 2019) using the R package stats. We also performed a locally weighted regression smoothing
(using the R package stats) that unlike moving average but like Gaussian smoothing, handles the boundaries We
also used a Taner low-pass filter performed using the R package astrochron. We calculated the global envelope of
the low-pass filtered signal and of the residuals from the results obtained with the different smoothing procedures,
windows and interpolation steps, using the R package GET (Myllyméki & Mrkvicka, 2023). Note that all
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residuals obtained with different smoothing methods show similar main features (Figure S1 in Supporting In-
formation S1). Therefore, we used the 7 ky Gaussian filter as the orbital component and the corresponding re-
siduals as the millennial-scale component of the timeseries. Finally, as in Barker et al. (2011, 2019) and Tzedakis
et al. (2018), we applied a final high-pass filter to the residuals to reduce noise. We chose a Gaussian filter and
applied a cutoff frequency of 1/700 years™", which has been shown to be a reasonable compromise between noise
reduction and signal fidelity (Barker et al., 2011).

We also estimated rates of vegetation change during MIS 9e. The dissimilarity matrix was calculated from the
pollen assemblage percentages using Bray-Curtis dissimilarity (Anderson et al., 2022) and square chord distance
(Overpeck et al., 1985) using the R package vegan (Oksanen et al., 2022). These metrics allow a quantification of
the difference between two adjacent pollen samples. The rate of change (RoC) corresponds to the ratio between
dissimilarity and age difference between two consecutive samples.

2.4. LOVECLIM Simulations

Climate and vegetation simulations were performed using the EMIC model LOVECLIM. A detailed description of
the model and experimental design used in this study can be found in Yin and Berger (2012, 2015). Here, we present
the results of the snapshot experiments representing the MIS 9e and MIS 5Se interglacial peaks. These experiments
use the following setting: astronomical parameters fixed at the §'0 peak dates (123 and 329 ka) in the LR04 stack,
greenhouse gas (GHG) concentrations at the time of the interglacial CO, peaks (Liithi et al., 2008), and ice-sheets in
their current configuration. Anomalies in tree fraction (%), annual, JJA, and DJF precipitation (cm.year™") and
annual, JJA, and DJF temperature (°C) between MIS Se and MIS 9e were calculated.

2.5. Chronological Framework

For the interval between 47.46 and 45.98 crmcd, we used the chronology provided by Nehrbass-Ahles
et al. (2020), which is based on the synchronization of IODP Site U1385 with EDC on the AICC2012 age
scale based on the alignment of the benthic 8'®0 and 8D records. For the upper part between 45.98 and 43.79
crmcd, we used the Greenland synthetic age model established for Site U1385 by Hodell et al. (2015), but
transferred it to the AICC2012 chronology using the Greenland synthetic temperature (GLy_syn) record from
Barker et al. (2019). All records for the MIS 9e interval from the piston cores MD01-2443 and MDO01-2444 are
shown on the GLt_syn age provided by Hodell, Crowhurst, et al. (2013) and Hodell, Lourens, et al. (2013) that we
also transferred to the AICC2012 chronology.

3. Results From Site U1385 Pollen and SST Records

The pollen record from IODP Site U1385 (Figure 2, Figure S4 in Supporting Information S1) suggests a shift in
vegetation during Termination IV. At ~334.5 ka, glacial semi-desert plants (mainly Artemisia and Amar-
anthaceae) with scattered pine and juniper woodlands were abruptly replaced by temperate deciduous trees and
shrubs and the sclerophylls (mainly Quercus evergreen and Olea), forming the MF also called warm-temperate
forest. Concurrently, the Site U1385 record show an abrupt deglacial SST warming of 11°C, abrupt increases in
benthic 8'*C and Ca/Ti ratio and a decrease in Zr/Si values (Figure 2). The planktic 8'®0 record shows pro-
gressively decreasing values between 343 and 335 ka. Both the MF percentages and SSTs reach MIS 9e
maximum values between 334.5 and 333 ka (56%, 21°C, respectively). Pollen data show a short-lived MF op-
timum, ending at ~333 ka, while SSTs remained above 20°C until 327.9 ka. However, the MF and in particular
the sclerophylls (i.e., the Mediterranean taxa s.s.) remain on average higher until the end of the SST optimum than
in the remaining part of MIS 9e. While SSTs gradually decreased after 327.9 ka, sclerophylls declined in favor of
semi-desert taxa. At ~320.5 ka, that is, 3—4 millennia after the end of MIS 9e, the U1385 records display a
reduction in temperate trees well below 20% in favor of semi-desert plants along with a 4°C SST cooling, a strong
decrease in Ca/Ti ratio, a marked increase in Zr/Sr ratio and planktic 8'%0 and lower values in benthic 8'C. After
a brief increase in forest and SST, Site U1385 records show a second episode of forest and SST reduction of lesser
intensity at ~315 ka, before a new expansion of MF.

During the forest interval between 334.5 and 320.5 ka, the MF mostly oscillates between 20% and 30%, with
several brief drops below 20%. Over the first millennia of MIS 9e, these drops are clearly marked by a reduction in
Mediterranean trees and shrubs in favor of Ericaceae which becomes an important element of the evergreen
shrublands. Although heath species can bear summer dryness, soil humidity/annual rainfall must be sufficient and
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Figure 2. Multi-proxy record from IODP Site U1385 across MIS 9e. From the bottom to the top: Percentages of major pollen
taxa or ecological groups (this study): (a) Ericaceae, (b) Semi-desert plants (Amaranthaceae, Artemisia, Ephedra fragilis-
type et Ephedra distachya-type), (c) Sclerophylls (mainly evergreen Quercus type, Quercus suber type, Cistus, Olea,
Phillyrea, Pistacia), (d) Mediterranean forest including all warm temperate trees and shrubs (are not included the pioneer
elements Betula, Cupressaceae and Hippophdie and the cool temperate trees Abies and Fagus); (e and f) sea surface
temperature estimations from Uk’ (this study) and percentages of C3,., (this study) used as indicator of cold events
associated with iceberg discharges (Rodrigues et al., 2017); (g and h) XRF data: Ca/Ti and Zr/Si (Hodell et al., 2023b); (i and
j) Planktic 8'%0 measured on Globigerina bulloides and benthic 8'>C measured on Cibicidoides wuellerstorfi, data are from
Nehrbass-Ahles et al. (2020) between 343 and 329 ka and from Hodell et al. (2023b) down to 329 ka; and (k) benthic 830
from mixed species corrected to Uvigerina peregrina (Hodell et al., 2023b).

a year-round distribution of the rainfall appears preferential (Loidi et al., 2007, 2010) while Mediterranean plants
thrive in areas with warm and dry summer season. The repeated declines in sclerophylls to the benefit of heathland
suggest therefore shifts in the seasonal distribution of precipitation with decreased winter precipitation and
increased summer ones and likely a decrease in temperature.
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Figure 3. Millennial-scale changes in the pollen and benthic 8'>C records
from IODP Site U1385. From the bottom to the top: (a—c) high-frequency
component of the Mediterranean forest pollen (MF_hi), sclerophylls and
Ericaceae percentages (dashed dotted lines: residuals of the 7 ky-Gaussian
smoothing, thick line: residuals smoothed with a 0.7 ky-Gaussian filter,
colored area: global envelope), (d) dMF_hi/dt: rate of change (RoC) of the
MF_hi signal using the smoothed residuals, (e) Step plot of the rate of
change of the pollen assemblages based on Bray-Curtis distance (dotted line)
and squared Chord distance (bold line), (f) U1385 benthic §"*C_hi: high
frequency component of the C. wuellerstorfi 8'°C (Hodell et al., 2023b;
Nehrbass-Abhles et al., 2020) (dashed dotted lines: residuals of the 7 ky-
Gaussian smoothing, thick line: residuals smoothed with a 0.7 ky-Gaussian
filter, colored area: global envelope). Blue bands correspond to the cold
millennial-scale events of the deglaciation (HS 10.1) and of MIS 9d. Pink
band indicates the suborbital anomalous warm and humid event at the
beginning of MIS 9e and the gray bands, the millennial-scale intra-
interglacial cooling and drying events in Iberia.

The high frequency component of the MF time series (MF_hi) highlights the
brief peak in forest at the beginning of MIS 9e and a series of suborbital
decreases in forest detected at ~332, 329, 326, 324, and 322 ka (Figure 3).
These short episodes are also evidenced by abrupt variations in the RoC of the
MF. Calculation of the RoC from the pollen assemblages shows clear abrupt
and repeated shifts of the ecosystems during the interglacial period of MIS 9e.
Using the squared chord distance or the Bray-Curtis coefficient does not
change the results. With the exception of around 333 ka, where the increase in
RoC may be an artifact of the large interval between two samples, the vari-
ations in RoC during the interglacial are not caused by changes in sampling
resolution which is nearly constant over this interval (Figure S5 in Supporting
Information S1). These episodic reductions in MF are clearly marked in the
sclerophyll percentages at the beginning of MIS 9e (Figure 2). This pattern of
palynological turnover suggests that short-term vegetation changes are the
result of suborbital cooling and drying episodes in southwestern Europe. As
these episodes are characterized by a recurrence between 1.5 and 2.5 ky, we
will refer to them hereafter as millennial-scale episodes although intra-
interglacial variability is often referred to as multi-centennial scale variability.

4. Discussion

4.1. Duration of the Forest Stage During the MIS 9e Interglacial in SW
Iberia

Because of the long history and strong heritage of palynology in continental
interglacial studies, the distinction between forest interval and interglacial
period has long been tenuous. Palynologists used to define interglacial pe-
riods in northwestern Europe from pollen records as successive biostrati-
graphic units characterized by pollen assemblages describing a forest stage
(Turner & West, 1968). From continental records, the lower limit of a forest
stage has classically been defined on the basis of biostratigraphic criteria
corresponding to the point in a pollen diagram where arboreal pollen exceeds
50% of the pollen sum at the beginning of an interglacial forest succession
(Turner, 2002). Because the pollen source area is larger for marine sites,
possibly integrating various environments with abundant herbaceous com-
munities, Tzedakis et al. (2004) lowered the arboreal pollen threshold to 20%
to define the limits of forest stages (including those of MIS 9e) in the core
MDO01-2443. The use of such a threshold resulted in the delineation of a very
short forest stage of 3.6 ky-long, leading these authors to speak of a short-
lived interglacial during MIS 9e. The new high-resolution pollen record
from Site U1385 also shows a brief maximum of MF forest expansion in early
MIS 9e (Figure 4), which, as in core MD01-2443, coincides with the peak in
Ca/Ti values (Hodell, Crowhurst, et al., 2013). However, in Site U1385, the
slightly higher overall proportion of arboreal pollen and higher time resolu-
tion cause the arboreal pollen curve to repeatedly reach values above 20%
invalidating the atypically short duration of the forest stage in SW Iberia
during MIS 9e. Threshold values should be used with caution, as we can see
here that a non-significant/small difference can lead to a different interpre-
tation. The pollen record from Site U1385 shows a forested interval in SW

Iberia during MIS 9e that is similar in length to that observed in core MD03-2697 in northwestern Iberia (Desprat

etal., 2009). Although the individual chronologies of the terrestrial pollen records and their uncertainties preclude

detailed comparison, the Praclaux pollen sequence in southern France (Reille & de Beaulieu, 1995; Tzedakis
et al., 2001) and the Lake Ohrid and Tenaghi Philippon sequences in Greece (Koutsodendris et al., 2023; Sadori
etal., 2016; Tzedakis et al., 2006; Wagner et al., 2019) also suggest a substantial amount of forest during the MIS
9e lasting more than ten thousand years. Such a period of dominant forest landscape recorded in the southern
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Figure 4. Orbital-scale variability during MIS 9e and MIS 5Se in the southwestern Iberian margin records and forcing factors. From bottom to top: Mediterranean forest
(green dots) and taxa (red diamonds) percentages for MIS 9e and 5e (a) from sites U1385 (this study) and MD95-2042 (Sanchez Goiii et al., 1999) and (b) from sites
MDO01-2443 (Tzedakis et al., 2004) and MD01-2444 (Tzedakis et al., 2018), with shading areas indicating 95% confidence interval on pollen percentages calculated
using the R package binom (Dorai-Raj, 2022) and bold lines representing the orbital component of the timeseries obtained using a 7 ky-Gaussian smoothing filter;
(c) SST-UK’5, from Site U1385 (MIS e, this study), MD95-2042 (MIS Se, Pailler & Bard, 2002) in sky blue (diamonds) and from core MDO01-2444 (Hodell,
Crowhurst, et al., 2013; Tzedakis et al., 2018) in dark blue (circles); (d) 8'3C measured on C. wuellerstorfi from Site U1385 (Hodell et al., 2023b; Nehrbass-Ahles
et al., 2020) and MDO01-2444 (Tzedakis et al., 2018); (e) Atmospheric CH, concentrations from EPICA-Dome C ice core on the AICC2012 chronology (Bazin
etal., 2013; Nehrbass-Ahles et al., 2020), dots represent the high resolution data from Schmidely et al. (2021); (f) Atmospheric CO, concentrations from EPICA-Dome
C ice core on the AICC2012 chronology (Bereiter et al., 2015), dots represent the high resolution data from Nehrbass-Ahles et al. (2020); (g) Relative sea-level from
Waelbroeck et al. (2002) (thick lines) and Rohling et al. (2019) and Grant et al. (2012) (dotted lines), (h) Orbital parameter and local summer insolation and latitudinal
insolation gradient between 60°N and 30°N when northern hemisphere summer is at perihelion (NHSP) and when northern hemisphere winter is at aphelion (NHWA)
using insolation calculation from Berger and Loutre (1991). MIS 5 data are shown on their original chronology. All MIS 9e data from Site U1385, core MD01-2443 and
MDO01-2444 are on the AICC2012 chronology (cf., Section 2).
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European sequences defines the regional interglacial, that is, the interval with the peak interglacial climate that
lasted ~14 Ky in this region on the AICC2012 chronology.

Moving away from pollen-based biostratigraphy, which can face the inherent problems of both defining
boundaries from pollen percentages and geographical variations in ecosystem response that define regional
interglacial climates, the most comprehensive definition of an interglacial period, originally related to continental
ice-sheet size, was given by the Past Interglacial Working Group (2016). It states that interglacial periods are end-
members of glacial cycles characterized by a strongly reduced extent of continental polar ice, caused by globally
warm conditions in between the deglaciation and glacial inception. Marine isotope stratigraphy has largely been
used to delineate interglacial periods, as 8'%0 of deep sea-water provides information on ice volume variations,
although this proxy is affected by several biases, including deep-water temperature and hydrographic effects of
variable influence through time (Past Interglacials Working Group of Pages, 2016).

It has been clearly demonstrated that the interval of interglacial climate in a region does not strictly coincide with
the interval of light benthic 8'30 values that define the interglacial isotopic period at a global scale. Using the
MD95-2042 sequence from the Iberian margin, Shackleton et al. (2003) showed that the boundaries of MIS 5e and
the Eemian interglacial are different. The same is observed for the period of reduced global ice volume defining
MIS 9e and the interval of interglacial climatic conditions that allowed forest expansion in southern Europe and
warm SSTs at the Iberian margin. At Site U1385, this interval is bracketed by two major millennial-scale events,
recorded between 344-334.5 ka and 320.5-313.5 ka, characterized by low values in Ca/Ti ratio and the domi-
nance of semi-desert plants (Figure 2). Concomitant strong increases in Zr/Si ratio and benthic &'>C and reduction
in SST attest to abrupt cooling and reduction of the North Atlantic oceanic circulation during the MIS 10-9¢
deglacial transition (TIV) and at the end of MIS 9d (Hodell et al., 2015, 2023a; Nehrbass-Ahles et al., 2020).
Coeval high-latitude cooling and ice-rafting episodes, the first of which is referred to as the HS10.1 event, have
been documented from the northern North Atlantic sediments (Barker et al., 2019; Mokeddem & McMa-
nus, 2017). As previously observed for MIS Se, and according to Broecker & van Donk (1970), MIS 9e begins at
the mid-point of the Termination IV which is dated at ~340 ka at the latest (on the AICC 2012 chronology),
whereas interglacial climatic conditions in southern Europe actually begin at ~335 ka, when the terminal
millennial event of TIV ended. Conversely, MIS 9e terminated 3 to 4 millennia before the forest collapse and
abrupt SST decrease associated with the North Atlantic iceberg discharges that identify the millennial event
marking the reactivation of the bipolar see-saw during MIS 9d. Therefore, our results indicate that the southern
European interglacial climate and the MIS 9e interglacial period both lasted for at least 14 ky, in contrast to the
previously proposed short duration (3.6-5 ky) of this interglacial based on regional records (Regattieri
et al., 2018; Roucoux et al., 2006; Tzedakis et al., 2004). According to Tzedakis et al. (2012), interglacial periods
are bounded by millennial-scale variability, which implies activation of the bipolar see-saw and ice-sheets large
enough to fragment. However, based on MIS 5Se sea-level changes, they proposed that the substantial accumu-
lation of polar ice in the northern hemisphere that demarcates the end of an interglacial, would occur at least 3 ky
before the abrupt post-interglacial cooling event and in the case of MIS 5 and 9, after the end of MIS 5e and MIS
9e. Following this line of reasoning, the interglacial climates that allow minimum ice volume conditions at the
northern high latitudes would last for 11 ky during MIS 9e.

4.2. Orbital-Scale Changes in Vegetation and Climate in Southern Europe During Interglacials With
Strong High Latitudes Warming: The MIS Se and MIS 9e Interglacials

4.2.1. A Common Interglacial Evolution

Pollen records from Site U1385 and core MD01-2443 both support a major expansion of MF in the south of the
Iberian Peninsula during the first millennia of the MIS 9e interglacial. The orbital component of the MF time
series (Gaussian smoothed data, MF_orb) displays maxima close to when the Earth's orbital configuration was
at Pmin (Figure 4). This suggests that a moisture optimum, resulting from intensified winter precipitation, was
reached in Pmin situation, shortly after the end of the abrupt deglaciation event (HS 10.1). As shown by pollen
records from the southern Iberian margin, such an optimum of winter precipitation in southern Europe at Pmin
is a feature common to other interglacials such as MIS 5e (Figure 4, Sanchez Goiii et al., 1999; Tzedakis
et al., 2018), as well as MIS 7e and the Holocene (Chabaud et al., 2014; Sanchez Goili et al., 2018; Tzedakis,
Pilike, et al., 2009). Enhanced winter precipitation during past interglacial periods is also indicated by long
continental pollen records from the north-central Mediterranean such as Lake Ohrid (Wagner et al., 2019). Both
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Figure 5. Simulated anomaly in vegetation and climate between MIS 5e and MIS 9e in the Iberian Peninsula. (a) Anomaly in latitudinal and seasonal insolation between
123 and 329 ka, corresponding to the dates chosen as the interglacial peaks of MIS 5e and MIS 9e in Yin and Berger (2012, 2015). Simulated differences in (b) tree
fraction in %, (c) December-January-February (DJF) precipitation in cm-year_l, and (d) June-July-August (JJA) temperature in °C between MIS5e and MIS 9e issued
from the peak interglacial simulations from Yin and Berger (2012, 2015).

the MD01-2444/MD01-2443 record and the MD95-2042/U1385 record show that the MIS 5e and MIS 9e forest
maxima are partly the result of a large expansion of Mediterranean trees and shrubs, such as evergreen oaks,
olives, and pistachios, suggesting increased summer aridity and warm temperatures. The strong seasonality of
precipitation in southern Europe that characterizes the first millennia of interglacial periods, is most often
attributed primarily to the seasonal forcing of insolation (Figure 4). In summer, the precession-induced inso-
lation maximum in the Northern Hemisphere favors summer drought through the strengthening of subtropical
anticyclones and the northward migration of the ITCZ. In winter, insolation reaches a minimum in the Northern
Hemisphere when the Earth is at aphelion, leading to a southward migration of atmospheric convection cells.
Southern Europe then comes under the influence of the moisture-laden westerlies. Davis and Brewer (2009) and
Wagner et al. (2019) suggested that the seasonal latitudinal insolation gradient (LIG) is an additional factor that
enhances winter precipitation in southern Europe in the early part of interglacial periods. As the winter
insolation in the northern hemisphere is reduced more strongly in tropical and subtropical latitudes than in the
high latitudes at Pmin, the winter LIG is smaller and the westerlies weaken and shift southward, enhancing
precipitation in southern Europe (Kutzbach et al., 2014). Over the course of the MIS 9e and 5e interglacials,
although less obvious in the MF_orb component from the MD01-2443/MD01-2444 record, the MF and
especially the sclerophyll elements decrease, showing a Mediterranean climate attenuation, while insolation and
LIG increase at NHWA (Northern Hemisphere Winter Aphelion) and decrease at NHSP (Northern Hemisphere
Summer Perihelion).
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Figure 6. Suborbital climatic variability during MIS 9e and MIS 5e in the southwestern Iberian margin records. From the
bottom to the top: High-frequency component of the forest pollen percentages (ME_hi) and of the benthic 8'*C data shown in
Figure 4 estimated for all Iberian margin sites using the same procedure (colored bars: residuals of the 7 ky-Gaussian
smoothing, thick line: residuals smoothed with a 0.7 ky-Gaussian filter, interpolation step of 0.3 ky for the pollen records
from Site U1385, MD-95-2042 and MDO01-2443, of 0.07 ky for pollen and isotopic data from core MD 01-2444 and of 0.1 ky
for the isotopic record from Site U1385); High-frequency component of Neogloboquadrina pachyderma sinistral (or left
coiling) percentages from ODP Site 983 (NPS_hi) and of the Greenland synthetic temperature signal (GLT_syn_hi) from
Barker et al. (2019).

4.2.2. Variable Interglacial Intensity at Orbital-Scale

Pollen records from the SW Iberian margin clearly show that the forest reaches its greatest expansion at the
beginning of MIS 5e and 9e, but as evidenced by the MF_orb component, the forest extent was clearly more
limited during the MIS 9e interglacial than during MIS 5e (Figure 4). This difference in forest and winter pre-
cipitation between the two stages may not be attributed solely to the difference in insolation levels, which appears
rather low. Modulation by internal forcing factors, which are known to play a fundamental role in controlling
interglacial climate, must be examined (Figure 4). Since both MIS 9e and 5e are interglacial periods with
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particularly reduced ice caps, we will focus on the combination of insolation and CO, forcing to shape the orbital-
scale vegetation and precipitation response in southern Europe during intervals of enhanced global warming. We
use simulations with the LOVECLIM model to estimate anomalies in vegetation cover, precipitation and tem-
perature between MIS Se and MIS 9e. They show higher tree fraction during MIS 5e compared to MIS 9e during
the ice volume minima associated with significantly warmer annual and JJA temperatures and increased DJF
precipitation (Figure 5 and Figure S6 in Supporting Information S1). These results are consistent with the
vegetation and rainfall information provided by the pollen records from the SW Iberian margin. The factor
separation analysis conducted in Yin and Berger (2012) shows that insolation is the dominant control of winter
precipitation in Iberia at the interglacial peaks of MIS 9e and 5e, with the contribution of GHGs estimated to be
much smaller. These simulation results show that the astronomical forcing, by imposing a different latitudinal and
seasonal distribution of insolation, is the main forcing behind the intensification of the hydrological cycle in
southern Iberia during warm periods characterized by limited residual ice caps and relatively high GHG level,
such as the MIS 9e and MIS 5e. These results therefore appear to be consistent with previous works (e.g.,
Tzedakis, Pilike, et al., 2009; Wagner et al., 2019), which propose that variations in the winter LIG and thus the
latitudinal thermal gradient play a major role in governing the atmospheric circulation of the Northern Hemi-
sphere. They operate in particular on the position of the ITCZ and cyclone activity and trajectory, and conse-
quently on the seasonal distribution of precipitation and its intensity in southern Europe. However, our results
entail a secondary although non-negligible role of atmospheric CO,.

4.3. A Brief Optimum in Forest Expansion at the Beginning of Both Interglacials: The Expression of the
Millennial-Scale Variability

While insolation and CO, forcings seem to provide a satisfactory explanation for the difference in the magnitude
of forest and precipitation increase between the two stages, they do not account for the brevity of the optimum as
evidenced by pollen records off Iberia. The brief forest peak of MIS 9e is not a unique feature, most of the post-
MBE interglacials in SW Iberia exhibit it, including MIS Se. When the orbital component of the pollen signal is
removed, the early interglacial peaks of the MF and its demise are revealed as millennial-scale variations
(Figure 6). However, the driving factors behind this short-lived optimum in forest and winter precipitation remain
elusive. We formulate two hypotheses for explaining the duration and magnitude of the optimum forest
expansion, both of which involve millennial-scale variability and are not mutually exclusive.

4.3.1. Hypothesis 1: Optimum Duration Determined by the Demise of the Mediterranean Forest Due To
Intra-Interglacial Variability

Hypothesis 1 refers to previous proposals that the short duration of the forest optimum during interglacials can be
seen as the consequence of the intra-interglacial climatic variability (Tzedakis et al., 2004). According to this
hypothesis, the forest that had expanded in response to orbital-scale forcing during the early millennia of the
interglacials is severely reduced by an abrupt event of cooling and increased aridity. The forest does not fully
recover once the event was over, possibly because of a non-return to previous climatic conditions due to the
slowly changing orbital configuration.

The U1385 pollen record clearly indicates successive episodes of reduction in MF and sclerophylls during the
forest interval of MIS 9e, detected at 332, 329, 326, 324, and 322 (Figures 3 and 6), suggesting that millennial
cooling and drying events occurred throughout the interglacial. The forest peak ends with the occurrence of a
cooling and drying event which appears to be part of the intra-interglacial climate variability that punctuated MIS
9e. Even though the MIS9e intra-interglacial variability was not evident in the pollen record of core MDO01-2443,
probably because of its lower time resolution, Tzedakis et al. (2004) proposed that the end of the forest optimum
was caused by a millennial-scale climate change. Our new pollen record now provides evidence for millennial
variability of the land climate during MIS 9e and thus may support the hypothesis proposed two decades ago.
Although intra-interglacial climate variability is difficult to document during interglacial periods older than the
Holocene, there is growing evidence of such variability in the literature. Millennial-scale variability of vegetation
and climate in southern Europe has also been clearly identified throughout MIS Se using the pollen record from
core MDO01-2444 and the Corchia speleothem record (Tzedakis et al., 2018). This study revealed a succession of
increased aridity and cooling events responsible for the abrupt reductions of forests in SW Iberia. As for MIS e,
the forest optimum ends at 127 ka with one of the millennial climatic events of MIS Se.
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Both UK’SST record from the SW Iberian margin Site U1385 and the neighboring core MDO01-2444 clearly show
progressive changes in surface temperature with no clear intra-interglacial suborbital oscillations during MIS 9e
(Figure 4). Such a discrepancy between pollen and SST records on this timescale has also been observed for other
intervals in the SW Iberian margin, such as the MIS 5e or the MIS 11c (Oliveira et al., 2016; Tzedakis
et al., 2018). Specifically, the Uk’37 and Mg/Ca SST records from core MD01-2444 do not systematically detect
SST variations during the episodic reduction of MF during the last interglacial (Tzedakis et al., 2018), while
planktonic assemblages from IODP Site U1385 appear to record millennial-scale decreases in annual SST of 2—
3°C within MIS 5e (Singh et al., 2023). Sensitivity to moderate temperature changes (Skinner & Elderfield, 2005)
and seasonal biases (Leduc et al., 2017; Williams et al., 2010) are known limitations of SST reconstructions from
Uk’3; and planktonic foraminifera Mg/Ca. For instance, Iberian margin Uk’ SSTs are intended to be re-
constructions of winter temperatures because of the more stratified waters of the fall, winter and spring are the
most favorable seasons for alkenone-producing coccolithophorids (Abrantes et al., 2017). These limitations are
also organism dependent, as the growing seasons and depth habitats of planktonic organisms used for SST re-
constructions vary and may also shift in time (e.g., Lohmann et al., 2013). In the case of intra-interglacial events,
when the temperature changes are particularly moderate, vegetation in southern Iberia may be more affected by
the intra-interglacial variability than planktonic organisms due to its high sensitivity to the hydroclimatic
component, that is, the seasonal distribution and amount of rainfall. Modern observations also show that atmo-
spheric modes of variability such as the NAO have a strong influence on the Iberian hydroclimate with no sta-
tionary correlation with SST over the last century (Trigo et al., 2004; Walter & Graf, 2002). In addition,
oceanographic processes of the Iberian Margin may play a major role on planktonic organisms and SST varia-
tions, greater than atmospheric processes, related to the effects of summer upwelling (Haynes et al., 1993) or to
the persistent influence of the Azores Current during interglacial cooling events (Girone et al., 2023). After
modern observations, the correlation between SST and air temperature decreases during the winter season,
especially over the eastern North Atlantic due to higher meridional temperature gradients and stronger advective
processes (Cayan, 1980).

While the MIS 5e millennial-scale atmospheric events have no systematic counterpart in the Iberian margin SST
record, they clearly correlate with the cooling events in the northern North Atlantic (Tzedakis et al., 2018)
(Figure 6). These episodic decreases of subpolar temperature, labeled from C28 to C26, are closely associated
with modest ice rafting in the North Atlantic and changes in the deep ocean circulation (Mokeddem et al., 2014;
Oppo et al., 2006). The event marking the end of the MIS 5e forest peak corresponds to the North Atlantic event
C27. This event is one of the strongest cooling episodes recorded in the northern North Atlantic during the last
interglacial (Irvali et al., 2012; Mokeddem et al., 2014), which resulted from a reduction in North Atlantic Deep
Water (NADW) production possibly triggered by a Laurentide ice-sheet outburst flood event (Galaasen
et al., 2014; Nicholl et al., 2012). Such a weakening of the AMOC had far-reaching effects on the atmospheric
circulation that shaped the climate in Europe (Levy et al., 2023; Salonen et al., 2018; Tzedakis et al., 2018). As for
MIS 5e, the cool and dry events of MIS 9e may be related to variability in the coupled ocean-atmosphere system
of the North Atlantic. So far, it remains delicate to relate the events of forest reduction in southern Iberia to a
weakening of the AMOC. However, the high-frequency component of the benthic 8'*C timeseries from Site
U1385 clearly show variations during MIS 9e that exceed the analytical precision (£0.06%0) (Hodell et al., 2023a,
2023b) (Figures 3 and 6). It suggests an episodically reduced influence of the NADW, albeit of lesser magnitude
than during major millennial-scale climatic events such as the HS10.1 event or during MIS 9d. All the drying and
cooling events on land coincide with the reductions in deep-water ventilation recorded from Site U1385,
excluding the event following the forest peak, at 332 ka. However, this was also the case for the last interglacial,
the C27 event is not marked by a benthic 8'>C at the Iberian margin (Figure 6), despite the marked changes in
ocean circulation in the northern North Atlantic records as mentioned above. In contrast to MIS 5e, intra-
interglacial variability during MIS 9e has not yet been clearly identified in the eastern subpolar North Atlantic
(Mokeddem & McManus, 2017). However, evidence for abrupt reductions in NADW ventilation in the deep
North Atlantic is provided by a benthic foraminiferal record of 8'*C off the southern tip of Greenland (Galaasen
et al., 2020). Such AMOC slowdowns have been related, although not exclusively, to episodes of increased
freshwater supply favored by the sustained Greenland Ice Sheet (GIS) melting coupled with the particularly high
SST off southern Greenland that occurred throughout the MIS 9e interglacial (Galaasen et al., 2020; Hatfield
et al., 2016; Irvali et al., 2020).
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Episodes of AMOC weakening therefore also appear to be a plausible mechanism driving the millennial-scale
event in southern Europe during MIS 9e. The impact of the reorganization of the North Atlantic circulation on
the subtropical circulation during an intra-interglacial event has been demonstrated by a freshwater forcing
experiment that simulates the C27 event. These simulations show a strengthening of the subtropical high-pressure
system, which leads to dry conditions over southern Europe (Tzedakis et al., 2018). While further high time-
resolution records in the North Atlantic and climate simulations are still needed, millennial-scale variability in
the ocean-ice-atmosphere coupled system appears to be a possible cause of the demise of the early interglacial
forest-climate optimum in southern Europe during warm periods of sustained ice-sheet melting.

4.3.2. Hypothesis 2: Magnitude and Duration of Optimal Forest Expansion as a Response to Non-
Equilibrium Conditions Resulting From Deglacial Millennial Events

Hypothesis 2 proposes that the forest optimum can be seen as a response to a stronger-than-normal increase in
winter precipitation as a consequence of a non-equilibrium state generated during the first millennia of inter-
glacial periods by deglacial millennial-scale variability.

This second hypothesis also stems from the high-frequency component of MF signal (%MF_hi), but it is based on
its highly positive values during the first millennia of interglacial periods (Figures 3 and 6, peach band). These
strong values suggest that the interglacial forest peaks have a millennial character and are therefore not solely a
response to orbital climate change. To test whether this result depends on the smoothing method used, we applied
four different methods to remove the orbital component from the pollen percentage data (Gaussian, Moving
average, Lowess and low-pass filter). We also tested whether the choice of the interpolation step and smoothing
window affected the results (cf., Figure S1-S3 in Supporting Information S1). Regardless of the smoothing
procedure used, the residuals obtained reveal a prominent forest peak in the high-frequency signal. This
particularly warm and humid event in Iberia coincides strikingly with an anomalous warming at high latitudes in
the early millennia of MIS 9e (Figure 6). This suborbital warming is described by the high-frequency component
of the Greenland synthetic temperature reconstruction (GLT_syn_hi) (Barker et al., 2019). This implies that,
while the temperature may not have reached its maximum at northern high latitudes, the warming was stronger
than expected from the orbital-scale trend. Similar patterns are observed for MIS Se (Figure 6).

Using the MIS 5e North Atlantic record as an example, the high-frequency component of the N. pachyderma s.
percentages (%NPS_hi) from the ODP Site 983 shows the lowest values at the onset of the last interglacial (Barker
et al., 2019), while the SST optimum in the subpolar North Atlantic is not reached until 125-124 ka (Deaney
etal., 2017; Govin et al., 2012). This delayed thermal optimum in the subpolar North Atlantic has been attributed
to the effect of the significant GIS ablation on the Atlantic circulation throughout Termination II to mid-MIS Se
(Carlson et al., 2008; Colville et al., 2011; Govin et al., 2012; Zhuravleva et al., 2017). However, despite
continued GIS melt, the warming peak south of Greenland is attained in the early MIS 5e with warmer-than-
present temperatures (Irvali et al., 2012). In the polar North Atlantic, increased temperatures from 128.5 to
126.5 ka suggest advection of southern warm waters into the polar region in between two meltwater pulses likely
associated with events C28 and C27 (Zhuravleva et al., 2017). Warming also appears to be particularly important
during the early LIG in the mid-latitudes of the North Atlantic where a sharp increase in SST is recorded at the end
of HS 11 (Deaney et al., 2017). On land, in western Europe, excess summer heat favored the prominent devel-
opment of the oak-mixed forest during the first millennia of MIS Se probably linked to the maintenance of strong
convection in the Nordic seas despite the pronounced melting of the GIS allowing moisture and warmth to be
brought to Europe (Sanchez Goiii et al., 2012).

MIS 9e records are sparser, and the history of temperature changes in the North Atlantic during this interglacial is
not as well documented. The reduction of polar and Arctic foraminifera in surface waters south of Iceland occurs
rapidly after the end of HS10.1 (Barker et al., 2019; Mokeddem & McManus, 2017). This suggests that the
maximal advection of warm water into the eastern subpolar North Atlantic began early in the interglacial despite
unabated melting of the southern GIS during most of the interglacial (Hatfield et al., 2016). At Eirik Drift, south of
Greenland, as in MIS 5e, temperatures rose rapidly at the end of the deglacial millennial event, and reached the
highest values since the beginning of MIS 9e (Irvali et al., 2020). Despite the different long-term temperature
history in the northern North Atlantic between MIS Se and MIS 9e, the %NPS_hi of OPD Site 983 also displays
low values during the early MIS 9e (Barker et al., 2019). This anomalous high-latitude warming coincides with
the %MF_hi peak, suggesting that the climate conditions of the early MIS 9e have also an intrinsic millennial
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character in the North Atlantic region and Europe. The link between the high latitude warming and a warmer,
wetter southern European winter may be related to the fundamental dependency of southern European climate on
the North Atlantic thermal gradient described above, favored by active convection center in the Nordic Seas.
Higher-than-normal temperature increases at high latitudes would lead to a weakening of the winter latitudinal
thermal gradient, originally driven by the insolation forcing, and consequently to an increase in the winter
moisture supply to southern Europe.

Furthermore, as previously noticed by some authors (Sanchez Goiii et al., 2008; Tzedakis, Pilike, et al., 2009),
variations in MF and atmospheric CH, concentrations during past climatic cycles suggested a close relationship
between tropical atmospheric circulation and hydrological changes in the subtropics. Most noteworthy is that the
peaks in %MF_hi, which includes an important part of the Mediterranean summer-dry taxa, coincide with the CH,
overshoots recorded at the beginning of MIS 9e and 5e (Figure 6). Both TIV and TII are characterized by an abrupt
rise in CH, of more than 200 ppbv in less than 400 years at 335 ka and 300 years at 129 ka (Nehrbass-Ahles
et al., 2020; Schmidely et al., 2021). These increases, which occur in association with carbon dioxide jumps, have
been linked to the northern shift of the ITCZ and tropical rainbelt in response to the AMOC reinvigoration at the end
of HS10.1 and HS11. They are considered to be the fingerprint of a D-O-like warming: the abrupt resumption of
AMOC, by forcing changes in heat distribution, would reinforce monsoonal precipitation in the northern hemi-
sphere tropics, and thus trigger sudden increased methane emissions from wetlands (Nehrbass-Ahles et al., 2020;
Schmidely et al., 2021). Modeling experiments have shown that the abrupt deep-water reorganization in the North
Atlantic that occurred at the end of millennial-scale deglacial events is critical for generating the observed rapid
northward displacement of the ITCZ and increased monsoonal rainfall in Africa (Menviel et al., 2021). As the
intensification of the tropical summer circulation is accompanied by a strengthening of the descending branch of the
Hadley cell and thus of the subtropical highs, the enhancement of summer dryness in Iberia in early MIS 9e and Se in
response to the abrupt AMOC reinvigoration appears to be a reasonable mechanism.

Therefore, records from the tropics to the northern North Atlantic and Europe point to evidence that the climate
change at the end of the terminal millennial events and the climate that prevailed during the first millennia of both
MIS 9e and Se are shaped by the millennial-scale variability. According to Barker et al. (2019), the anomalous
early interglacial warming at the high latitudes reflects a state of non-equilibrium generated by the change in
ocean circulation that followed the abrupt millennial-scale events of the Terminations and persisted for a few
millennia. The excess heat in the North Atlantic is thought to have been delivered to the high latitudes by an
abnormally strong AMOC at the beginning of the interglacial periods. These conditions would result from a
transient state during which the Nordic heat pump has been reactivated although not at their maximal intensity
while the boreal heat pump, the prevailing mode of the glacial stages, is still strong (Barker et al., 2019). The
recent eNd record of MIS 5e from ODP Site 1063 located in the eastern subtropical North Atlantic supports this
view. It indicates that the AMOC abruptly resumed at the end of HS11 with an overshoot during the early Last
Interglacial that lasted several millennia (Deaney et al., 2017). This unexpected AMOC overshoot may result
from a deepening and strengthening of deep-water formed in southern regions of convection, probably in the NW
Atlantic (Deaney et al., 2017). Deep-water formation in the NE Atlantic was also reactivated although remained
quite restricted and shallow until 124 ka, probably as a consequence of the strong GIS melting in the early MIS Se
(Deaney et al., 2017; Galaasen et al., 2014; Govin et al., 2012). Results from LOVECLIM simulations also
showed that enhanced GIS melting during the early Last Interglacial period may have inhibited the convection
centers of northern Iceland and Labrador Sea in the early MIS Se but did not disturbed that of the Nordic Seas
(Sanchez Goiii et al., 2012). So far, there is no record of an AMOC overshoot in the early MIS 9e. Records of the
oceanic circulation in the subpolar latitudes show that NADW formation also resumed during the TIV after the HS
10.1 event. However, in contrast to MIS Se, only depths deeper than 2,000 m appear to have been ventilated while
intermediate depths remained poorly ventilated and that this circulation pattern in the subpolar North Atlantic
remained prevailing until the end of MIS 9e (Mokeddem & McManus, 2017). The benthic 8'*C_hi from Site
U1385, like that of MD01-2444 for MS 5e, shows an abrupt, above-normal strengthening of the North Atlantic
deep-water circulation during the first millennia of the interglacial (Figure 6). The abrupt circulation shift at the
end of the terminal millennial event, accompanied by pronounced GIS melting, may have generated similar
instability or transient oceanic circulation mode at the beginning of both MIS 5e and MIS 9e interglacial periods.

We then propose that the non-equilibrium state in the AMOC generated at the end of the terminal deglacial
Heinrich events exacerbated the winter moisture supply to southern Europe and the summer warming and drying
dictated by the insolation forcing during early MIS 5e and 9e. Such a pattern may not be limited to these
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interglacial stages, as anomalously strong warming at high latitudes has been detected at the onset of all in-
terglacials of the last 800 ky (Barker et al., 2019). For instance, the particularly high forest expansion of the
Holocene (Chabaud et al., 2014) also appears to be synchronous with high values of GLT_syn_hi and may
contribute to the prominent forest expansion. The vegetation record of the Iberian Margin emphasizes that
interglacial intensity and drivers cannot be fully understood only through the lens of orbital-scale climate vari-
ability, millennial-scale variability likely played a prominent role in shaping the interglacial climate optima.

5. Conclusions

The aim of this work was to characterize the vegetation and climate changes in southern Europe during warm
interglacial periods that occurred after the Mid-Brunhes event. We have presented new pollen and SST records
from the Iberian Margin IODP Site U1385 for the interval 317-342 ka, encompassing the MIS 9e interglacial. This
new pollen record shows that the MF expanded over an interval of more than 12 ky, bracketed by the millennial-
scale cooling events of TIV and MIS 9d associated with iceberg discharges in the North Atlantic. In agreement with
previous records, the forests of southern Iberia reached their maximum expansion during the first millennia of the
MIS 9e interglacial. This suggests a stronger seasonality of precipitation with increased winter moisture avail-
ability when the Northern Hemisphere summers are close to perihelion, as previously observed for the last
interglacial. Comparison of MIS 9e with MIS 5Se, another interglacial period of particularly strong high-latitude
warming and reduced ice caps, using data and model simulations, shows that subtle differences in the seasonal
and latitudinal insolation distribution produced marked difference in the orbital-scale response of the hydrological
cycle and vegetation in southwestern Europe. The higher CO, forcing during MIS 9e attenuates this difference but
does not offset the climate response to the insolation forcing. Furthermore, the continental and marine records from
Site U1385 provide new evidence that intra-interglacial climate variability is a persistent feature of past in-
terglacials in southern Europe, probably linked to millennial-scale oscillations in deep-sea circulation. The high-
frequency component of the MF time series highlights the early interglacial forest maxima as a prominent sub-
orbital event and therefore that the duration and intensity of the interglacial maxima cannot be explained solely
by forcing factors acting at the orbital scale. As suggested previously, the early demise of the forest with no return to
previous conditions related to moving boundary conditions may have been promoted by cooling and drying events
in response to AMOC weakening. Specifically, we proposed that the brief and pronounced forest and precipitation
maximarecorded in southern Iberia during the early part of the interglacials may be viewed as a response to the non-
equilibrium conditions over the first millennia of the interglacial periods generated by the millennial-scale
deglacial events. The early interglacial anomalous high-latitude conditions, as recorded in the Greenland syn-
thetic temperature record, would have exacerbated the weakening of the winter latitudinal thermal gradient driven
by orbital-scale forcing, and hence the moisture supply to southern Europe. Thus, during warm periods of sustained
ice-sheet melting, the interplay between orbital and millennial-scale variability therefore appears to be central to
explaining interglacial intensity. Further research is needed to verify whether the co-occurrence of anomalous high-
latitude warming and forest overshoot in southern Iberia during the first millennia of interglacial periods is a
pervasive relationship throughout the Mid-to Late Pleistocene.

Data Availability Statement

All new data from IODP Site U1385 presented in this manuscript are available online in the PANGAEA data
repository. Three data sets are provided: raw pollen data (Desprat et al., 2024b), pollen percentages (Desprat
et al., 2024¢) and biomarker data (Uk's; SST and %C37) (Desprat et al., 2024a).
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