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is critical for Mediterranean forest development. Decreased 
precipitation was possibly induced by the amplified MIS 11c 
latitudinal insolation and temperature gradient that shifted 
the westerlies northwards. In contrast, the reconstructed 
lower forest optimum at MIS 19c is not reproduced by the 
simulations probably due to the lack of Eurasian ice sheets 
and its related feedbacks in the model. Transient experi-
ments with time-varying insolation and  CO2 reveal that the 
SW Iberian forest dynamics over the interglacials are mostly 
coupled to changes in winter precipitation mainly controlled 
by precession,  CO2 playing a negligible role. Model simula-
tions reproduce the observed persistent vegetation changes 
at millennial time scales in SW Iberia and the strong forest 
reductions marking the end of the interglacial “optimum”.

Keywords Orbital Holocene analogues · Model–data 
comparison · Mediterranean vegetation · Marine pollen 
analysis · Insolation · CO2

1 Introduction

Past warm intervals are critical experiments for testing 
how the natural climate system responds to different forc-
ing factors under reduced ice sheets compared to glacial 
periods. Two Quaternary interglacials, the Marine Isotope 
Stage (MIS) 11 (425–374 ka; MIS 11c, 425–395 ka) and 
MIS 19 (790–761 ka; MIS 19c, 790–774 ka), have received 
particular attention from the scientific community owing 
to their relatively similar orbital characteristics with the 
Holocene (e.g. Berger and Loutre 2002, 2003; Tzedakis 
et al. 2012; Candy et al. 2014). Such analogy is based on 
akin low eccentricity and weak precession variations, albeit 
when the summer half-year insolation is considered both 
interglacials appear less analogous to MIS 1 (Tzedakis et al. 
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2017). MIS 11c has long been considered the most appropri-
ate astronomical analogue for the Holocene and its climatic 
progression since it displays a similar seasonal and latitu-
dinal distribution of insolation, which is largely responsi-
ble for the climatic structure and duration of interglacials 
(e.g. Droxler and Farrell 2000; Berger and Loutre 2002, 
2003; Loutre and Berger 2003; Candy et al. 2014). Based 
on this similarity, the current interglacial was predicted to 
be exceptionally long, lasting for more 50,000 years (Berger 
and Loutre 2002). However, MIS 11c orbital analogy with 
the Holocene and its future remains complex and contro-
versial mainly due to the uncertainties in the precise align-
ment of the two interglacials (e.g. EPICA 2004; Ruddiman 
2005; Masson-Delmotte et al. 2006; Tzedakis 2010) and the 
seemingly contradictory evidence in both the climatic struc-
ture and greenhouse gas (GHG) concentrations (e.g. Bauch 
et al. 2000; McManus et al. 2003; de Abreu et al. 2005; 
Ruddiman 2007; Helmke et al. 2008; Dickson et al. 2009; 
Pol et al. 2011; Kandiano et al. 2012; Melles et al. 2012; 
Candy et al. 2014; Ganopolski et al. 2016). Regardless of 
MIS 11c suitability as an orbital analogue of the Holocene, 
this interglacial presents additional key features, including 
its higher than present sea-level probably associated to the 
collapse of Greenland and West Antarctica ice sheets (e.g. 
de Vernal and Hillaire-Marcel 2008; Raymo and Mitrovica 
2012; Roberts et al. 2012; Reyes et al. 2014; Dutton et al. 
2015) and its GHG-driven climate warming (Raynaud et al. 
2005; Yin and Berger 2012). MIS 19c phasing between pre-
cession and obliquity is more similar to MIS 1 than MIS 
11c, a reason why it has been suggested as an even better 
analogue for the Holocene in terms of orbital configuration, 
insolation distribution pattern and paleoclimatic signatures 
(Tzedakis et al. 2009a, 2012; Pol et al. 2010; Rohling et al. 
2010; Tzedakis 2010; Yin and Berger 2012, 2015; Giac-
cio et al. 2015). Considering MIS 19c as an analogue and 
assuming that ice growth mainly responds to insolation and 
 CO2 forcing, with  [CO2] maxima of 240 ppmv, Tzedakis 
et al. (2012) propose 1500 additional years to the current 
interglacial. However, recent work also challenges this anal-
ogy based on the different millennial-scale climatic cyclic-
ity observed throughout the two interglacials that appears 
to interact with the orbital variability in triggering glacial 
inception (Sánchez Goñi et al. 2016).

Yin and Berger (2012, 2015) have evaluated, using the 
LOVECLIM model, the individual contributions of the pri-
mary forcings (insolation and GHG) to the variability of 
distinct climate-related parameters (temperature, tree frac-
tion, sea ice) of the interglacials. Their analysis focused at 
the interglacial climate “optimum” but also over the entire 
periods of each interglacial. Those authors found that MIS 
11c and MIS 19c can be considered as the best analogues, 
particularly MIS 19c, for the present interglacial from an 
astronomical point of view and as far as annual and seasonal 

temperatures under the combined effect of the primary forc-
ings are concerned (Yin and Berger 2012, 2015). The major 
difference of MIS 11c would be related to its higher GHG-
driven warming that results in a warmer interglacial than 
MIS 1 and MIS 19c (Yin and Berger 2012, 2015). As high-
lighted by Yin and Berger (2015), looking for analogues 
implies the intercomparison of the interglacials not only at 
the global scale but also at the regional scale. The regional 
expression of these past interglacials remains, however, 
poorly documented due to the scarcity of proxy data and 
model experiments. This study aims at filling this gap for 
the western Mediterranean region by comparing new and 
published terrestrial and marine climate profiles of MIS 1 
(this work) to MIS 11c (Oliveira et al. 2016) and MIS 19c 
(Sánchez Goñi et al. 2016) from IODP Site U1385. This 
site covers the last 1.45 Ma and is located on the SW Ibe-
rian margin, a region particularly sensitive to climate change 
and the effect of precession (Ruddiman and McIntyre 1984). 
Based on proxy records and model simulations, here we 
examine the regional expression of the three interglacials, 
MIS 1, MIS 11c and MIS 19c, marked by low eccentricity to 
identify the controlling factors responsible for the magnitude 
and evolution of the western Mediterranean tree fraction 
and climate.

2  Modern setting

IODP Site U1385 (37°34.285′N, 10°7.562′W; 2578 m water 
depth) was recovered on the SW Iberian margin (Fig. 1), 
located on the eastern edge of the North Atlantic subtropi-
cal gyre (Expedition 339 Scientists 2013; Hodell et  al. 
2013). The modern surface hydrography off western Iberia 
is mainly influenced by the Portugal Current and the Azores 
Current, depending on the meridional displacements of the 
subtropical Azores High and the large-scale wind regimes 
(Fiúza 1984; Peliz et al. 2005). During the summer, the cli-
mate of southern Iberia is directly affected by the north-
eastward expansion of the Azores High, while the dynam-
ics of the North Atlantic westerlies dominate in wintertime 
(Trigo et al. 2004; Lionello et al. 2006). These complex 
atmospheric interactions result in the high-seasonality of 
the Mediterranean climate (warm/dry summers and mild/wet 
winters), which promotes the development of a Mediterra-
nean vegetation in SW Iberia (Castro et al. 1997). As shown 
by Naughton et al. (2007), the pollen signature from the 
SW Iberian deep-sea sediments reflects the regional vegeta-
tion of the adjacent landmasses, in particular the vegetation 
colonizing the hydrographic basins of the Tagus and Sado 
rivers. Because the vegetation distribution of these basins is 
closely related to precipitation and thermal gradients, coni-
fers (Pinus woodland with Juniperus) generally dominate 
the highest elevations and deciduous oak the mid-altitude 
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areas (Peinado Lorca and Martínez-Parras 1987; Castro et al. 
1997). Evergreen oak and Mediterranean sclerophylls (Olea 
sylvestris, Pistacia lentiscus, Phillyrea) occupy the warmest 
zones at lower elevations (Castro et al. 1997). Heathlands 
(Ericaceae) are naturally confined to zones with relatively 
high humidity and rockrose shrublands (Cistaceae) expand 
in drier environments (Peinado Lorca and Martínez-Parras 
1987; Loidi et al. 2007).

3  Materials and methods

3.1  Chronology

MIS 1 chronology was established from five AMS radio-
carbon dates converted to calendar year before present 
(cal yr BP) using the Marine13 curve (Reimer et al. 2013) 

with Calib 7.1 (Stuiver and Reimer 1993; http://calib.qub.
ac.uk/calib/) (Fig. 2; Table S1). The lower part of the age-
depth model was constrained by one additional control 
point from the age model “Age_Depth_Radiocarbon” of 
Hodell et al. (2015) that is based on correlating the Ca/Ti 
record of Site U1385 to the  CaCO3 record of the nearby 
MD99-2334 core, which has a robust radiocarbon chro-
nology (Fig. 2). The age-depth model was obtained using 
linear interpolation between each of the six control points 
(Fig. 2). The studied core section encompasses the last 
17.5 ka and the average temporal resolution for the pollen 
and SST record is ∼ 465 year (Fig. 3). MIS 11c and MIS 
19c paleoclimate records are presented on their original 
LR04-derived chronology (Hodell et al. 2015; Oliveira 
et al. 2016; Sánchez Goñi et al. 2016) with an average 
temporal resolution of ~ 475 year (Fig. 4).

Fig. 1  Map of the SW Iberian margin showing the detailed bathym-
etry and location of Site U1385 and the core MD95-2042. Left inset: 
General geographical map showing the Iberian Peninsula. The zonal 
(red arrow) and meridional (blue arrow) trajectory the atmospheric 

westerlies is shown. Black arrows represent the surface water circula-
tion (SPG Subpolar Gyre, NAC North Atlantic Current, AC Azores 
Current, STG Subtropical Gyre, CC Canary Current, PC Portugal 
Current)
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3.2  Pollen and alkenones analyses

Five Holes (A–E) were drilled at Site U1385 using an 
advanced piston corer system during the IODP Expedition 
339 (Mediterranean Outflow) (Fig. 1) (Hodell et al. 2013). 
Correlation among Holes was performed based on X-ray flu-
orescence core scanning at 1-cm resolution, which allowed 
the construction of a continuous spliced stratigraphic section 
spanning the last 1.45 Ma (Hodell et al. 2015).

Thirty-eight levels were sampled from Holes E and D every 
5 to 10 cm between 0.05 and 2.92 corrected revised meter 
composite depth (crmcd). The new pollen and biomarkers 
analyses followed the methodology described by Oliveira et al. 
(2016) and Sánchez Goñi et al. (2016) for the study of MIS 
11c and MIS 19c. Pollen samples were processed using the 
standard protocol for marine samples including coarse-sieving 
(150 μm mesh), treatment with cold HCl and cold HF, micro-
sieving (10 μm mesh) and slide preparation in glycerol (http://
ephe-paleoclimat.com/ephe/Pollen%20sample%20preparation.
htm). A minimum of 20 pollen morphotypes and 100 pollen 
grains excluding Pinus, Cedrus, aquatics and Pteridophyta 
spores were counted in each sample. Pollen percentages were 
calculated based on the main pollen sum excluding Pinus due 
to its well-known over-representation in marine sediments (e.g. 
Heusser and Balsam 1977), including those from the west-
ern Iberian margin (Naughton et al. 2007). Also excluded 
were Cedrus, because it is an exotic pollen grain that likely 
originates from the North African cedar forest (Magri 2012), 
aquatic plants, spores and indeterminable pollen grains. The 
Mediterranean forest (MF) pollen percentage record comprises 
the Mediterranean taxa and all temperate tree and shrub taxa 
excluding Pinus, Cedrus and Cupressaceae. Alkenone-based 
sea surface temperature  (Uk′

37-SST) reconstruction was based 
on the proportion of long chain di- and tri- unsaturated  C37 
alkenones. Alkenones sediment extraction procedure followed 

Villanueva et al. (1997).  Uk′
37-SST was estimated using the 

 Uk′
37 index (Prahl and Wakeham 1987) and the global core-top 

calibration of annual SST (Müller et al. 1998).

3.3  Model and experimental setup

The climate model experiments were performed with the 
LOVECLIM three-dimensional Earth system model of inter-
mediate complexity (Goosse et al. 2010). In these simula-
tions, the atmospheric component (ECBilt), sea-ice-ocean 
model (CLIO) and terrestrial biosphere (Vegetation COn-
tinuous Description—VECODE) were interactively coupled 
while the carbon cycle and the ice sheets were fixed to their 
present-day values (Yin and Berger 2012, 2015). VECODE 
is a model of reduced complexity in which the vegetation 
dynamics, defined as a fractional distribution of desert, tree 
and grassland, are simulated as a non-linear function of the 
climatic conditions, in particular the accumulation of daily 
positive degrees during the year, i.e. the growing degree-
days above 0 °C (GDD0), and the annual mean precipitation 
(Brovkin et al. 1997). An extensive description of the model 
and experiment design used in this study is provided in Yin 
and Berger (2012, 2015).

The climate “optimum” of each interglacial was simu-
lated with two sets of snapshot experiments using the astro-
nomical parameters (1) at times when Northern Hemisphere 
summer occurs at perihelion (NHSP) (12, 409 and 788 ka) 
and (2) at the interglacial benthic δ18O peaks of the LR04 
stack from Lisiecki and Raymo (2005) (6, 405 and 780 ka) 
(Yin and Berger 2015). The peak interglacial GHG concen-
trations were used in the simulations and ice sheets were 
prescribed to their present-day configuration. The model has 
been integrated for 1000-year. This produced an equilibrium 
climate state at the end of the simulations and the last 100-
year climatology was investigated. Comparison between 
proxy data and model results of transient experiments cov-
ering at least one precessional cycle (Yin and Berger 2015) 
was also carried out to investigate the regional vegetation 
and climate dynamics under the varying astronomical con-
figurations and  CO2 concentrations of MIS 1 (last 15 ka), 
MIS 11c (425–394 ka) and MIS 19c (793–773 ka). The ice 
sheets were prescribed to their Pre-Industrial (PI) extent. In 
these simulations, an acceleration factor of 10 was used (Yin 
and Berger 2015).

4  Results and discussion

4.1  Direct land‑sea comparison for MIS 1

The new direct land-sea comparison from Site U1385 
identifies the last 17.5  ka climatic periods, well-
documented in the SW Iberian terrestrial and marine 

Fig. 2  Age–depth model based on five calibrated AMS radiocarbon 
ages (black circles, Table S1) and one control point from the radio-
carbon age model of Site U1385 (black square, Hodell et  al. 2015). 
Grey lines indicate the 2σ uncertainty envelope
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environments (e.g. Bard et al. 2000; Rodrigues et al. 2009; 
Chabaud et al. 2014; Salgueiro et al. 2014; Naughton 
et al. 2016): (1) the cold/dry Oldest Dryas (OD)/Hein-
rich Stadial 1; (2) the temperate/humid Bølling-Allerød 
(B-A); (3) the cool/relatively dry Younger Dryas (YD); 
and (4) the warm/humid Holocene marked by a major 
expansion of the MF between ~ 11.6 and 8.5 ka, followed 
by a progressive contraction toward the late Holocene 

(Fig.  3, for pollen percentage diagram and summary 
description see Fig. S1 and Table S2). The comparison 
of the pollen records from Site U1385 and the nearby 
core MD95-2042 (Chabaud et al. 2014) during the over-
lapping time interval, i.e. the last 14.2 ka, shows clear 
evidence for the replicability of the pollen analysis in the 
SW Iberian margin (Fig. 3), which is a prime location 
for undertake land–sea comparisons. Although the two 

Fig. 3  Vegetation and climatic 
changes from Site U1385 (bold 
lines) and the nearby marine 
core MD95-2042 (thin lines) 
over the last 17.5 ka. From 
bottom to top: Percentages of 
selected pollen taxa or group of 
taxa (U1385: this study; MD95-
2042: Chabaud et al. 2014): a 
Pinus (black), b semi-desert 
plants (Artemisia, Chenopodi-
aceae, Ephedra distachya-type 
and Ephedra fragilis-type) 
(orange), c Ericaceae (blue), d 
Mediterranean taxa (Quercus 
evergreen-type, Cistus, Olea, 
Phillyrea and Pistacia) (red) 
and MF (mainly deciduous 
Quercus and Mediterranean 
taxa) (green); e Uk’37-SST 
(dark blue) (U1385: this study; 
MD95-2042: Pailler and Bard 
2002); f δ18Ob records (black) 
(U1385: Hodell et al. 2015; 
MD95-2042: Shackleton et al. 
2000). Upper bar indicates the 
North Atlantic climatic phases: 
Oldest Dryas (OD)/Heinrich 
Stadial 1 (HS1), Bølling-
Allerød (B-A) interstadial, 
Younger Dryas (YD) stadial and 
the Holocene interglacial
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pollen diagrams diverge in the values of some taxa such 
as Pinus and Ericaceae, they bear strong similarities in 
terms of vegetation dynamics within the chronological 
uncertainties and in particular, they present similar Holo-
cene maximal values of Mediterranean taxa and forest 
(Fig. 3; Table S3). Since the results of the marine proxy 
analyses are also in good agreement (Fig. 3) and the chro-
nology from core MD95-2042 is more accurate (twice as 

many radiocarbon dates than Site U1385), hereafter we 
also use the higher time-resolution MD95-2042 dataset 
for MIS 1 (150 year average for pollen and 340 year for 
SST) (Figs. 3, 4, 8a, b).

Fig. 4  Vegetation and climatic changes from Site U1385 over MIS 
1, MIS 11c (Oliveira et al. 2016) and MIS 19c (Sánchez Goñi et al. 
2016). From bottom to top: Selected pollen percentage curves: a 
Mediterranean taxa (MIS 1: red, Chabaud et  al. 2014; black, this 
study) and MF (MIS 1: green, Chabaud et al. 2014; black, this study); 
b Uk’37-SST (MIS 1: Pailler and Bard 2002) (dark blue); c δ18Ob 
records of Site U1385 (black) (Hodell et al. 2015) and LR04 (grey) 
(Lisiecki and Raymo 2005); d Modeled global sea level relative to 
present (m) (purple) (Bintanja and van de Wal 2008); e  CO2 concen-

tration (brown) (Lüthi et al. 2008); f 65°N summer insolation (black), 
obliquity (light blue) and precession (red) parameters (Berger 1978). 
The grey bars mark the interglacial vegetation “optimum”, which for 
the Holocene was based on the MD95-2042 dataset. Arrows indicate 
the insolation used in the snapshot simulations at the dates when 
boreal summer occurred at perihelion (NHSP) (dark red) and at the 
dates of the LR04 δ18Ob peaks (grey) (Yin and Berger 2015). Forest 
phases labeled with local names (bottom) and stratigraphical frame-
work (top) are indicated
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4.2  Interglacial intensity in the SW Iberian region

4.2.1  Comparing reconstructed and simulated interglacial 
vegetation and climate “Optima” for MIS 1, 11c 
and 19c

The reconstructed “optimum” forest development of each 
interglacial in SW Iberia was determined following recent 
compilations that defined the interglacial intensity based on 
the maximum values achieved in a range of climatic prox-
ies within the interglacials (Lang and Wolff 2011; Candy 
and McClymont 2013; Past Interglacials working group of 
PAGES 2016). Here, we started by identifying the interval 
with the highest percentages of Mediterranean taxa and MF 
(Fig. 4; Table S3) because it represents the optimal expres-
sion of the Mediterranean climate (Polunin and Walters 
1985). Second, we calculated the mean pollen percentages 
of Mediterranean taxa and MF maxima during these inter-
vals (Fig. 4, Table S3). Because the maximal expansion of 
MF and Mediterranean taxa occurred at the same date dur-
ing MIS 1 and MIS 11c at Site U1385, to avoid the effect of 
potential outliers, the averaged interval included not only the 
absolute maximum value but also the values of the samples 
before and after it (Fig. 4; Table S3).

Site U1385 pollen record shows that MIS 1 stands out in 
terms of MF “optimum” development, displaying the highest 
MF values (72% average) (Fig. 4; Table S3). The MF max-
ima values of MIS 11c and MIS 19c although very similar 
(40 and 39% average, respectively) are substantially below 
the average of MIS 1 (Fig. 4; Table S3). The larger expan-
sion of the MF during MIS 1 is mainly due to the stronger 
development of deciduous oak (deciduous Quercus pollen-
type), the dominant temperate tree in the studied region that 
includes species with a wide range of tolerance of winter 
temperatures but require a rainy climate (Polunin and Wal-
ters 1985). In contrast, the Mediterranean taxa maxima val-
ues show small differences between the three interglacials 
(< 6%), suggesting an identical “optimum” development of 
these summer-drought resistant taxa (Fig. 4; Table S3) and, 
therefore, similar summer dryness. Interglacial sea surface 
conditions off SW Iberia are characterized by overall warm 
and relatively stable SST (Fig. 4). Nevertheless, the peak 
warmth of MIS 1 (maximum SST: 20 °C) is slightly higher 
than that of MIS 11c (18.6 °C) and MIS 19c (19.4 °C), 
although these differences are close to the limit of the Uk’37-
SST estimated uncertainty (~ 0.5 °C) (Villanueva et al. 1997) 
(Fig. 4). At the MF “optimum” development, MIS 1 SST 
also reached maxima ~ 1.6 and 1 °C higher than MIS 11c 
and MIS 19c, respectively (Fig. 4).

At present, the MF development and composition are 
determined not only by temperature but in particular by the 
moisture availability and rainfall seasonality (Quezel 2002; 
Gouveia et al. 2008). Given the contrasts in the vegetation 

composition between the three interglacials, i.e. proportion 
of deciduous Quercus versus Mediterranean taxa, and the 
low-amplitude variations in the  Uk’

37-SST profiles (Fig. 4), 
we suggest that the different magnitude in the forest expan-
sion was primarily driven by distinct winter precipitation 
conditions over the SW Iberian region. Comparison between 
proxy data and model results allows testing this hypothesis.

The major expansion of the SW Iberian forest during MIS 
1, 11c and 19c shows closer correspondence to NH summer 
insolation maxima than to LR04 δ18Ob peaks (Fig. 4), within 
age uncertainties. Therefore, it appears more appropriate to 
compare our pollen-based reconstructions with the snap-
shot simulations of the interglacial climate “optimum” in 
which the insolation of NHSP is used (Figs. 5, 6a, b, 7). This 
approach is further supported by the evidence of the perva-
sive influence of precession on the long-term Mediterranean 
vegetation patterns, with Mediterranean plants displaying 
maxima associated with precession minima (Magri and 
Tzedakis 2000). In addition, recent work (Yin and Berger 
2015) comparing the results of the two sets of snapshot 
experiments with the proxy data of five warm interglacials, 
MIS 1, 5e, 9e, 11c and 19c, showed that the simulations 
using the insolation of NHSP provide a better agreement 
with the proxy reconstructions than the ones using the inso-
lation at the interglacial δ18Ob peaks.

The simulated tree fraction during MIS 1 climate “opti-
mum” over southern Iberia was significantly higher than 
during MIS 11c but not significantly different from MIS 19c 
(Fig. 5). Assuming that the MF pollen percentages at Site 
U1385 represent the SW Iberian tree fraction, both pollen-
based vegetation records and snapshot experiments agree on 
reduced MIS 11c forest cover compared to MIS 1, however, 
the model is not able to reproduce the differences between 
MIS 19c and MIS 1 (Figs. 4, 5). The modeled tree fraction 
using transient simulations, which provide a broader view of 
the vegetation response to a time-varying forcing (insolation 
and GHG), further shows that the tree fraction peaks of MIS 
1 and MIS 19c are similar and larger than MIS 11c (Fig. 8a, 
b). However, one should keep in mind that the relationship 
between arboreal pollen percentages and tree cover is not 
direct, which is mostly due to the difficulty of estimating the 
role of all the different factors influencing the palynological 
data (e.g. pollen productivity and dispersability, source area 
and distance to sample site, amenability to wind dispersal, 
deposition and preservation until sampling and analysis of 
vegetation dynamics) (Bradshaw and Webb 1985; Prentice 
et al. 1987; Faegri et al. 1989). Nevertheless, this does not 
affect our pollen-vegetation relationships as previous work 
has shown that the pollen percentage variations reflect the 
past tree cover patterns (Williams and Jackson 2003) and 
vegetation composition (Nieto-Lugilde et al. 2015). In addi-
tion, although the vegetation model VECODE has shown 
to yield results that agree fairly well with more complex 
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vegetation models and observations (Cramer et al. 2001), the 
simplicity of this model also precludes a quantitative com-
parison between the simulated and reconstructed regional 
tree fraction and a quantitative analysis of the simulated dif-
ferences in the climate parameters. VECODE simulates the 
percentage of tree fraction only as a function of GDD0 and 
annual mean precipitation (Brovkin et al. 1997), neglecting 
the importance of the seasonality of the Mediterranean cli-
mate in driving vegetation changes in SW Iberia. Simulated 
tree fraction can be under or overestimated without affect-
ing qualitatively the model results. Both the uncertainties in 
the quantitative pollen-based reconstructions and the lack 
of seasonal forcing in the model outputs hamper a model-
data quantitative comparison and may explain the marked 

differences between the values of the pollen-based and simu-
lated tree fraction (Figs. 4, 5, 8a, b).

The simulated differences in precipitation and surface 
air temperature between MIS 11c and MIS 1 reveal that 
the modeled lower tree fraction of MIS 11c in SW Iberia 
is due to its relatively lower annual precipitation since the 
annual temperature is slightly warmer than the one of MIS 
1 (Figs. 5, 6a). As the VECODE model only uses the annual 
mean precipitation to compute the vegetation dynamics, the 
influence of the seasonal distribution of precipitation in 
the simulated tree fraction cannot be straightforward deter-
mined. However, given the characteristic summer–dry/
winter–wet character of the Mediterranean climate, the 
winter precipitation is the most likely main contributor to 

Fig. 5  Differences between MIS 1 and MIS 11c (upper panel) and MIS 19c (lower panel) for the tree and grass fraction change (%) using the 
snapshot simulations with insolation of NHSP
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the annual mean, which is in line with the simulated lower 
winter (DJF) precipitation of MIS 11c, whereas the differ-
ences during the summer (JJA) are not significant (Fig. 6a). 

Considering the absence of differences in the simulated SW 
Iberian tree fraction between MIS 19c and MIS 1 (Fig. 5), as 
anticipated, MIS 19c annual precipitation is not significantly 

(a)

(b)

Fig. 6  a Differences between MIS 11c and MIS 1 using the snapshot 
simulations with insolation of NHSP for the annual mean, DJF and 
JJA precipitation (cm/year) (upper panel) and annual mean, DJF and 
JJA surface air temperature (°C) (lower panel). Grey shaded areas 

indicate the regions for which the simulated anomalies are signifi-
cantly different at the 90% confidence level based on a t test. b Same 
as Fig. 6a but for the differences between MIS 19c and MIS 1
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different from MIS 1 and the annual surface air tempera-
ture is only slightly higher during MIS 19c (Fig. 6b). Taken 
together, the simulated tree fraction and climate parameters 
differences between MIS 11c and MIS 1 (Figs. 5, 6a) are in 
qualitative agreement with our pollen-based tree fraction 
reconstructions (Fig. 4), and consistent with our hypothesis 
that the relatively lower winter precipitation at MIS 11c over 
SW Iberia was the most important factor leading to its lower 
tree fraction. In contrast, the pollen-based tree fraction and 
inferred precipitation differences between MIS 19c and MIS 
1 are not reflected in the model results (Figs. 5, 6b).

4.2.2  What drives the SW Iberian interglacial vegetation 
at the climate “Optima”?

Results of LOVECLIM simulations quantifying the insola-
tion and GHG contribution to the tree fraction changes for 
the past nine interglacials showed a dominant effect of inso-
lation on the global tree fraction change and particularly over 
northern tropical-subtropical regions, which was related to 
the strong impact of insolation (precession) on precipitation 
(Yin and Berger 2012). On the other hand, the  CO2 contribu-
tion only become important in the high latitudes given that 
the influence of temperature (GDD0) is larger than in the 
low latitudes (Yin and Berger 2012). Based on these find-
ings and on the well-documented influence of precession 
in the Mediterranean vegetation (e.g. Magri and Tzedakis 
2000; Tzedakis 2007; Sánchez Goñi et al. 2008), we con-
sider that the major factor controlling the interglacial tree 
fraction maximum over SW Iberia was insolation, whereas 
GHG played a smaller role.

To understand the potential role of insolation and under-
lying mechanisms in inducing the large difference in the 

pollen-based tree fraction “optimum” of MIS 1 and MIS 
11c over SW Iberia, we calculated the difference in the lati-
tudinal and seasonal distribution of insolation at the NHSP 
dates (Fig. 6). During boreal winter, MIS 11c insolation over 
the high latitudes was not significantly different from MIS 
1 but it was higher in the low latitudes (Fig. 6), a pattern 
that may have generated a larger latitudinal winter thermal 
gradient at the MIS 11c peak. Simulations from Yin and 
Berger (2012, 2015) show that MIS 11c lower obliquity led 
to an insolation-driven cooling at the interglacial “optimum” 
that was compensated by the GHG-driven warming during 
boreal winter, and that in the low-to-mid latitudes MIS 11c 
was warmer than MIS 1. This hypothesis is further sup-
ported by eastern North Atlantic SST reconstructions for 
MIS 1 and MIS 11c showing a steeper latitudinal tempera-
ture gradient during MIS 11c (Kandiano et al. 2012). As 
the latitudinal temperature gradient has a strong impact on 
the atmospheric circulation (e.g. Rind 1998), we propose 
as a working hypothesis that MIS 11c increased thermal 
gradient between the low and high latitudes would have led 
to the intensification and northward shift of the temperate 
westerlies with consequent decrease of winter precipitation 
and lower forest development over the SW Iberia region. 
These results are compatible with recent precipitation and 
circulation changes over Europe (IPCC 2013), namely with 
asymmetrical trends on the number of Atlantic extra-tropical 
cyclones and precipitation affecting northern and southern 
Europe (Trigo et al. 2008). Thus, while the northern Atlantic 
and Europe have suffered a positive trend in Atlantic mid-
latitude cyclones, the Mediterranean basin is becoming drier 
due to fewer low-pressure systems passing through (Sousa 
et al. 2011). In addition, in line with recent climate model 
simulations for the obliquity and precession-driven changes 

Fig. 7  Differences between 
MIS 11c and MIS 1 at the 
NHSP dates for the latitudinal 
and seasonal distribution of 
insolation (W/m2). The Y-axis 
indicates latitude and the X-axis 
marks the true longitude of the 
Sun from the beginning to the 
end of the year (0° and 180° are 
for the spring and fall equi-
noxes; 90° and 270° are for the 
summer and winter solstices). 
Insolation is determined from 
the insolation parameters of 
Berger (1978)
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Fig. 8  a Vegetation and climatic changes from Site U1385 and 
results of the transient simulations with time-varying insolation and 
 CO2 for MIS 1, MIS 11c and MIS 19c for the southern Iberian region 
(35N°–41°N, 0–8°W). From bottom to top: Selected pollen percent-
age curves: a Mediterranean taxa (MIS 1: red, Chabaud et al. 2014; 
black, this study) and MF (MIS 1: green, Chabaud et al. 2014; black, 
this study); b Simulated tree fraction anomaly (%) (black); Surface 
air temperature (°C) c DJF (dark blue), d MAM (green), e annual 

(black), f SON (light blue), g JJA (red). The 1000-year running mean 
of the original simulated data is plotted. h  CO2 concentration (brown) 
(Lüthi et al. 2008); i 65°N summer insolation (black), obliquity (light 
blue) and precession (red) parameters (Berger 1978). Forest phases 
labeled with local names (bottom) and stratigraphical framework 
(top) are indicated. b Same as Fig. 8a but for precipitation (cm/year): 
c JJA (red), d annual (black), e MAM (green), f DJF (dark blue) and g 
SON (light blue)
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in the freshwater budget over the Mediterranean, lower 
obliquity and slightly lower precession minimum at the MIS 
11c “optimum” may have also contributed to its lower winter 
precipitation by reducing the convective precipitation (Bos-
mans et al. 2015). These large and small-scale changes in 
the atmospheric circulation would explain the reduction of 
winter moisture availability and the resulting reconstructed 
and simulated lower tree fraction at the MIS 11c “optimum” 

in SW Iberia. However, palaeoclimate data from other key 
regions sensitive to the westerlies and related North Atlan-
tic storm tracks and future simulations with more complex 
models are definitely needed to test our hypothesis and 
examine the variations in the westerlies.

The simulated tree fraction differences between MIS 1 
and MIS 19c over southern Iberia show that MIS 19c is 
the best analogue for the Holocene “optimum” since both 

Fig. 8  (continued)
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snapshot and transient experiments display insignificant dif-
ferences at the peak of the two interglacials (Figs. 5, 8a, b). 
However, pollen-based reconstructions at Site U1385 reveal 
a completely different pattern with much larger forest cover 
at the Holocene “optimum” (Fig. 4). We suggest that this 
model–data discrepancy mainly results from the fact that 
only insolation and GHG were taken into account in the 
simulations, thus discarding the potential impact of the dif-
ferent ice sheet forcing on the regional climate and vegeta-
tion. This would be particularly important for the differences 
between the Holocene and MIS 19c, contrasting with MIS 
1 and MIS 11c during which the ice sheets in the NH were 
essentially restricted to Greenland (e.g. Rohling et al. 2010; 
Raymo and Mitrovica 2012).

According to the LR04 benthic oxygen isotope stack 
(Lisiecki and Raymo 2005) and marine oxygen isotope 
records (Hodell et al. 2008; Hodell and Channell 2016), MIS 
19c ice volume was relatively higher than during the Holo-
cene (Fig. 4). Although changes in the δ18O benthic profiles 
are not only driven by ice volume (Skinner and Shackleton 
2005), similar results have been shown by modeled global 
sea-level (Fig. 4) (Bintanja et al. 2005; Bintanja and van de 
Wal 2008) and a recent sea-level stack (Spratt and Lisiecki 
2016). Proxy data and model studies evidence that prior to 
the Middle Pleistocene Transition (MPT, ∼ 650–1100 ka) 
the Eurasian ice sheets had an important contribution to the 
total NH ice volume (e.g. Bintanja and van de Wal 2008; 
Hodell et al. 2008; Naafs et al. 2013). In particular, stud-
ies from the eastern North Atlantic based on organic and 
inorganic chemistry of ice rafted debris (IRD) demonstrate 
that the detrital grains of MIS 19 were not derived from the 
Hudson Strait but rather from northern Europe, Greenland 
and/or Iceland, which indicates a larger expansion of the 
Eurasian ice sheets in comparison to the interglacials after 
MIS 16 (Hodell et al. 2008; Hernández-Almeida et al. 2012; 
Naafs et al. 2013). We propose that these differences in ice 
sheet forcing between MIS 1 and MIS 19c (i.e. NH ice vol-
ume baseline conditions and Eurasian ice sheets extent) may 
have been responsible for the lower SW Iberian forest cover 
during MIS 19c and additionally explain the discrepancy 
between pollen-based reconstructions and climate model 
results. Pollen records off southern Iberia and the Mediter-
ranean region indicate reduced forest cover for the first mil-
lennia of the early Holocene that was likely associated with 
the persistence of relatively large Laurentide and Fennos-
candian ice sheets, which may have changed the trajectory 
of the mid-latitude North Atlantic storm track with conse-
quent reduced penetration into the Mediterranean region 
(Magny et al. 2011, 2013; Desprat et al. 2013). In analogy 
to the early Holocene, we suggest that the ice sheet forcing 
played a major role on winter precipitation over SW Iberia, 
restricting the maximal forest expansion during MIS 19c. In 
addition, it is plausible that the volume of the Eurasian ice 

sheets during MIS 19c reached a significant size to increase 
the planetary albedo and influence the regional climate, 
including the SW Iberian region. Compared to MIS 1, this 
would have promoted regional anticyclonic conditions, i.e. 
relatively lower temperature and decreased humidity, with 
consequent lower forest cover and slightly cooler SST as 
suggested by our multiproxy records (Fig. 4). Such a specu-
lation would need proper confirmation with model simula-
tions including dynamical ice sheets accounting for example 
with changes in ice sheet topography and related albedo and 
freshwater fluxes.

Our model–data comparison strengthens previous evi-
dence highlighting the importance for investigating the 
regional expression of potential past interglacial analogues 
for the Holocene and future climate (e.g. Lang and Wolff 
2011; Candy and McClymont 2013; Yin and Berger 2015; 
Past Interglacials working group of PAGES 2016). Even 
though analogies between MIS 1, 11c and 19c have been 
extensively pointed out (Berger and Loutre 2002, 2003; 
Droxler et al. 2003; Loutre and Berger 2003; McManus et al. 
2003; Tzedakis et al. 2009a, 2012; Masson-Delmotte et al. 
2010; Pol et al. 2010; Tzedakis 2010; Yin and Berger 2010, 
2012, 2015), our study shows that as far as the vegetation 
changes in SW Europe (below 40°N) are concerned, they 
cannot be considered as analogues for the Holocene climate 
“optimum”. Comparison of our pollen-based reconstructions 
with NW Iberian margin pollen records (Desprat et al. 2007) 
and the long European records of Praclaux (southern France) 
(Reille et al. 2000; de Beaulieu et al. 2001) and Tenaghi 
Phillipon (NE Greece) (van der Wiel and Wijmstra 1987; 
Tzedakis et al. 2006) further underlines the need of looking 
for Holocene analogues in terms of climate and environ-
mental impacts at the regional scale. While in the northern 
sites (only extending until MIS 11) where forest expansion 
is mainly limited by temperature, the forest “optimum” of 
the Holocene and MIS 11c are similar (Reille et al. 2000; 
de Beaulieu et al. 2001; Desprat et al. 2007), the pollen 
sequence from NE Greece displays the same pattern as Site 
U1385, showing the strongest temperate tree pollen percent-
ages during MIS 1 and similar temperate forest expansion 
during MIS 11c and MIS 19c (Tzedakis et al. 2009b). It is 
therefore crucial to consider the key role of the hydrological 
changes on the interglacial vegetation and climate dynamics, 
particularly in regions where the vegetation communities are 
highly sensitive to moisture availability as the Mediterranean 
region (Quezel 2002).

4.3  What drives vegetation and climate variability 
during the Holocene and its potential analogues 
in SW Iberia?

To evaluate the main factors contributing to vegetation and 
climate variability during the entire MIS 1, 11c and 19c 
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in SW Iberia, we performed a comparison between pollen-
based reconstructions and transient experiments with time-
varying insolation and GHG. This approach allows us to 
overcome the problem of using a single peak forcing in the 
snapshot simulations and explore the major controlling fac-
tors of the vegetation changes during the different boundary 
conditions of each interglacial. This comparison shows that 
the model does not reproduce the same deglaciation veg-
etation change as shown by the pollen records (Fig. 8a, b). 
The simulated tree fraction during the deglaciations is rela-
tively high, particularly between the last glacial-interglacial 
transition (B-A and YD) and the early Holocene and dur-
ing the early MIS 19, which is not in agreement with the 
amplitude of the pollen-based vegetation changes recorded 
at Site U1385 (Fig. 8a, b). As changes in ice sheet forcing 
are one of the strongest drivers of the climate system at both 
global and regional scale (e.g. Clark et al. 1999; Renssen 
et al. 2009), we suggest that the neglected melting of the ice 
sheets and associated lack of ice sheet-climate interactions 
in our model experiments are the explanation for the large 
model–data discrepancies. Regrettably, this also precludes 
the precise identification of the onset of the maximal forest 
expansion in the simulations and, therefore, the model–data 
comparison in terms of the duration of the vegetation “opti-
mum” interval (Fig. 8a, b). Subsequently, both pollen-based 
and model results show that the major expansion of the for-
est cover during all the three interglacials ended rapidly with 
a strong contraction of the forest, with no ensuing recovery 
to the previous degree of forest development (Fig. 8a, b). 
In addition, there is a good agreement between the pollen 
records and the modeled tree fraction over the end of each 
interglacial. Both pollen data and model results show that 
for the late part of the interglacials, the Holocene displays 
the highest forest extent, followed by MIS 19 while MIS 11 
exhibits the lowest forest extent (Fig. 8a, b).

To determine the influence of the surface air tempera-
ture and precipitation on the vegetation changes during MIS 
1, 11c and 19c, we performed simple regression analyses 
between the tree fraction, annual and seasonal temperature 
and precipitation, on the 1000-year running mean of the 
transient simulations original data (Fig. 8a, b; Table 1). In 
terms of surface air temperature (GDD0), we found that the 
annual mean temperature is highly correlated with the tree 
fraction during MIS 11c and 19c but it is not important dur-
ing MIS 1, whereas in all the three interglacials the strong-
est correlation is obtained with JJA temperature (Fig. 8a; 
Table 1). As far as the precipitation is concerned, for each 
interglacial the tree fraction is highly correlated with the 
annual mean precipitation (Fig. 8b; Table 1). Because in 
the terrestrial biosphere model VECODE the estimation of 
the tree fraction does not directly involve the seasonal pre-
cipitation, the strong correlation of tree fraction with SON 
precipitation and particularly with DJF precipitation should 

be due to the high contribution of these two seasons to the 
annual mean precipitation (Fig. 8b; Table 1). Although the 
correlation analysis (Table 1) shows that the simulated tree 
fraction is highly correlated with summer temperature and 
wintertime precipitation, it is not obvious to identify from 
such analysis which factor is essential for vegetation change 
in the study region, because summer temperature and win-
tertime precipitation co-vary at orbital timescale since both 
of them are mainly controlled by precession. However, the 
more important role of the wintertime precipitation could 
be inferred from the following facts. First, the tree fraction 
and summer temperature curves are similar at orbital scale 
whereas the tree fraction and wintertime precipitation curves 
are similar at both orbital and millennial time scales (Fig. 8a, 
b). Second, the simulated (snapshot experiment) and recon-
structed lower tree fraction during MIS 11c relative to MIS 
1 optimum can be explained by lower winter precipitation 
but not by summer temperature that does not change sig-
nificantly over our study region (Fig. 6a). Finally, the non-
significant difference in tree fraction between MIS 19c and 
MIS 1 simulated by the snapshot experiments is in line with 
the non-significant difference in winter precipitation but not 
with summer temperature for which MIS 19 is significantly 
warmer than MIS 1 (Fig. 6b).

The transient simulations under the combined effect of 
insolation and  CO2 indicate that the interglacial vegetation 
and climate dynamics over SW Iberia have no apparent rela-
tionship to atmospheric  CO2 concentration, as suggested by 
the pollen-based reconstructions (Fig. 8a, b). Although the 
direct impact of  CO2 changes on the vegetation growth is not 
included in the model, a prominent example for this negli-
gible  CO2 forcing is given by its relatively high concentra-
tions over the end of the interglacials, in particular for MIS 

Table 1  Correlation coefficient values (R) of simpe linear regression 
between tree fraction and climate variables

The calculation was made on the 1000-year running mean of the orig-
inal simulated data of the transient experiments

MIS 1 MIS 11c MIS 19c

Surface air temperature
 Annual 0.10 0.94 0.70
 JJA 0.85 0.94 0.94
 DJF − 0.44 0.51 − 0.28
 MAM 0.24 0.76 0.41
 SON − 0.56 0.17 − 0.14

Precipitation
 Annual 0.82 0.97 0.96
 JJA 0.51 0.20 0.20
 DJF 0.53 0.94 0.94
 MAM 0.10 0.59 0.46
 SON 0.71 0.84 0.91

Author's personal copy



Unraveling the forcings controlling the vegetation and climate of the best orbital analogues…

1 3

1 and MIS 11c, while the forest cover, annual temperature 
and annual precipitation achieved minimum values (Fig. 8a, 
b). We find that the vegetation and climate changes at this 
time scale are mainly driven by astronomical forcing, in par-
ticular precession, in agreement with the strong impact of 
precession on the climate of the Mediterranean region south 
of 40°N (Ruddiman and McIntyre 1984) and with previous 
pollen studies off southern Iberia (e.g. Fletcher and Sánchez 
Goñi 2008; Sánchez Goñi et al. 2008, 2016; Margari et al. 
2014; Oliveira et al. 2016, 2017). As shown in Fig. 8b, in all 
the three interglacials the major forest expansion is concur-
rent with high winter precipitation, and occurs within pre-
cession minima forcing. On the contrary, low forest extent 
over the end of the interglacials is associated to precession 
maxima. These observations are in line with modeling 
experiments showing the dominant influence of precession 
in precipitation variations in subtropical regions (Yin and 
Berger 2012; Bounceur et al. 2015), likely driven over south-
ern Iberia by large-scale precipitation and changes in storm 
track activity (Bosmans et al. 2015).

Superimposed on the vegetation changes at orbital time 
scale, persistent millennial-scale climate variability is 
revealed by a series of forest reduction events throughout the 
three interglacials at Site U1385 (Fig. 8a, b). Interestingly, 
even if a quantitative comparison in our study is not feasible, 
this appears to be in a good qualitative agreement with the 
model results. The observed intra-interglacial variability is 
also reproduced in the simulated tree fraction, being mainly 
associated to decreases in the SON and DJF precipitation 
(Fig. 8b) while the surface air temperatures exhibit low-
amplitude and frequency variability (Fig. 8a). This leads to 
a view that the millennial-scale vegetation changes in SW 
Iberia under warm interglacial climate conditions might be 
essentially generated by hydrological changes primarily 
induced by insolation, as they are reproduced in the simula-
tions despite the absence of ice sheet dynamics and all asso-
ciated feedbacks in our experiments (Fig. 8a, b). Although 
further palaeoclimatic and model work is required to under-
stand the nature of intra-interglacial variability, this study 
may be consistent with a growing body of evidence that 
outlines the importance of the low-latitude insolation forc-
ing occurring at sub-precessional frequencies and impact-
ing not only the low latitudes (Berger et al. 2006; Yin and 
Berger 2015) but also the subtropical-to-high latitudes of 
the North Atlantic (e.g. Weirauch et al. 2008; Ferretti et al. 
2010, 2015; Billups et al. 2011; Hernández-Almeida et al. 
2012; Billups and Scheinwald 2014), and in particular the 
SW Iberian region (Palumbo et al. 2013; Sánchez Goñi et al. 
2016; Oliveira et al. 2017). On the other hand, we cannot 
currently exclude the hypothesis that the modeled millen-
nial-scale vegetation changes are only caused by internal 
climate variability, being therefore simulated by the model 
with no role of orbital changes. This hypothesis should be 

evaluated by additional model experiments such as a multi-
millennial control simulation without orbital forcing.

One of the most conspicuous features of our pollen-
based reconstructions is the magnitude and the rapidity of 
the forest contractions marking the end of the vegetation 
“optimum” under prevailing interglacial warm conditions 
in SW Iberia, i.e. well before the substantial increase in ice 
volume and while SST remains high (Fig. 4). The transient 
simulations suggest that these changes in tree fraction might 
represent only a non-linear response to a gradually changing 
orbital forcing since in the vegetation module VECODE the 
relation between the tree fraction and the climatic param-
eters (GDD0 and annual mean precipitation) is non-linear. 
However, they appear more rapid in the pollen-based veg-
etation records than in the model simulations (Fig. 8a, b) 
and have previously been associated to millennial-scale 
variability (Chabaud et al. 2014; Sánchez Goñi et al. 2016; 
Oliveira et al. 2016). Therefore, we speculate that interac-
tions between orbital and millennial-scale climate dynamics 
may have hastened the observed vegetation changes over the 
end of the interglacial optima. Additional work is required 
to explore the exact causes of these intriguing abrupt forest 
contractions recorded within full interglacial conditions.

5  Conclusions

The forcing mechanisms and regional expression of the 
Holocene and its best orbital interglacial analogues, MIS 
11c and MIS 19c, on SW Iberia’s climate and vegetation are 
investigated for the first time through comparison of proxy-
based reconstructions and climate model experiments. This 
study relies on the comparison of pollen-based regional 
vegetation changes and alkenone-based oceanic tempera-
ture variability from IODP Site U1385, with snapshot and 
transient simulations that focus on the interglacial climate 
“optimum” and the entire interglacial periods, respectively.

1. At the interglacial climate “optimum”, the pollen-based 
vegetation reconstructions show that the Holocene forest 
expansion was particularly prominent and substantially 
higher than at MIS 11c and MIS 19c mainly due to the 
stronger development of deciduous Quercus, which sug-
gests higher winter precipitation. Therefore, as far as 
the vegetation and climatic variability in SW Europe, 
below 40°N, are concerned, MIS 11c and MIS 19c can-
not be considered as straightforward analogues for the 
Holocene “optimum”.

• The simulated tree fraction differences between the Hol-
ocene and MIS 11c are in qualitative agreement with 
the proxy evidence. As suggested by the pollen-based 
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reconstructions, model results show that the higher tree 
fraction at the Holocene “optimum” was mainly due to 
the greater annual mean precipitation for which the win-
ter season was the main contributor. We propose that the 
amplified latitudinal insolation and thermal gradient at 
MIS 11c peak may have led to the northward displace-
ment of the westerlies with consequent reduction of 
large-scale winter precipitation in SW Iberia, and there-
fore, reduced forest cover.

• In contrast to the vegetation reconstructions, in both 
snapshot and transient experiments MIS 19c appears 
to be the best analogue for the Holocene “optimum” in 
terms of tree fraction, with no significant differences sim-
ulated between the two interglacials in SW Iberia. These 
large model–data mismatches are probably related to the 
underestimation of the ice sheet forcing during MIS 19c 
as the ice sheets are kept to their Pre-Industrial values. 
We suggest that MIS 19c global higher ice volume and 
larger Eurasian ice sheets in comparison with that of 
the Holocene may have been responsible for its lower 
tree fraction, through its influence on the mid-latitude 
atmospheric circulation, which, in turn controls the win-
ter hydroclimate in the Iberian Peninsula.

2. The comparison between the pollen-based and simulated 
interglacial vegetation with time-varying insolation and 
 CO2 during the entire Holocene and its potential ana-
logues in SW Iberia reveals that the modeled tree frac-
tion changes match the data reasonably well. A notable 
exception is noted for the deglaciations and attributed 
to the lack of ice sheet-climate interactions in the model 
experiments. We find that the simulated tree fraction 
over SW Iberia is highly correlated with warm sum-
mer temperatures and winter precipitation, with the lat-
ter being the critical factor for explaining the observed 
vegetation changes. On orbital time scales, our findings 
reveal the pervasive influence of precession on the SW 
Iberian forest and climate whereas no obvious relation-
ship was found with  CO2 trends. Finally, our proxy 
reconstructions provide evidence for intra-interglacial 
instability with multiple forest decline events occurring 
throughout the interglacials whereas the SST remained 
warm off SW Iberia. Based on the transient simulations, 
the observed persistent millennial-scale variability dur-
ing the three interglacials could result from the sub-
orbital variation in insolation and/or internal climate 
variability, which should be investigated in the future. 
Moreover, it is remarkable that the most dramatic for-
est reductions ending the three interglacial “optima”, 
during low ice volume conditions, are also reproduced 
in the transient experiments although they appear more 
gradual. This observation highlights the potential role 

of the interactions between orbital and millennial-scale 
climate dynamics in amplifying the vegetation response. 
Nevertheless, additional model simulations should test 
first if these millennial tree fraction changes represent a 
non-linear response to a gradual decline in insolation.
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