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Abstract During the last glacial period, the tropical hydrological cycle exhibited large variability across
orbital and millennial timescales. However, the response of the Indian summer monsoon (ISM), its related
impact on terrestrial ecosystems, and associated forcing mechanisms remain controversial. Here we present a
marine record of pollen-inferred vegetation changes suggesting that eastern India shifted from woody-savanna
mosaics during Marine Isotopic Stage 3 to grasslands during the Last Glacial Maximum resulting from
large-scale drying. Our data shows that ISM maximum is in phase with obliquity and precession maxima
suggesting a dominant role of the Indian Ocean interhemispheric temperature gradient on glacial ISM
variability. Persistent and abrupt dryland expansions of varying magnitude suggest rapid-scale onset of aridity
during Heinrich Stadial events and during the Toba eruption. We propose that the amplitude of ISM drought
events are initiated by high latitude and volcanic forcings, although modulated by precession.

Plain Language Summary Climatic mechanisms controlling variations in the monsoon rainfalls in
India remain unclear even though there is a consensus on the strong vulnerability of this region to the ongoing
climate change. Based on the reconstruction of the vegetation in eastern India during the last glacial, our study
reveals that very low monsoon rainfall, as indicated by a drastic reduction in trees, occurred when the global
ice volume reached its maximum by affecting the global and Indian wind circulations. Conversely, the moistest
conditions, as reported by the development of a wooded savannah, are recorded during a period characterized
by a specific insolation configuration, which reinforces the temperature contrast over the Indian ocean, and thus
the humidity supplied to India. Intense droughts are also documented by the abrupt increases of arid vegetation
in response to massive iceberg discharges in the North Atlantic and a major tropical volcanic eruption. We
suggest that a low seasonal thermic contrast in the tropical region amplifies the dryness associated with these
catastrophic events in India.

1. Introduction

The Indian Summer Monsoon (ISM) appears particularly sensitive to ongoing climate change (Shaw et al., 2022)
and its variability could have severe impacts on the future of Indian forest and savannah ecosystems (Ratnam
et al., 2016), as well as being a threat to freshwater availability and sustainable agriculture in the near future.
Despite predicted ISM intensification (Katzenberger et al., 2021), severe droughts have recently imposed drastic
socio-economic conditions across India (Mishra, 2020). In the past, ISM collapses have also led to famines that
were unfavorable to the long-term stability of civilizations (Gupta et al., 2006). In order to better understand envi-
ronmental changes and climatic mechanisms leading to catastrophic weak ISM intervals, our study focuses on the
last glacial period over which the tropical hydrological cycle experienced particularly strong and rapid reductions
at orbital and millennial time scales.

Previous studies using speleothem records from southern and eastern Asia have argued for a direct ISM response
to precession-driven Northern Hemisphere summer insolation changes through its impact on the thermal land-sea
contrast (Kathayat et al., 2016; Tharammal et al., 2021). On the other hand, sedimentary records from the
Arabian Sea (Clemens & Prell, 2003), the Bay of Bengal (BoB) (Clemens et al., 2021) and northern India (Zhang
et al., 2021) point to a predominant role for obliquity in controlling the interhemispheric insolation gradient.
Remote forcing factors such as ice-sheet dynamics (Prell & Kutzbach, 1992; Thirumalai et al., 2020), global
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atmospheric and oceanic circulations (Marzin et al., 2013), and greenhouse gas concentrations (GHGc) (Yan
et al., 2011) have also been proposed as additional drivers of ISM fluctuations.

Rapid ISM fluctuations have been recorded concurrent to the occurrences of North Atlantic Heinrich Stadial (HS)
events, as well as during Greenland Stadial (GS) and Interstadial (GI) events (e.g., Corrick et al., 2020; Kathayat
et al., 2016; Lauterbach et al., 2020). But, the associated changes in terrestrial ecosystems due to changes in ISM
rainfall on millennial timescales in the Core Monsoon Zone (CMZ) of India are poorly constrained. Another
ongoing debate lies on the modulation of the tropical hydroclimatic events by astronomical forcing. For instance,
the potential role of orbital forcing (precession) in controlling the amplitude of the millennial East Asian summer
monsoon (EASM) changes is a matter of ongoing discussion (Cheng et al., 2016; Thirumalai et al., 2020; Zhang
et al., 2021). However, the variability of terrestrial vegetation impacts in the Indian monsoon sytem over orbital
and millennial timescales as well as due to their interconnections remain largely unexplored.

2. Material and Methods
2.1. Site U1446 Climatology and Vegetation

We investigated samples from the International Ocean Discovery Program (IODP) Site U1446 (19°5°N, 85°4E,
1,430 m water depth; Figure 1) drilled in the BoB and located at the exit of the Mahanadi, one of the major
rivers of eastern India strategically situated in the CMZ (Figure 1). Four main ecological groups characterize
the vegetation of the Mahanadi catchment (Blasco et al., 1996, 2000; Champion & Seth, 1968; Figure 1) where
80%-90% of precipitation resulted from summer monsoon precipitation (mainly of June to September) (Bastia
& Equeenuddin, 2016): the semi-evergreen forest, the tropical moist deciduous forest, the tropical dry deciduous
forest and the mangrove. The dry forest has a developed grassy understorey dominated by C4 grasses and was
recently reconsidered as a savannah formation (Ratnam et al., 2011, 2016, 2019; Riedel et al., 2021; Sankaran
& Ratnam, 2013). Distribution of the ecological groups directly depends on the total annual rainfalls and their
seasonality, excepted for the mangrove restricted in the coastal and mainly affected by edaphic factors (Gaussen
et al., 1973). The semi-evergreen forest extends in a small area close to coast collecting the highest regional
rainfall reaching locally 2,000 mm.yr~!. On the other hand, the tropical moist deciduous forest develops at higher

1

altitudes in association with rainfall of ~1,300-2,000 mm.yr~!, whereas the savannah spreads in low-land areas

with less humid conditions and rainfall of ~900-1,300 mm.yr~".

2.2. Pollen Analysis

Our study is based on the analysis of pollen grains and spores from 138 samples with a total of 109 morphotypes
identified in this study and a minimum of 150 pollen grains counted per sample. Palynomorph preservation
throughout the studied sequence is excellent as shown by the rare occurrence of broken and corroded grains
(Figure S3 in Supporting Information S1). The samples were prepared following the standard procedure used
at EPOC laboratory (https://www.epoc.u-bordeaux.fr/index.php?lang=fr%26page=eq_paleo_pollens). After
chemical treatments (cold HCI and HF), the samples were sieved through 5 pm nylon mesh screens. The final
residue was mounted unstained in glycerol, which allowed the mobility of the pollen grains to optimize their
observation. The pollen grains were identified and counted using a LEICA DM750 light microscope at 400X and
1000X (oil immersion) magnifications. Marine sediments from the eastern Indian margin, close to the Mahanadi
River estuary, have shown that their marine pollen assemblages provide an integrated picture of the regional
vegetation of the near continent and more specifically of the nearest river watershed (Sdnchez-Goiii al., 2018;
Zorzi et al., 2015). Moreover, at Site U1446, transfer of particulate terrestrial material, including pollen grains, is
particularly active due to the narrowness of the continental shelf ~25-60 km (Clemens et al., 2016) favoring the
transfer of sediment from the Mahanadi watershed to the study site (Dunlea et al., 2020).

Pollen diagram was drawn using Psimpoll 4.25 (Bennett, 2008) (Figures S3 and S9 in Supporting Informa-
tion S1). Principal Component Analyses (PCA) (Figures S4 and S5 in Supporting Information S1) and calculation
of Simpson's diversity Index (Texte S2 in Supporting Information S1) were performed using the FactoMineR
(Husson et al., 2020) and the Vegan (Oksanen et al., 2020) packages respectively with the R software (R Core
Team, 2021). The Astrochton package (Meyers, 2019) was used to fit a smoothing curve through the data remov-
ing low-frequency variations. We used the sample score on the PCA Axis 1 as a humidity index because moisture
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Figure 1. Study site and distribution of modern potential vegetation in Indian Peninsula (modified from Champion &

Seth, 1968). The Mahanadi catchment and the Core Monsoon Zone (CMZ) are represented by the blod dark line and the
striped area. Location of core SO130-289KL (Deplazes et al., 2014) and record from Bittoo Cave (Kathayat et al., 2016) are
also shown.

appears as the main environmental factor controlling the taxa distribution on this axis (Texte S3; Figure S4 in
Supporting Information S1).

2.3. Age Model

The age model of the studied section was established using 14 control points, including four *C dates, the
Toba ash layer, two 8'30,,,,,.. dates and four tie points correlating structures in the millennial-scale variability
expressed at Site U1446 by calcium content and pollen records to the well-dated 8 %O, e in Bittoo Cave (see
Texte S1, Figures S1 and S2 in Supporting Information S1, Table S1 in Supporting Information S1). Bayesian
age-depth modeling (Figure S1 in Supporting Information S1) was performed with the BACON package (Blaauw
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& Christen, 2013) in the R environment (R Core Team, 2021). The section of the site corresponding to the last
glacial period was subsampled between 6.96 and 16.98 m CCSF-A, representing an average time resolution of
~400 years between 80 and 20 ka, and is composed of dark gray to gray hemipelagic clay with nannofossils and
foraminifers (Clemens et al., 2016).

3. Results and Discussion
3.1. Orbital Variations of the Indian Vegetation and Monsoon Rainfall
3.1.1. Vegetation and ISM Changes

The pollen record (Figures 2; S3 in Supporting Information S1) indicates that an open landscape vegetation domi-
nated over the entire glacial period, being composed by emblematic components of the dry subtropical vegetation
in southwestern Asia such as the grassland, including Cyperaceae and Poaceae, the semi-arid Artemisia, the arid
Ephedra and the arid and/or halophilous Amaranthaceae (Table S2 in Supporting Information S1; Ansari &
Vink, 2007; Davies & Fall 2001; El-Moslimany, 1990; Singh et al., 1973). Given the current vegetation distribu-
tion, our pollen results indicate that overall dry conditions and reduced ISM prevailed throughout Marine Isotope
Stage (MIS) 5/4 transition to MIS 2, as also suggested by the humidity index (Figure 2).

The widely open vegetation, characterized by the maximum of grassland and the minimum of arboreal taxa
recorded during the Last Glacial Maximum (LGM, 23-20 ka), reveals strongly reduced ISM variability in agree-
ment with the lowest levels in the humidity index (Figure 2). During the early MIS 3 (59-42 ka), arboreal taxa and
the pollen-derived humidity index reached the highest values (Figure 2). Arboreal taxa, mainly Combretaceae/
Melastomataceae, Glochidion, Mallotus and Olea paniculata (Figure 2 and S3 in Supporting Information S1;
Champion & Seth, 1968), were important elements of the open to wooded savannah developing in the study area,
although probably restricted to the most humid zones of the landscape. Our results clearly indicate that the strong-
est ISM activity of the last glacial period is achieved during this interval of early MIS 3 (Figure 2). Moreover, it is
also noticeable that Artemisia became a major element of the herbaceous strata during this interval of intense ISM
(Figure 2), suggesting increased moisture availability in winter (Wei et al., 2015). Pollen assemblages during MIS
4 (73-58 ka) and late MIS 3 (42-29 ka) indicate an intermediate expansion of tropical trees, and thus moderate
ISM (Figure 2). However, the distinct hydrological preferences of the taxa composing the herbaceous commu-
nity (Singh et al., 1973) reveal differences in the degree of ISM activity during these two intervals. Hence, the
predominance of grasses (Poaceae) at the expense of arid plants (Amaranthaceae) during late MIS 3 suggests
moister conditions than during MIS 4, which is further supported by the results of the humidity index (Figures 2,
3 and S3 in Supporting Information S1).

3.1.2. Drivers of Long-Term Indian Vegetation and Monsoon Change

3.1.2.1. ISM Minimum During the LGM

Vegetation changes recorded in the Ganges-Brahmaputra plain (Ghosh et al., 2015) and on the Tibetan Plateau
(Zhang et al., 2020) display consistent features with our inferences on rainfall variations during the last glacial
period, implying a coherent regional picture of ISM changes at orbital scale. The ISM minimum observed in
eastern India at ~22 ka is also consistent with the large-scale drying that affected all the Indian monsoon regions
during the LGM (Ansari & Vink, 2007; Van Campo, 1986). This widespread aridification is generally attributed
to reduced cross-equatorial transport of atmospheric heat and moisture and to a southward shift in the location
of the intertropical convergence zone (ITCZ). Pollen derived-vegetation at Site U1446 supports the inference
that the boreal summer ITCZ hardly reached ~20°N, in agreement with its southernmost LGM location in India
simulated at ~15°N (Chabangborn et al., 2014). This observation points out that a strong shift of the ITCZ
might have occurred during the LGM, regardless of its 1°latitudinal-move estimated at global scale (McGee
etal., 2014). Processes related to the topography and albedo of the large LGM ice-sheets are identified as strongly
influencing the tropical atmospheric circulation. Ice-sheet feedbacks likely strengthened the conditions favored
by low boreal summer insolation forcing (Figure 2) and their growth reduced the global water vapor content of
the atmosphere, as well humidity supplied into India (Marzin et al., 2013).

Moreover, we suggest that besides ice-sheet and combined-insolation forcing, regional climatic feedbacks may
have also played an important role in amplifying the decrease in tropical forest and ISM strength over the CMZ
during the LGM. First, cooling of the Arabian Sea (Anand et al., 2008; Govil & Naidu, 2010) likely played a
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Figure 2. Variations of (a) insolation, (b) obliquity and (c) precession (Laskar et al., 2004) compared with the pollen record
at International Ocean Discovery Program Site U1446, including (d) the humidity index, percentages of (e) tropical trees,
(f) Artemisia, (g) Poaceae and (h) Cyperaceae, with (i) the diol index in the Somali coast (Rampen et al., 2008). At the
bottom are represented (j) the §'30, ;.. LRO4 (Lisiecki & Raymo, 2005) and (k) the §'#0, ... of the study site (McGrath
et al., 2021). Orbital maximum and minimum of the Indian Summer Monsoon (ISM) correspond to the blue and brown
bands, respectively. Bold lines represent smoothing curves through the pollen data and humidity index.
critical role in amplifying the reduction in ISM rainfall by affecting its nearest moisture source (Cai et al., 2015).
Consistently, persistent Westerlies are recorded during the LGM from the Arabian Sea to the Tibetan Plateau,
conveying the temperature anomalies from the North Atlantic by tropospheric teleconnection (Kageyama
et al., 2009; McGee et al., 2014). Finally, another factor identified as a main feedback mechanism is the low
LGM sea-level, which exposes the Sunda and Sahul shelves and excites the Bjerknes feedback (Bjerknes, 1969;
Dinezio et al., 2018; Thirumalai et al., 2019). The Bjerknes loop leads to reversed Walker circulation and zonal
sea surface temperature gradient in the Indian Ocean reducing regional evaporation, and thus reinforcing the
LGM aridity in India.
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3.1.2.2. Strong Interhemispheric Thermal Gradient During MIS 3

Both pollen record and humidity index show that the maximum in monsoon rainfall over northeastern Peninsular
India during the early MIS 3 interval lags the precession-driven peak in boreal summer insolation by several thou-
sand years (Figure 2). These results add evidence to the complex relationship between boreal summer insolation
and ISM variations as pointed out by previous studies in the BoB and the Arabian Sea (Clemens et al., 2021;
Govil & Naidu, 2010; Kudrass et al., 2001; Liu et al., 2021; Panmei et al., 2018; Schulz et al., 1998). In contrast,
our record disagrees with SISOSPelemhem record from Bittoo Cave, which has been invoked to assert a more direct
link between insolation and ISM rainfall (Kathayat et al., 2016). Interpretation of the & H‘Ospemhem
cator of rainfall amount remains an openly debated question, especially for glacial intervals (Clemens et al., 2021;
Jasechko et al., 2015).

as a direct indi-

The MIS 3 monsoon maximum occurs remarkably during an interval marked by in-phase obliquity and preces-
sion maxima (Figure 2). Obliquity is a key parameter controlling the intertropical insolation gradient, thereby
modulating the cross-equatorial Hadley circulation and the interhemispheric thermal gradient over the Indian
Ocean (e.g., Bosmans et al., 2015; Mantsis et al., 2014). The stronger obliquity during the early part of MIS 3
may have increased the pressure contrast between the Southern and the Northern Indian Ocean, reinforcing the
heat and moisture transport in the ocean and the atmosphere, which is consistent with the intensification of the
Somali upwelling over the interval ~60-45 ka (Rampen et al., 2008, Figure 2). This mechanism likely favored
a northward position of the ITCZ and increased the moisture conveyed to India (Beck et al., 2018), a necessary
condition for the expansion of a wooded savannah further inland at Site U1446 (Figure 2 and S5 in Supporting
Information S1). Moreover, the response of the Asian monsoons to obliquity forcing was likely intensified by low
GHGc (Wu & Tsai, 2020).

Although the last glacial pollen record suggests a predominant control of obliquity on ISM intensity during early MIS
3, precession may also have contributed to modify the seasonal hydrological contrast.The increased availability of
moisture in winter necessary to sustain the growth of Arfemisia during this interval may have been triggered by the
precession maximum (Figure 2), which counteracts the obliquity maximum and reduces the seasonal constrast. A
low precession-induced insolation (i.e., precession maximum) shortens and advances the monsoon season, as well as
increases the rainfall during the transitional season (Ding et al., 2021). In addition, warm oceanic conditions recorded
in the BoB between 37 and 57 ka (Lauterbach et al., 2020) may also have enhanced the moisture supplied by the winter
easterlies or via cyclonic marine influenced storm systems (Wang et al., 2013).

3.2. Abrupt Climatic Events in India
3.2.1. Rapid Vegetation and ISM Changes During the Last Glacial Period

Abrupt and strong landscape openings at ~76-75, 73-72, 61-59, 49-47, 41-39, 30-29 and 26-23 ka, character-
ized by a large expansion of the arid taxa, such as the halophilous Amaranthaceae, constitute the most striking
vegetation changes of the last glacial period over the CMZ (Figure 3). Such arid taxa currently spread in modern
semi-deserts from Jordan to western China (Davies & Fall 2001; El-Moslimany, 1990; Singh et al., 1973; Zhao
et al., 2015) suggest that humidity during these millennial-scale events reached its lowests level of the last glacial
period, including the LGM (Figures 2 and 3). We identify these dry events as the response of the ISM to the
North Atlantic cold spells (Heinrich, 1988), excepting one at ~73-72 ka, which is likely concurrent to the GI/GS
19 transition (Figure 3).

In contrast to Bittoo Cave (Kathayat et al., 2016), Site U1446 pollen record also provides evidence that individ-
ual HSs have variable impacts on vegetation and climate within the CMZ as suggested by the different level of
expansion of arid taxa (Figures 3; S6 in Supporting Information S1). The GI/GS 19, HS 5 and HS 2 are charac-
terized by very low ISM magnitude, whereas less intense and dryer conditions are recorded during the HS 7a,
6 and 3. Varying magnitudes of ISM reductions during the HSs seem to be a common feature in marine records
from the Arabian Sea to the BoB (e.g., Colin et al., 1998; Deplazes et al., 2014; Lauterbach et al., 2020; Schulte
& Miiller, 2001). However, so far, no clear apparent pattern emerges from the comparison of the sedimentary
records, which may be due to the use of diverse indirect monsoon proxies recording different components of the
ISM such as wind, rainfall, runoff, and/or to a complex spatial expression of the amplitude of abrupt ISM changes
outside the CMZ. We also acknowledge that geochronological uncertainties during this interval might further
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obfuscate coherent patterns of change over this interval. Nevertheless, our records establish that Indian vegetation

patterns showed a strong response to millennial-scale ISM changes.

3.2.2. Basic Forcing of the Abrupt ISM Drops

The general increased dryness during the HSs revealed by our pollen record (Figure 3) is wholly consistent
with the basin-wide drying documented in all regions of the Indian monsoon subsystem (Figure 3; Deplazes
et al., 2014; Lauterbach et al., 2020; Mohtadi et al., 2014; Zorzi et al., 2015). Drier-than-LGM conditions favoring
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Program Site U1446 and (b) precession changes (Laskar et al., 2004). Variations of (c) humidity index, (d) percentages of
tropical trees and (e) Simpson's diversity index at the study site are also shown, as well as (f) the Zr/Al ratio from the Arabian

Sea (Deplazes et al., 2014), (g) the §'30

spelothem

North Atlantic (Henry et al., 2016; Lippold et al., 2009). Gray bands represent weak monsoon events.

from Bittoo Cave (Kathayat et al., 2016) and (h) the 2*'Pa/>*Th from the
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the expansion of semi-desert vegetation at the expense of grassland are consistent with modeling experiment
estimating the HS-ISM average around 220 mm.yr~! (Mohtadi et al., 2014) instead of 280 mm.yr~! during the
LGM (Dinezio et al., 2018), which contrast with annual rainfalls varying between 1,300 and 1,500 mm.yr~! in
the Mahanadi catchment during the 1975-2010 interval (Beck et al., 2005). Proxy and models showed that the
large-scale weakening of the ISM results from the reorganization of the Hadley circulation over the entire realm of
the Indian Ocean in response to the abrupt cooling event in the North Atlantic and associated Atlantic meridional
overturning circulation (AMOC) changes (Mohtadi et al., 2014). This reorganization implies a marked decrease
in interhemispheric moisture transport and a stronger-than-LGM southward shift of the ITCZ allowing in turn, a
humidity increase in southern Indonesia and northern Australia (Mohtadi et al., 2014). In addition, the Northern
Hemisphere cold spells likely propagated to the Arabian Sea with strengthened northwesterly winds generating
dynamically important sea surface cooling (Figure 3; e.g., Deplazes et al., 2014; Schulte & Miiller, 2001). The
cooling in the Arabian Sea likely contributed to reduced monsoon rainfall in India as the ISM appears to be
extremely sensitive to the Arabian Sea surface temperatures (Borah et al., 2020; Tierney et al., 2016).

The event at the GI/GS 19 transition detected at Site U1446 (Figure 3) correlates well with a severe shift in
the Indian hydroclimate (Black et al., 2021). The large explosive eruption of the Toba volcano ~74 ka (Crick
et al., 2021) has been invoked as a cause for this major drying event in India, despite the moderate cooling
recorded in the North Atlantic (Kindler et al., 2014) and muted signal of positive Westerlies anomaly in the
Arabian Sea (Figure 3; Deplazes et al., 2014). Large northern hemisphere volcanic eruptions can generate a
global southward shift of the ITCZ by increasing atmospheric aerosol concentration (Ridley et al., 2015) and
therefore reduce the ISM rainfall.

3.2.3. Potential Influence of High Latitude Forcing Diversity

Variations in both amount and regional source of iceberg discharges have palyed a major role in changing the
amplitude of AMOC slowdown and global temperature change patterns (Henry et al., 2016; Roche et al., 2010),
potentially impacting the intensity of the ISM to a greater or lesser extent depending on the HS considered.
Noticeably, the millennial events characterized by least intense drought conditions at Site U1446, the HS 3 and
6, coincide with Fennoscandian ice-sheet surges, whereas the driest episodes, the HS 5 and 2, occur at the time
of the Laurentide ice-sheet iceberg discharges (Grousset et al., 1993; Hemming, 2004), suggesting that the latter
exerts a stronger control on Indian sub-continent aridity. However, this observation disagrees with a modeling
experiment showing that the different origin of the freshwater pulses causes distinct regional responses in the
North Atlantic Ocean but no impact is detected in the Indian Ocean (Roche et al., 2010). We hypothesize that the
main cause of these data-model discrepancies is linked to the absence of the height of the Laurentide ice-sheet
in the model that only includes the freshwater input. As demonstrated by previous work (Roberts et al., 2014),
the height of this ice-sheet significantly affects tropical regions through a reorganization of the atmospheric
circulation that favors the transfer of North Atlantic atmospheric anomalies to India during Laurentide iceberg
discharges.

3.2.4. Modulation of the Abrupt ISM Drop by Precession

The GI/GS 19, HS 5 and 2 are exceptionally expressed in our pollen-derived Indian vegetation record, although
they are not the most pronounced in the North Atlantic region where the largest iceberg release resulting in the
strongest AMOC reduction is recorded during the HS 4 (Figure 3; Lisiecki & Stern, 2016). A noticeable common
feature between the driest Indian events lies in their phasing with a precession maximum, that is, when Earth is
at aphelion during summer (Figure 3). In these astronomical contexts, the thermal seasonal contrast in India is
reduced, decreasing the ISM strengh (Mohtadi et al., 2016). We suggest that the precession-induced low boreal
summer insolation enhanced the unfavorable atmospheric and oceanographic reoganizations associated with the
iceberg surge events in the North Atlantic, as well as the effect of the volcanic eruption for the GI/GS19.

The hypothesis that the interconnection between orbital and millennial forcings acted on the amplitude of abrupt
changes in the EASM has been proposed to explain the 8'%0 . em record (Cheng et al., 2016), and it has been
recently challenged by Thirumalai et al. (2020). More recently, a new study based on a microcodium 8'80 record
from the Chinese Loess Plateau, almost exclusively influenced by summer precipitation, shows a larger ampli-
tude of millennial-scale EASM variability during precession maximum, and hence the boreal summer insolation
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minima of the last glacial period (Zhang et al., 2022). Thus, it is likely that modulation of the millennial-scale
variability by precession is also operating in the ISM subsystem at least during the most dramatic weak monsoon
events of the last glacial period, as we observe in vegetation dynamics.

3.3. Lessons From the Past?

While recent global change undeniably affects biodiversity (Nunez et al., 2019), how resilient has Indian vegeta-
tion been to the orbital and millennial climate variations observed in this study? The Simpson index, classically
used to measure biological diversity, remains stable at the orbital scale, but decreases during the abrupt arid
events (Figure 3). Although relationship between past and modern tropical vegetation diversity is difficult to
assess using pollen records (Gosling et al., 2018), systematic decrease in pollen diversity during past extreme
weak ISM events is consistent with lower specific richness of open vegetation relative to forest environments
(Box & Fujiwara, 2013; Sankaran & Ratnam, 2013). Hence, our study points out the strong sensitivity of the
northern Peninsular Indian ecosystem to ISM changes and in particular to abrupt events. Nonetheless, the glacial
pollen record also shows the resilience of vegetation to intense hydrological stress that should therefore be consid-
ered to better anticipate changes associated to future abrupt hydrological shifts in (sub)tropical dry environments.

In addition, we suggested that phasing between precession maxima and the North Atlantic icebergs discharges
led to reduced-ISM during the last glacial period. In the framework of low precession (Laskar et al., 2004),
this suggestion makes questionable the impact of the ongoing Arctic melting on the recurrence and intensity of
recently recorded extreme events in India (Mishra, 2020; Mishra et al., 2021). The study of Indian vegetation
and monsoonal changes during the last glaciation thus offers important lessons about the response of subtropical
ecosystems shiting from savannah to semi-desert environments, and hydroclimate variabilities, even though we
are moving toward a warmer and wetter world with different boundary conditions.

4. Conclusions

Pollen-derived vegetation reconstructions from the IODP Site U1446 provide a robust, millennial-scale resolu-
tion record of Indian hydroclimate variability through the ~80-20 ka interval. Our pollen record reveals an open
tropical landscape with sparse tree cover in eastern India, driven by reduced summer monsoon precipitation
during the last glacial period. We propose that the humidity maximum recorded during the early portion of MIS
3 results from a suitable in-phase orbital configuration between obliquity and precession maxima, which likely
favors a strong interhemispheric thermal contrast leading to increased heat and moisture supplies across the
Indian Ocean. Drier conditions during the HSs relative to the LGM might result from a superimposed slowdown
of the AMOC, reinforcing the cooling of the Arabian Sea and subsequent dynamical impact on the ISM inten-
sity. Finally, one of the major findings of our work was to document for the first time a modulated and regional
expression of the ISM to the distinctive HSs. Unless a stronger response of the ISM to the Laurentide ice-sheet
surges is recorded, our study shows a non-linear relationship between the magnitude of the AMOC slowdowns
due to the amount of icebergs releases, and the magnitude of Indian vegetation and hydroclimate changes. We
propose that the ISM millennial-scale variability is strongly influenced by the orbital context, specifically by
precession-induced insolation changes.

Data Availability Statement

The International Ocean Discovery Program Site U1446 pollen data used for reconstructing vegetation and
monsoon changes in India during the last glacial period is available in the Pangaea Repository under the https://
doi.org/10.1594/PANGAEA.946372.
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