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Abstract

Climate is a key factor shaping plant communities. Given its high temporal variability, understanding the mechanisms behind community
dynamics is essential. This review examines the role of climatic drivers such as the Intertropical Convergence Zone, North American Monsoon,
Cold Fronts, El Nifio-Southern Oscillation, and Atlantic Meridional Overturning Circulation, in both the present and the late Pleistocene and
Holocene, using evidence from sedimentary proxies. We conducted a meta-analysis of palynological records from Mexico based on sedimen-
tary sequences covering at least one glacial and one interglacial period. We focus on Marine Isotope Stages (MIS) 1 (14-7.2 kyr), 2 (29-14
kyr), 3 (57-29 kyr), 5e (126-116 kyr), and 6 (191-126 kyr) to assess how climate influenced plant communities. Results show clear contrasts
between glacial and interglacial periods, except for MIS 2 and 3, highlighting region-specific responses to climatic forcing. Northern Mexico
was strongly affected by the North American Monsoon, producing unexpectedly wetter conditions during MIS 2 than during the Holocene.
In the Trans-Mexican Volcanic Belt, elevation plays a major role: the eastern mountains generate orographic rainfall and block moisture from
reaching western areas, especially during glacial periods. In southern Mexico, vegetation shifts are linked to movements of the Intertropical
Convergence Zone. These dynamics drive latitudinal and elevational vegetation migrations, and sometimes the emergence of non-analog com-
munities. Understanding how long-term climate processes have historically shaped vegetation is crucial for informing conservation strategies
in the context of ongoing global warming.
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Resumen

El clima constituye uno de los principales factores que determinan la composicion y dinamica de las comunidades vegetales. Su alta variabili-
dad temporal hace imprescindible comprender los mecanismos que impulsan dichos cambios. En esta revision se analiza el papel de distintos
forzamientos climaticos como la Zona de Convergencia Intertropical, el Monzén de Norteamérica, los frentes frios, El Nifio-Oscilacion del
Sur y la Circulacién Meridional de Vuelco del Atlantico, tanto en el presente como durante el Pleistoceno tardio y el Holoceno. Se presenta
un meta-analisis de registros palinologicos en México, obtenidos de secuencias sedimentarias que abarcan al menos un periodo glaciar y uno
interglaciar, con énfasis en intervalos especificos de los Estadios Isotopicos Marinos (MIS) 1 (14-7.2 ka), MIS 2 (29-14 ka), MIS 3 (57-29 ka),
MIS 5e (126-116 ka) y MIS 6 (191-126 ka). Los resultados muestran contrastes claros entre periodos glaciares e interglaciares, con excepcion
del MIS 2 y 3, reflejando respuestas complejas y regionales a los forzamientos climaticos. En el norte, los sitios estan fuertemente influencia-
dos por el Monzon de Norteamérica, lo que ocasiond condiciones mas humedas durante el MIS 2 que en el Holoceno o el presente. En la Faja
Volcanica Transmexicana, la vegetacion respondié de manera diferenciada segln la altitud, mientras que en el sur de México los cambios se
vinculan a desplazamientos de la Zona de Convergencia Intertropical. Estos procesos propiciaron migraciones latitudinales o altitudinales de la
vegetacion y comunidades no analogas. Comprender estas dinamicas resulta esencial para disefiar estrategias de conservacion ante escenarios
climaticos futuros.

Palabras clave: Clima, paleoecologia, polen, meta-analisis, Cuaternario.
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Climate and vegetation changes in Mexican sedimentary records

nderstanding climate dynamics is a priority for analyzing the physical, chemical, and

biological processes that directly affect ecosystems. Mexico’s climate is influenced by

global and local dynamics. The interaction between Atlantic and Pacific Oceans, the coun-

try’s location in the intertropical zone, and its topographical diversity result in a variety of
climates and, consequently, diverse ecosystems, making it a region with high species richness and turnover.
Lakes can preserve sedimentary sequences that serve as reservoirs of paleoclimatic and paleoecological informa-
tion. Thus, the study of lacustrine sediments allows identification of climate changes and their effects on shaping
communities (Schiferl ez al. 2023). In particular, pollen studies enable the detection of changes in composition and
structure of paleo-communities, many of them associated with climate variability, particularly during the Quaternary.
However, pollen preservation in the records strongly depends on the characteristics and history of the study site, as
desiccation processes in (paleo)lakes may destroy or render pollen grains unrecognizable, making their identification
difficult (Lozano-Garcia et al. 2002, Roy et al. 2013).

Palynological studies in Mexico date back to 1952, initially focusing on archaeological contexts (Sears 1952).
Sears & Clisby (1955) conducted the first pollen analysis in lacustrine sediments in Mexico, identifying periods in
which vegetation in the Basin of Mexico (BM) experienced significant compositional changes due to climate varia-
tions. Subsequent palynological studies on ancient sediments were conducted in different regions of the country
(Hutchinson et al. 1956, Watts & Bradbury 1982, Straka & Ohngemach 1989). Although numerous palynological
studies have been carried out in Mexico since then, only a few extend beyond the beginning of the Holocene (11,700
years Before Present [yr BP], hereafter 11.7 kyr). This date is crucial in geological and paleoclimatic terms as it
marks a period of abrupt warming, the current interglacial, which was preceded by a glaciation period known as the
Last Glacial Maximum (LGM) 22-18 kyr ago. Between LGM and the onset of the Holocene lies the deglaciation
period. These periods exhibit significant global variations in precipitation and temperature, as evidenced by various
physical, chemical, and biological signals, indicating that vegetation was not exempt from climate-driven changes.

In this review, we examine climate dynamics in Mexico and assess the effects of major climatic phenomena on
plant communities. We first discuss the theoretical foundations of climate at a global scale and address the principal
climatic drivers influencing Mexico. This study aims to identify changes in community composition in response to
climate fluctuations across key regions of Mexico: (1) the Sonoran and Chihuahuan deserts and the northern part of
the Sierra Madre Occidental; (2) the western zone of the Trans-Mexican Volcanic Belt (TMVB); (3) the eastern zone
of the TMVB; (4) the southern region of the country. To achieve this, we conducted a meta-analysis of palynologi-
cal records focusing on specific periods within Marine Isotope Stages (MIS) 1 (14 to 7.2 kyr), MIS 2 (29 to 14 kyr),
MIS 3 (57 to 29 kyr), MIS Se (126 to 116 kyr), MIS 6 (191 to 126 kyr) which correspond to episodes of significant
climatic change. This approach enables the evaluation of vegetation responses across the sites and regions. Under-
standing vegetation responses to past climate variations provides a valuable framework for assessing future warming
scenarios, anticipating their potential impacts on plant community composition and structure, and guiding conserva-
tion policies and forest management strategies.

(Paleo) Climatic Foundations

The primary driver of Earth’s climate is solar energy. During the Quaternary, we can distinguish glacial (cold) and
interglacial (warm) phases depending on the amount of energy reaching the earth surface at different latitudes.
However, insolation is not the sole factor to consider, as climate results from the interaction of physical, chemical,
and biological processes occurring within the planet’s spheres: atmosphere, hydrosphere, geosphere and biosphere.
The interactions and changes within these spheres drive climate variability across Earth’s regions, influencing tem-
perature, humidity, wind patterns, and precipitation through teleconnections.

A central element of climate dynamics in Mexico and the planet as a whole is the Hadley Cell, an atmospheric
circulation system driven by surface temperature differences. This circulation involves the vertical movement of
warm, moist air from the Intertropical Convergence Zone (ITCZ) near the equator toward higher latitudes, where it
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descends in the subtropical region after losing moisture and energy. The Hadley Cell thus regulates the distribution
of clouds and precipitation, and transport from low-to-mid latitudes of moisture (Cheng et al. 2022).

The following section will discuss the major climatic phenomena relevant to understanding Mexico’s climatic
configuration (Figure 1). In section 4 we relate and discuss the role of the major climatic drivers on vegetation
changes over glacial and interglacial periods in Mexico.

Intertropical Convergence Zone (ITCZ). ITCZ is a low-pressure region where trade winds, laden with heat and
moisture due to evaporation, converge. This creates a convective zone with high cloud cover and precipitation. ITCZ
position varies depending on global temperature and ocean currents, leading to climatic phenomena both over the
ocean and continents (Waliser & Jiang 2015, Figure 1).

ITCZ is closely linked to precipitation processes on Earth. It forms a band of convective clouds near the equator,
extending approximately 6° in both hemispheres. However, its mean position is in the Northern Hemisphere due to
greater landmass, which leads to higher warming. Seasonal migrations of ITCZ occur, shifting northward in boreal
summer and southward in winter (Samuel et al. 2023). In the Atlantic and Pacific Oceans, its mean summer posi-
tion in the Northern Hemisphere is around 9° N, while in winter, it shifts to 2° N. On paleoclimatic scales, a similar
pattern has been reconstructed: during warm years, ITCZ migrates northward, whereas in colder years, it moves
southward, except during El Nifio years (Schneider et al. 2014).

Both climate models and paleo-reconstructions based on proxy data indicate that ITCZ migration responds to
hemispheric temperature contrasts. Reduced precipitation in Central America is linked to southward ITCZ displacement
over the Pacific, associated with Southern Hemisphere warming and Northern Hemisphere cooling, particularly in the
eastern Pacific. Sediment records from the Cariaco Basin, based on Ti and Fe concentrations, also support temperature-
driven ITCZ shifts, with northward movement during warm periods such as the Holocene Thermal Maximum (~6 kyr),
and southward during cold intervals like the LGM (Haug et al. 2001, Zhang & Delworth 2005, Chiang & Friedman 2012).
Yuan et al. (2023) highlight discrepancies between computational models and proxy-based studies regarding the climatic
effects on ITCZ migration: while models indicate minimal latitudinal shifts, proxies reveal significant gradients. Howev-
er, interpreting paleo-records remains complex due to interactions with broader atmospheric circulations. Modern obser-
vations under La Nifia/El Nifio conditions show significant variability in ITCZ position, strength, and amplitude. Yuan
et al. (2023) also document intensification of the ITCZ from the LGM to the Holocene, marked by a low-amplitude,
southern-positioned ITCZ during glacial periods, and a northward-expanded system after the Holocene onset.

Satellite data and simulations indicate that both ITCZ amplitude - the distance between the northern and southern
boundaries of the Hadley Cells - and its intensity are expected to decrease due to global warming (Byrne et al. 2018)
suggesting ITCZ structure has a nonlinear relationship with temperature.

ITCZ migration is influenced by both interhemispheric temperature contrasts and oceanic heat transport. Regard-
ing temperature contrast, Broccoli ef al. (2006) developed a climate model showing Northern Hemisphere cooling
and Southern Hemisphere warming, where ITCZ migrates southward. Their study shows that heat exchange in
tropical-midlatitude drive ITCZ variability.

North American Monsoon (NAM). NAM, also known as the Mexican Monsoon, is a climatic circulation that represents
a significant proportion of precipitation across most of Mexico and southern U.S. (Metcalfe et al. 2015). NAM has
three branches: one in the Pacific and two in Gulf of Mexico. Atlantic branches are part of the Caribbean Low-Level
Jet (CLLJ), discussed in section 2.2.1 (Figure 1). During boreal summer, land heats up more rapidly than Gulf waters,
creating a low-pressure zone over northern Mexico and southern U.S. This pressure gradient facilitates the transport of
warm, humid air from the Caribbean and the Gulf via CLLJ, resulting in orographic rainfall (Boos & Pascale 2021).
The Pacific branch is the most studied, especially in the “core region” of NAM: New Mexico and the southwestern
U.S. (Metcalfe et al. 2015). During boreal summer surface air temperature decreases in eastern Pacific, leading to
the formation of an anticyclone (a high-pressure center emitting winds) in the upper troposphere, which transports
moisture from ITCZ toward the Sierra Madre Occidental and the southwestern U.S. (Routson et al. 2022). Although
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Figure 1. Climate model for North America. A) Summer and Interglacial. B) Winter and Glacial. Modified from Metcalfe e al. 2015 and based on Chen
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evaporation from the Gulf of California and the Pacific Ocean is the primary source of moisture in the Pacific branch
of NAM, evapotranspiration from the Sierra Madre Occidental also plays an important role, suggesting that NAM is
broader and more complex than just its core region (Bhattacharya et al. 2018).

The Bermuda High (BH), an extension of the North Atlantic Subtropical High (NASH), plays a crucial role
in NAM seasonality. During summer, it migrates northward, promoting the flow of warm, moist easterlies across
Mexico and Central America. Orographic barriers like the Sierra Madre Oriental limit moisture transport to the
southwestern U.S., although some reaches the Great Plains (Metcalfe et al. 2015). Luo et al. (2021) add that the BH
also shifts east-west interannually: eastward displacement increases rainfall in the southeastern U.S. and central-
eastern Mexico, while westward shifts reduce it.

In the Pacific, increasing Sea Surface Temperature (SST) allows stratified air - warm and humid near the surface,
dry and cooler above - to mix and travel across the Gulf of California, forming intense storms in NAM core region.
As warmer SST moves closer to the coast, monsoonal convection shifts northward (Erfani & Mitchell 2014). Both
rising SST and strong seasonality during summer in the Gulf of California promote monsoonal convection (Routson
et al. 2022). Unlike the Sierra Madre Oriental, the Sierra Madre Occidental acts as a conduit for warm, moist winds
traveling through the Gulf of California (Metcalfe et al. 2015).

Westerlies influence NAM by modulating atmospheric ventilation. When moist Atlantic and Pacific airflows
dominate, weak ventilation occurs: westerlies are displaced, allowing anticyclones to migrate northward and
enhancing convection. In contrast, strong or southward-shifted westerlies inhibit monsoonal activity (Routson et al.
2022). Metcalfe et al. (2015) link this to seasonal patterns—westerlies weaken in summer and intensify in winter
(Figure 1). Their strength reflects the temperature gradient between the equator and the Arctic, which decreases under
planetary warming as high latitudes warm more rapidly than the tropics (Routson ez al. 2019).

During past warming periods, such as the mid-Holocene, a weakened temperature gradient coincided with sig-
nificantly reduced precipitation at mid-latitudes, indicating that weaker gradients reduce westerlies and mid-latitude
precipitation (Routson et al. 2019). This suggests similarities between glacial and winter conditions, as well as be-
tween interglacial and summer conditions.

Caribbean Low-Level Jet (CLLJ). Low-Level Jets (LLJs) are fast-moving winds in the lower troposphere relative to
their surrounding region. The Caribbean LLJ, driven by Easterly Winds, are part of the Hadley Cell and originate in
the Atlantic, making it an extension of BH and NASH (Muifioz et al. 2008).

During the boreal summer, ITCZ migrates northward, favoring subtropical precipitation. However, this pattern
is absent in the Caribbean. One explanation involves low-level wind jets, ocean-land contrasts, orography and con-
vection (Mufioz et al. 2008). This anticyclonic zone transports significant moisture from the Caribbean to Central
America, the Gulf of Mexico, and the southern U.S., contributing to the North American Monsoon system (Maldo-
nado ef al. 2017). The maximum intensity of the Easterly Winds follows a semi-annual pattern, peaks in summer and
winter, with minima in spring and autumn (Wang 2007).

The intensity of the Easterly Winds opposes convection in CLLJ region (Maldonado et al. 2017). Wang (2007)
suggests that strong easterlies and high sea-level pressure (SLP) in July, result in reduced precipitation and fewer
tropical cyclones in the Caribbean. This phenomenon, the Mid-Summer Drought or Canicula was first explained
by Magaiia et al. (1999). Conversely, in October, when SSTs peak in the region, precipitation and tropical cyclone
activity also increase. Thus, strong Easterly Winds enhance moisture transport from the Caribbean toward North
and Central America, reducing convection over CLLJ region. Mufioz et al. (2008) further explain that pressure
differences in the region are partially influenced by the high mountains along the Caribbean’s boundary, creating
significant temperature contrasts between the ocean and the continent.

The variability of the Caribbean LowLevel Jet (CLLJ) is driven by seasonal SST and sealevel pressure (SLP)
gradients, along with its internal vertical structure and frictional processes. SST and SLP gradients exhibit semian-
nual coupling aligned with CLLJ variation, linked to migration of the NASH across seasons: NASH remains in the
western Atlantic during summer and winter, shifting eastward in spring and autumn. Simulations suggest mountain
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height and SST gradients are secondary drivers. Instead, barotropic atmospheric instability—due to horizontal and
vertical wind shear—and interactions between the CLLJ’s vertical profile and surface-layer friction dominate its
dynamics (Wang 2007, Maldonado et al. 2017).

Although the structure of CLLJ remains debated, studies have shown its teleconnections with El Nifio Southern
Oscillation (ENSO). Wang (2007) identified a relationship between Pacific SSTs and CLLJ variability, suggesting
that SST-CLLJ interactions depend on seasonal SLP anomalies: negative in winter, positive in summer. During win-
ter, weak Easterly Winds associated with CLLJ correspond to warm SST anomalies in the eastern Pacific, and vice
versa. In summer, strong Easterly Winds correlate with warm anomalies in the Pacific. Garcia-Martinez & Bollasina
(2020) developed models linking increased drought periods in southeastern Mexico to intensified CLLJ activity. In
contrast, they observed increasing rainfall in the eastern Pacific. This teleconnection is associated with high- and
low-pressure cells at different atmospheric levels.

Few paleoclimatic reconstructions of past CLLJ exist, but Studholme et al. (2022) suggest that following the
precession minimum at MIS 2-MIS 1 transition, increased insolation amplified tropical convection and strengthened
mid-latitude jets, placing tropical cyclones near current positions. Conversely, during cold events such as Heinrich
events, a weakened AMOC altered the Northern Hemisphere’s meridional temperature gradient, intensifying both
the Subtropical Jet and the Hadley Cell while shifting them toward the equator. This displacement caused tropical
cyclones to migrate southward (Studholme et al. 2022).

Lozano-Garcia et al. (2015) reported lower precipitation in BM during LGM compared to the deglaciation period,
in contrast to sediment core studies near the southern Gulf of Mexico. Their findings suggest that the north-south
migration of ITCZ alone does not explain these variations. Instead, they propose that reduced AMOC during the
glacial period expanded the Atlantic Warm Pool (AWP) in the Gulf of Mexico during summer due to stagnant water
movement, leading to increased precipitation in southern regions. AWP is a region of warm ocean water extending
across the Gulf of Mexico, the Caribbean, and parts of the western Atlantic between summer and autumn, defined by
SST above 28.5 °C (Wang & Lee 2007, Figure 1). During the Holocene, the AWP reached its maximum extent and
persisted for most of the year, causing dry conditions in central/southern Mexico and wetter regions due to CLLJ.

Cold fronts or “Nortes”. Cold fronts result from the collision between a cold and a warm air mass. Differences in
temperature, density, and humidity cause atmospheric instability. Cold air masses form at high latitudes via polar
circulation, near the northern edge of the Hadley Cell. Since cold air is denser, it moves beneath the warm air, forc-
ing the latter to rise. As the warm air ascends, it cools adiabatically, condensing moisture and producing rainfall
(Metcalfe et al. 2000).

Cold fronts in North America are common during the boreal winter because ITCZ shifts southward, and warm
air no longer blocks cold air from reaching the Sierra Madre Oriental and Gulf of Mexico (Passalacqua et al. 2016).
In contrast, during the boreal summer, the Hadley Cell constrains polar air currents (Piacsek et al. 2024, Figure 1).

Paleoenvironmental studies provide evidence of changes in the frequency of Nortes (cold surges). For instance,
by analyzing stable isotopes and trace elements in speleothems, Piacsek ef al. (2024) found that during the Little Ice
Age (1400-1850 CE), trade winds linked to NASH were weaker. This condition favored the North Atlantic Oscilla-
tion (NAO) remaining negative: the pressure gradient between the Azores High and the Icelandic Low was reduced.
As a result, winters in North America were colder, and frontal rainfall increased.

El Nirio-Southern Oscillation (ENSO). ENSO is an unstable oceanic-atmospheric pattern in the tropical Pacific,
causing major interannual climatic variability (Emile-Geay et al. 2016). ENSO reflects the coupling between oceanic
dynamics and atmospheric response to SST changes (Tian ef al. 2017). The warm SST phase is known as El Nifio,
while the cold phase is called La Nifia. The Southern Oscillation is the atmospheric component that co-varies with SST.

ENSO is best understood by first describing normal Pacific conditions. Strong trade winds move from east to west
across the Pacific via the Walker Circulation, steepening the thermocline (warm water at the surface and cold water at
depth). This steep thermocline enables eastern Pacific upwelling, as warm water accumulates in the west, generating
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convection and precipitation (Chen et al. 2019). El Nifio is monitored using the Nifio 3.4 index (5° N - 5° S, 120°
W - 170° W, Figure 1), where variations in precipitation, temperature and productivity are significant between the
different phases.

Both El Nifio and La Nifia are destabilizations of normal climatic conditions due to positive feedback mechanisms
within these cycles. For example, in El Nifio the weakening of trade winds results in a reduction of the thermocline
slope, leading to a greater accumulation of warm water in the eastern Pacific. In turn, this warming further weakens
the trade winds and disrupts Walker Circulation, reinforcing El Nifio conditions. In contrast, during La Nifia condi-
tions, an increase in trade wind strength amplifies the thermocline slope, accelerating the east-to-west transport of
warm water across the Pacific, making Walker Circulation more intense (Chen et al. 2019). Despite the positive feed-
back process, ENSO variability can be interrupted by thermocline adjustments, though the mechanisms behind this
remain unclear due to ENSO’s complexity and its influence across different timescales, including annual, decadal,
and multi-decadal scales (Stuecker 2018, Chen et al. 2019).

ENSO significantly affects Mexico: during El Nifio years, northern regions receive winter rains, while La
Nifa brings droughts (Brunelle et al. 2024). ENSO also plays a key role in the formation of tropical cyclones in
both oceans due to its influence on wind shear intensity (Maloney & Hartmann 2000). During El Nifio years, the
probability of hurricanes forming in the Atlantic decreases, while during La Nifia years, the likelihood increases.
While many studies focus on ENSQO’s short-term effects under global warming, fewer studies have reconstructed its
past variability. Koutavas & Joanides (2012) analyzed isotopes in planktonic foraminifera, finding that ENSO was
more intense during cold periods like LGM or Younger-Dryas due to a weaker temperature gradient in the eastern
Pacific. In contrast, during the mid-Holocene and other warm periods, ENSO weakened due to a stronger thermal gra-
dient. They propose that precession forcing is a major driver of ENSO intensity. Also, through the analysis of plank-
tonic foraminifera, Stott ez al. (2002) found that during glacial periods, SST resemble El Nifio events, with southward
ITCZ shifts and weakened Walker circulation. In interglacials, conditions resembled La Nifia. Other studies suggest
that ENSO intensity during the Holocene has been highly dynamic. Emile-Geay et al. (2016) reconstructed Pacific
conditions using mollusks and corals, concluding that ENSO and orbital forcing lack a linear relationship, suggesting
internal processes may dominate.

Atlantic Meridional Overturning Circulation (AMOC). AMOC is an oceanic flow that distributes heat lati-
tudinally through a cycle. Warm, salty surface water flows to the North Atlantic from the tropics. Along the
way, the water loses energy and moisture to the atmosphere. As a result, the water cools, become saltier and
sinks in the North Atlantic to form the North Atlantic Deep Water (NADW). The deep water then flows south-
ward and resurfaces in the South Atlantic, completing the cycle (Ritz et al. 2013, Wang et al. 2023, Figure 1).
Dansgaard-Oeschger (D-O) events, marked by abrupt warming and gradual cooling in the North Pole, are linked
to AMOC variability and has been recorded mainly in Greenland ice cores (Ritz ef al. 2013). Although their origin
is not fully understood, models suggest that Southern Hemisphere temperatures during glacials can trigger abrupt
AMOC shifts once a threshold is crossed (Oka et al. 2021). Heinrich events, caused by iceberg discharges into the
North Atlantic, add freshwater that disrupts ocean density and weakens AMOC circulation, thereby reducing energy
transport (Lynch-Stieglitz et al. 2014).

On millennial scales, AMOC weakening is associated with Northern Hemisphere cooling and Antarctic warming
(Buizert et al. 2015, Henry et al. 2016). Antarctic warming phases often end abruptly after Greenland temperature
rises, especially during strong D-O events (Oka et al. 2021). Heinrich 1 and the Younger Dryas show significant
AMOC weakening (Ritz et al. 2013, Lynch-Stieglitz et al. 2014), while Heinrich 2 and 3 show less change, pos-
sibly due to preexisting weakening caused by ocean stratification during glacial periods. Thus, weakening during
Younger Dryas and Heinrich 1, 4, and 5 reflects shifts from weak (warm) to strong (cold) stratification by glacial
meltwater forcing (Lynch-Stieglitz ef al. 2014). Henry et al. (2016) suggests that during MIS 3, AMOC weakened
during Northern Hemisphere cooling, especially during Heinrich events, but recovered with subsequent warming

(Figure 2).
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Recent paleoclimatic multiproxy studies continue to identify the same pattern: AMOC underwent significant
changes during the last Glacial-Interglacial cycle, coinciding with Heinrich events (Liu 2023). Furthermore, the
effects of Heinrich and D-O events on the climate of BM have been reconstructed. Caballero et al. (2019) analyzed
diatom-based temperature and precipitation reconstructions from Lake Chalco, showing D-O events were humid,
while Heinrich events were dry. Meltwater from glaciers entering the North Atlantic causes a thermal shock that
weakens AMOC and reduces heat transport to the tropics. Consequently, ITCZ migrates southward, decreasing mon-
soon activity in the Northern Hemisphere (Caballero et al. 2019).

As AMOC-driven heat transport variations may influence ITCZ positioning, both cooling and increased ice cover
in the North Atlantic also contribute to ITCZ modifications, implying AMOC is not the sole driver of these cli-
matic shifts (Lynch-Stieglitz et al. 2014). Tropical-high latitude climate links depend on ITCZ position shifts, as
warm (cold) events in Greenland correspond to a more northern (southern) ITCZ position. Studies show AMOC
is vulnerable to warming scenarios. This may either reduce its capacity to transport warm water northward or halt
circulation entirely. As a result, a “warming hole” has been observed in the North Atlantic (Keil et al. 2020). More-
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over, meltwater from Greenland could rapidly cool the North Atlantic enough to shut down AMOC, triggering a new
D-O event (Broecker et al. 1985).

Materials and methods

One of the major challenges in paleoclimatology is integrating climate responses from palynological records obtained
at different sites. Metcalfe et al. (2000) carried out a review of paleo-reconstruction studies in Mexico using different
proxies; the present review updates the palynological analysis that proposes a quantitative synthesis providing
insight into vegetation responses to broad climatic trends. To address this issue, we conducted a meta-analysis of the
literature published up to 2024. The keywords Pollen, Paleoclimate, and Mexico were searched in both Scopus and
TESIUNAM.

The inclusion criteria consisted of peer-reviewed articles or theses from UNAM that focused on paleoenviron-
mental reconstructions based on palynological analyses, in which it was possible to retrieve measurements from at
least one interglacial and one glacial period. Studies that did not meet these requirements or that did not provide
databases accessible through repositories such as Neotoma (apps.neotomadb.org ) or UNAM’s Open Data Portal
(datosabiertos.unam.mx) were excluded from the meta-analysis, although they were included in the Discussion sec-
tion. In some cases, information had to be extracted from digitized data (see S1). Some studies were not considered
in this review due to their age models inconsistencies.

We conducted a regionalization of these studies, as nearby sites show similar signals over the same periods,
while significant variations exist between regions due to Mexico’s diverse climatic conditions. For each region,
we described the general climatic conditions and associated vegetation (S2). Additionally, we analyzed vegetation
composition changes based on pollen assemblages from sedimentary records during glacial-interglacial transitions to
identify the climatic patterns underlying vegetation shifts, such as altitudinal or latitudinal migrations.

For the meta-analysis, 16 palynological sequences were used (Figure 3). The response variable considered in this
review was the percentage of arboreal pollen, for which the mean, standard deviation, and the number of samples
corresponding to each MIS were obtained. Calibrated ages from the age-depth models reported in each study were
used to assign samples to MIS 1, MIS 2, MIS 3, MIS 5e, or MIS 6 (Lisiecki & Raymo 2005, Salonen et al. 2018).
For studies that did not provide calibrate ages, new age-depth models were developed from the reported uncalibrated
radiocarbon dates (S1) using the R (R Core Team 2024) package Bchron (Haslett & Parnell 2008) with calibration
curve IntCal20.

The explanatory variables used to assess data variability were the study region, the corresponding MIS, eleva-
tion, elevational range (i.e., the difference between the elevation of the lacustrine record and that of the surrounding
highest point), and the interaction between the last two variables. In this context, we assumed that the effect of eleva-
tion on the analyzed variables depends on the elevational range, and vice versa. A random effect was fitted by site,
and the restricted maximum likelihood (REML) method was applied. The significance of the comparisons between
the different levels of the factor across the MIS and the regions was adjusted using Hommel’s method (1988), which
is useful for controlling the familywise error rate and preventing Type I errors due to multiple comparisons. Analyses
were conducted in R (R Core Team 2024) using the package metafor (Viechtbauer 2010).

Pollen records
Sonoran Desert.

1) Ciénega Chimeneas (1,335 m asl). Brunelle et al. (2024) obtained a sedimentary sequence which spans from
44 t0 9.5 kyr (Figure 3). Annual precipitation in this region is approximately 600 mm, with more than half occurring
in winter due to cold fronts. During El Nifio events, precipitation tends to increase. Vegetation includes xerophytic
scrub and oak forests in the lowlands, with pine-oak forests at higher elevations. The oldest part of the record (40
kyr, MIS 3) shows dominance of taxa linked to summer rainfall, such as Ambrosia, Larrea, Quercus, Asteraceae, and
Amaranthaceae. Artemisia, associated with winter precipitation, was present but less abundant. At the onset of MIS
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Figure 3. Pollen records in Mexico. Squares represent the sedimentary sequences with palynological data from the Northern region, circles the Central
(blue-West, green-East) region and triangles the Southern region. Dotted line shows the elevational profile (m asl) from West to East of Transmexican
Volcanic Belt. Numbers show sedimentary cores with pollen analysis (Table S1).

2, Ambrosia and Amaranthaceae declined, while Artemisia, Asteraceae, and Poaceae increased. During the LGM and
deglaciation (21-14 kyr), Ambrosia, Asteraceae, Amaranthaceae, Brassicaceae, and Rhamnaceae were prominent.
Larrea and Quercus reappeared only in the Holocene. The mixture of summer- and winter-adapted taxa during the
LGM suggests a shift in precipitation patterns. In the Late Glacial-Holocene transition (14-10 kyr), increased abun-

dance of Larrea, Quercus, Artemisia, Pinus, Poaceae, and Cyperaceae points to higher annual rainfall, likely from
enhanced winter precipitation (Table 1).
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2) San Felipe (400 m asl). Lozano-Garcia et al. (2002) reported a pollen record from a lacustrine sequence span-
ning from 44 to 13 kyr (Figure 3). Today, it is part of the regions in North America with the lowest precipitation and
highest insolation. The vegetation in lowland areas consists of microphyllous desert plants. In the mountainous areas
(Sierra de San Felipe), humidity is higher than in the lowlands, allowing the presence of open forests. At ~40 kyr,
vegetation showed high herbaceous richness, including Allonia incarnata, Plantago, Rubiaceae, Artemisia, Amaran-
thaceae, and Asteraceae. Arboreal taxa included Pinus, Juniperus, and Quercus, with Abies appearing intermittently.
Around 30 kyr (onset of MIS 2), vegetation was dominated by alternating Pinus and Juniperus, with less common
Arctostaphylos and Quercus. Amaranthaceae, Artemisia, and Ambrosia, typical of high elevations in the Sierra de
San Felipe, were also present. During the LGM (~22 kyr), Pinus increased while Juniperus declined, indicating
downward migration due to wetter conditions. In the deglaciation (~18-13 kyr), Juniperus expanded as Pinus and
herbaceous taxa declined. After 13 kyr, pollen was no longer preserved due to complete lake desiccation driven by
rising Holocene temperatures (Table 1).

Table 1. Summary of the pollen records from the northern region for MIS 1, MIS 2, MIS 3 and associated climate drivers of vegetation
changes. Site number correspond to those indicated in the sedimentary records section. “>* is used for “increase, “<* for decrease, T°

for temperature, Pp for precipitation and NR refers to no record.

Site Current vegetation (low- MIS 1 (14 - 7.2 kyr) MIS 2 (29 - 14 kyr) MIS 3 (57 - 29 kyr)
high altitudinal gradient) Pollen / Driver Pollen / Driver Pollen / Dirver
1  Shrubs, sage-chaparral-oak > Larrea and Quercus < Ambrosia and Ama- > Ambrosia, Larrea, Quercus,
woodland, pine-oak forest / ranthaceae, Asteraceae, Amaranthaceae
> Winter Pp, > Artemisia, Astera- /
El Nifio conditions ceae and Poaceae > Winter Pp, El Nifio condi-
/ tions
> Summer Pp, La Nifia
conditions
2 Sparse microphyllus NR > Pinus, Artemisia, > Allonia incarnata, Plantago,
scrubs, open woodlands, / Ambrosia Rubiaceae, Pinus, Juniperus,
coniferous forest Lake desiccation. <Pp, < Juniperus Quercus
strong NAM / /
> Pp, weak NAM Strong NAM
3 Desert scrub, tropical de- > Bursera, Parkinsonia, > Juniperus, Pinus, NR
ciduous forest, pine-oak Asteraceae, Fabaceae Quercus
forest < Pinus, Juniperus /
/ > Pp, weak NAM
< Pp, strong NAM
4  Halophytic grassland, NR > Pinus and Picea > Quercus and Poaceae
pine-oak forest / < Quercus, shrubs and  /
> Summer Pp, strong grasses > Summer Pp, strong NAM
NAM /
> Winter Pp, weak
NAM
5  Grassland, pine-oak forest > Quercus, Poaceae NR NR
< Abies, Pinus
/
>Te°
< Pp, strong NAM
6  Thorn scrub and grassland, > Amaranthaceae, Am- > Pinus, Abies, Picea NR

pine-oak forest

brossinae, Poaceae
< Pinus

/

< Pp, strong NAM

< Amaranthaceae, Am-
brosiinae, Poaceae

/

> Pp, weak NAM
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3) Ciénega San Marcial (335 m asl). Ortega-Rosas et al. (2016) conducted a paleoenvironmental reconstruc-
tion based on pollen records from the Ciénega San Marcial, a site strongly influenced by NAM. The sedimentary
sequence spans from 15.6 kyr, but due to the nature of the cienega, a hiatus exists between 13.4 kyr and 1919 Com-
mon Era (CE). This allows for analysis of vegetation dynamics during the end of the glacial. Present-day vegetation
varies by elevation: desert scrub in lowlands, tropical deciduous forest at mid elevations, and pine-oak forests at
higher elevations (S2). The climate is desert-like, with an average annual temperature around 23 °C and precipitation
ranging from 250 to 350 mm/year, most of which occurs during the summer. Around 15.5 ka, forests dominated by
Juniperus, Pinus, and Quercus were abundant, while herbaceous taxa such as Artemisia, Ambrosia, Asteraceae, and
Poaceae were less frequent. Estimated temperatures were about 10 °C cooler than today, with annual precipitation
around 550 mm, mostly falling in winter. Toward the end of MIS 2 (15-13 kyr), arboreal taxa like Pinus and Juni-
perus declined, as Bursera, Parkinsonia, Asteraceae, and Fabaceae became more common, suggesting temperatures
were about 5 °C lower than present, with annual rainfall reaching approximately 600 mm.

Chihuahuan Desert.

4) Alta Babicora (2,138 m asl). Metcalfe et al. (2002) recovered a sedimentary sequence dating back to 65 kyr.
This basin, located in the northern Sierra Madre Occidental, reaches elevations up to 3,000 m asl. Annual precipita-
tion varies between 500 and 1,000 mm depending on the area, with most rainfall occurring in summer (July-Octo-
ber). The present-day vegetation is divided into two communities: pine-oak forest and halophytic grassland (Estrada
et al. 1997). During MIS 3, Quercus and Poaceae were abundant, with lesser amounts of Picea and Pinus. Toward the
MIS 3-2 transition, Juniperus increased while Ambrosia declined. In MIS 2, a major shift occurred: Pinus and Picea
dominated, while Quercus, shrubs, and grasses (including pasture species) nearly disappeared, indicating cooler and
wetter conditions than today. Notably, Picea is now nearly extinct in the Sierra Madre Occidental. At the beginning
of the Holocene, pollen preservation was poor, limiting identification. Alongside low magnetic susceptibility in sedi-
ments, this suggests erosion and episodes of lake desiccation due to reduced water availability (Table 1).

Sierra Madre Occidental.

5) Ciénega Las Taunas (1,700 m asl). Ortega-Rosas et al. (2008) analyzed a sedimentary record which extends
back to 13 kyr. This region experiences summer rainfall associated with NAM and winter precipitation linked to
Pacific frontal systems. Vegetation varies with elevation; in the lowlands of Las Taunas, Cyperaceae and Poaceae
dominate, while at higher elevations, oak and pine-oak forests are present, with characteristic species including
Quercus arizonica, Q. coccolobifolia, Q. durifolia, Pinus chihuahuana, P. herrerae, and Cupressus arizonica. Before
the onset of the Holocene (~12 kyr), altitudinal shifts in forest communities of the Sierra Madre Occidental were
detected relative to the present-day vegetation. For example, during the YD, Abies was found at elevations ~300 m
lower than its current distribution. Meanwhile, Quercus, Asteraceae, and Poaceae were poorly represented, indicating
that western Mexico experienced cooler and wetter conditions during this period due to a weakened NAM. This con-
trasts with the subsequent slight increase of Quercus in response to the warm and dry conditions characteristic of the
Greenlandian (Middle Holocene).

6) Ciénega Tonibabi (780 m asl). Galaz-Samaniego et al. (2023) analyzed a sedimentary sequence which spans
from 15.5 kyr to the present. The ciénega is surrounded by a mountainous area that reaches elevations up to 2,300
meters. The mean annual temperature and precipitation are 20.7 °C and 507 mm, respectively. Most rainfall occurs
during the summer due to convective processes associated with NAM, although winter precipitation increases during
El Nifio years and decreases during La Nifia years. Vegetation includes pine and pine-oak forests at higher eleva-
tions, and thorn scrub and/or grasslands at lower elevations. Also, some tropical species are found in the region.
At the end of MIS 2 (15 kyr), the core’s deepest section shows the highest proportion of arboreal taxa, with Pinus
dominant in areas now covered by thorn scrub. Quercus is less frequent but still notable. Other temperate trees as
Abies, Picea, Juglans, Alnus, Arbutus, Lythrum, and Caryophyllaceae are present in low amounts. Herbaceous taxa
like Amaranthaceae, Ambrosiinae, Asteroideae, and Poaceae are scarce. Vegetation changes are observed during the
Bolling-Allered and Younger Dryas, but the most pronounced shift occurs at the Holocene onset, when temperate
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trees, especially Pinus, decline, while Amaranthaceae, Ambrosiinae, and Poaceae increase. However, continued pres-
ence of Alnus oblongifolia and Fraxinus suggests winter precipitation remained important (Table 1).

Central-West (Table 2).
Table 2. Summary of the pollen records from the TMVB-West region for MIS 1, MIS 2, MIS 3 and associated climate drivers of vegeta-

tion changes. Site number correspond to those indicated in the sedimentary records section. “>* is used for “increase, “<* for decrease,
T for temperature, Pp for precipitation and NR refers to no record.

Current vegetation (low-

Site high altitudinal gradient)

MIS 1 (14 - 7.2 kyr)
Pollen / Driver

MIS 2 (29 - 14 kyr)
Pollen / Driver

MIS 3 (57 - 29 kyr)
Pollen / Dirver

7  Halophytic grasslands,
thorn forest, tropical de-
ciduous forest, and mixed
pine-oak forests

8  Subtropical shrub, pine,
oak and pine-oak forest, fir
forest

9  Subtropical shrub, pine,
oak and pine-oak forest, fir
forest

10  Subtropical shrub, pine,
oak and pine-oak forest, fir
forest

11  Subtropical shrub, pine,
oak and pine-oak forest, fir
forest

NR

/

Lake desiccation,
< Pp

> Pinus, Abies
< Poaceae

/

> Te°

> Summer Pp

> Quercus, Alnus,
Poaceae, Abies

< Pinus, Asteraceae

/

> Te

> Summer Pp,

< Pp during Heinrich
Event 0, > AMOC

> Alnus, Quercus,
Salix, Tilia, Abies,
Platanus, herbaceous
taxa

< Pinus

/

> T¢°, northern migra-
tion of the ITCZ

> Pinus, Alnus, Salix

< Quercus, Ambrosia,
Artemisia, Poaceae

/

> T¢°, northern migra-
tion of the ITCZ

> Alnus, Pinus, Abies,
Asteraceae, Pocaceae

< Quercus

/

<T°

< Pp, weak NAM. South-

ern migration of the ITCZ.

Before LGM:

> Pinus

< Quercus, Alnus, Juni-
perus

After LGM:

> Alnus, Artemisia, Salix,
Ambrosia

< Pinus, Abies

/

<Te°

> Winter Pp

Before LMG

> Pinus

< Poaceae

After LMG

> Poaceae

< Pinus

/

<T°

> Winter Pp

< Pp during Heinrich
Event 1, > AMOC

> Pinus

< Quercus, Alnus, herba-
ceous taxa

/

< T*, southern migration
of the ITCZ

> Amaranthaceae, As-
teraceae, Poaceae, Alnus,
Quercus, Cirsium

< Pinus

/

<T®, southern migration
of the ITCZ

> Quercus, Pinus

< Asteraceae, Alnus

/

>Te°

> Pp, strong NAM.
Northern migration of the
ITCZ.

> Abies, Alnus, Fraxinus,
Quercus, Juniperus, Artemis-
ia, Ambrosia and Poaceae

< Pinus

/

> T°

> Summer Pp

> Pinus, Quercus, Alnus,
Fraxinus, Cupressaceae

< Abies

/

> T°

> Summer Pp,

< Pp during Heinrich Events
5 and 4,

>AMOC

NR

Onset MIS 3

> Ambrosia, Amaranthaceae
< Alnus, Juglans, Fraxinus
End MIS 3

> Pinus, Alnus, Juglans
Fraxinus

< Ambrosia, Amaranthaceae
/

> T°, northern migration of
the ITCZ
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7) Sayula (1,350 m asl). This record is the closest to the Pacific (Figure 3) and provides palynological information
from 51 to 6 kyr (Rodriguez-Pérez 2018). The average annual temperature of the lake is 19.6 °C, and the average
annual precipitation is 569 mm, mostly occurring between May and October. The vegetation in surrounding areas
varies between halophytic grasslands, thorn forest, tropical deciduous forest, and mixed pine-oak forests (Table 2).
Between 55-45 kyr, vegetation in the Sayula record was dominated by pine-oak forests with minor herbaceous ele-
ments like Poaceae and Asteraceae. During MIS 2, conditions shifted: 27-24 kyr was wetter, transitioning to drier
conditions during the LGM. Quercus declined during the glacial phase, while Alnus, Pinus, and Abies increased.
Herbaceous taxa peaked in abundance during the LGM (Rodriguez-Pérez 2018). After 18 kyr, pollen became scarce
due to lake desiccation caused by drought, which hindered preservation of palynological material.

Michoacan-Guanajuato Volcanic Field.- Four analyzed sedimentary records come from the Michoacan-Guanajuato
Volcanic Field, located a few kilometers from each other (Figure 3). Patzcuaro, Zacapu, and Zirahuén lakes are vol-
canic, as Cuitzeo is of tectonic origin. The altitude of the volcanic lakes is close to 2,000 m asl, whereas the tectonic
lake is at 1,700 m asl. However, the basins include mountains exceeding 3,000 m asl. The climate is temperate with
summer rainfall (June-October), and average annual precipitation ranges between 700 and 1,100 mm, with Zirahuén
being the wettest site and Cuitzeo the driest. During winter, occasional rainfall occurs due to polar winds. Precipitation
is associated with the northward migration of ITCZ and the expansion of the Hadley Cell (Bradbury 2000). Humidity
in this region primarily arrives from the easterly winds of the Gulf of Mexico, but Pacific-origin winds also play a role
(Lozano-Garcia ef al. 2013). The mean annual temperature varies with altitude; higher-altitude sites record tempera-
tures close to 10 °C, while lower-altitude areas reach 20 °C (Maza-Villalobos et al. 2014). Vegetation is described in S1.

8) Patzcuaro (2,044 m asl). The record spans the last 44 kyr (Watts & Bradbury 1982). The oldest part of the
record corresponds to MIS 3, marked by the presence of Abies, Alnus, Fraxinus, Juniperus, and Quercus. Pinus was
generally low, except for brief increases. Artemisia, Ambrosia, and Poaceae were also common. At the onset of MIS
2, Pinus increased significantly, while Quercus, Alnus, and Juniperus declined. After the LGM, Pinus and Abies
decreased, whereas Alnus, Artemisia, and Salix increased. During deglaciation, A/nus and Cupressaceae rose. Watts
& Bradbury (1982) linked this to drought-tolerant Juniperus, suggesting cold and dry MIS 2 conditions. Bradbury
(2000) challenged this, noting most Cupressaceae in the Central Mexican Plateau prefer summer rainfall, except
Cupressus californica, found in Baja California. Late MIS 2 peaks in Ambrosia and Artemisia also suggest dry and
cold conditions. At the onset of the Holocene, Pinus and Abies increased, as Poaceae declined (Table 2).

9) Zacapu (1,970 m asl). Located 27 km northwest of Patzcuaro (Figure 3), covers the last 52 kyr (Xelhuantzi-
Lopez 1991, Correa-Metrio et al. 2012b), although this core exhibits a hiatus between 31 and 19 kyr. During MIS 3,
Pinus was dominant but fluctuated, accompanied by Quercus, Alnus, Fraxinus, and Cupressaceae. During Heinrich
Event 5, Pinus, Brassicaceae, and Poaceae increased, while the other taxa declined, but later returned to previous
levels. A similar pattern occurred during Heinrich Event 4, with a sharp rise in Asteraceae. From 19 kyr, Pinus
dominated over 80% of pollen, suggesting temperate conditions with low but not scarce precipitation, as grasslands
did not replace pine forests. Toward the end of the LGM, Pinus declined and Asteraceae, Cyperaceae, and Poaceae
increased (Xelhuantzi-Lopez 1991, Correa-Metrio et al. 2012b). During Heinrich 1 (~16 kyr), cooling reduced Quer-
cus, Alnus, Fraxinus, and Cupressaceae, while Poaceae and aquatic taxa rose. In the Bolling-Allered (14-12 kyr),
a rising of Pinus and decreasing of herbaceous and aquatic taxa was detected. In the Holocene, Quercus and Alnus
increased, making Pinus less dominant (Correa-Metrio et al. 2012b, Table 2).

10) Zirahuén (2,075 m asl). Located 29 km and 42 km south of Patzcuaro and Zacapu, respectively, pollen
records from two sedimentary sequences spanning 17 kyr have been studied (Torres-Rodriguez et al. 2012, Lozano-
Garcia et al. 2013). Around 17 kyr, cold and dry conditions supported extensive pine forests, though typical LGM
peaks in Asteraceae and Poaceae were absent (Torres-Rodriguez ef al. 2012). Toward the end of deglaciation (13.5-
12.1 kyr) at Zirahuén, Quercus and Alnus slightly increased (Torres-Rodriguez et al. 2012, Lozano-Garcia et al.
2013). In the Holocene, dominant pollen taxa included Pinus, Quercus, and Alnus, with notable values for Abies and
Platanus. Although Early Holocene forests were mostly Pinus and Quercus, the presence of Alnus and Carpinus
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suggests increased humidity and a shift from the dry pine-dominated forests of the Pleistocene (Lozano-Garcia et
al. 2013, Table 2).

11) Cuitzeo (1,880 m asl). The sedimentary sequence extends up to approximately 120 kyr (Israde-Alcantara et al.
2010). During MIS 3, fluctuations in the arboreal component are observed. Around the middle of MIS 3 (~42 kyr),
there is a considerable increase in herbaceous taxa such as Ambrosia and Amaranthaceae; however, arboreal pollen
gradually increases again, particularly Alnus, Salix, Juglans and Fraxinus, suggesting a transition from a cold phase
to warmer and more humid conditions toward the end of MIS 3. At the onset of MIS 2, increases in Amaranthaceac,
Asteraceae, Poaceae, Cirsium, Quercus and Thalictrum are detected, alongside a decline in Pinus. LGM signal was
characterized by low Pinus values contrasted with high counts of A/nus, Quercus and Poaceae (Israde-Alcantara
et al. 2010). At the beginning of the Holocene, vegetation responses to rising temperatures are evident because
Pinus, Alnus and Salix became significantly more abundant, as Quercus, Ambrosia, Artemisia and Poaceae decreased
(Israde-Alcantara et al. 2010, Table 2).

Central-East (Table 3).

Table 3. Summary of the pollen records from the TMVB-East region for MIS 1, MIS 2, MIS 3, MIS 5e, MIS 6 and associated climate
drivers of vegetation changes. Site number correspond to those indicated in the sedimentary records section. “>“ is used for “increase,
“<* for decrease, T° for temperature, Pp for precipitation and NR refers to no record.

Site  Current MIS1(14-72kyr) MIS2(29-14kyr) MIS3(57-29kyr) MIS 5e (129 - 116 kyr) MIS 6 (146 - 129 kyr)

vegetation Pollen / Driver Pollen / Driver Pollen / Dirver Pollen / Dirver Pollen / Dirver

(low-high

altitudinal

gradient)

12 Xerophytic =~ > Pinus, Abies > Pinus, Amaran- > Abies, Picea, NR NR
scrub, pine- < Quercus, Picea, thaceae Alnus, Cupressa-
oak and Alnus, Ulmus < Quercus ceae, Quercus
Juniperus / / < Herbaceous taxa
forest, pine- > T°, northern < T°, southern /
fir forest migration of the migration of the > T*°, northern
ITCZ ITCZ migration of the
ITCZ
13 Xerophytic =~ > Quercus, Alnus,  Before LMG: > Pinus, Quercus, NR NR
shrublands,  Abies > Quercus, Alnus,  Alnus
Juniperus < Poaceae, Astera-  Fraxinus, Cupres- < Poaceae
forest, cloud ceae, Amarantha- saceae /
forest, ceae < Pinus > T°, northern
pine-oak / After LMG: migration of the
and pine- > T°, northern > Pinus, Poaceae, ITCZ.
fir forest, migration of the Amaranthaceae, > Pp, > Easterlies
subalpine ITCZ. Asteraceae humidity
grasslands > Pp, > Easterlies < Quercus, Alnus,
humidity Fraxinus
/

< T°, southern
migration of the
ITCZ.

> Pr before LMG,
drier after LMG,
< Easterlies hu-
midity
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Site Current MIS1(14-72Kkyr) MIS2(29-14kyr) MIS3 (57-29 kyr) MIS Se (129 - 116 kyr) MIS 6 (146 - 129 kyr)
vegetation Pollen / Driver Pollen / Driver Pollen / Dirver Pollen / Dirver Pollen / Dirver
(low-high
altitudinal
gradient)

14  Xerophytic

> Pinus, Alnus,

> Alnus, Quercus,

> Pinus, Abies,

> Pinus,

> Poaceae, Astera-

shrublands,  Quercus, Abies Mimosa, Cupres-  Quercus, Picea < Poaceae, Astera- ceae, Amaranthaceae
Juniperus < Amaranthaceae, saceae, Amaran- < Herbaceous taxa ceae, Amaranthaceae < Pinus
forest, cloud Asteraceae, Poa- thaceae, Astera- / / /
forest, ceae ceae, Poaceae, >Te >T° <Te°
pine-oak / Artemisia > Pp, > Easterlies > Pp, > Easterlies < Pr, < Easterlies
and pine- >T° < Pinus humidity. North- ~ humidity. Northern humidity. Southern
fir forest, > Pp, > Easterlies  / ern migration of migration of the migration of the
subalpine humidity. Northern <T° the ITCZ ITCZ ITCZ
grasslands migration of the
ITCZ <Pp,
< Easterlies hu-
midity. Southern
migration of the
ITCZ
15 Oak, pine- > Amaranthaceae, > Poaceae, Astera- NR NR NR
oak, fir-pine  Asteraceae, Ver- ceae
and pine benacae, Pinus, < Pinus, Quercus,
forest, alpine Picea Alnus, Abies
grassland / /
>Te <T°

> Pp, > Easterlies
humidity. Northern
migration of the
ITCZ

<Pp, < Easterlies
humidity. South-
ern migration of
the ITCZ

12) Jalapasquillo crater (2,400 m asl). The sequence spans from 35 to 8 kyr (Straka & Ohngemach 1989). Currently,
the vegetation surrounding the crater consists of xerophytic scrub with Nolina, Quercus, Agave, Hechtia, Juniperus
and Cactaceae. In nearby higher-altitude areas (i.e., Las Derrumbadas), forest elements such as Pinus, Quercus and
Juniperus are present (Moctezuma et al. 2016). Less than 30 km away is Pico de Orizaba, where pine and fir forests
are found (Avila ef al. 1994). Around 33 kyr (MIS 3-2 transition), pine-oak forests dominated, with limited presence
of Abies, Picea, Alnus, and Cupressaceae. Herbaceous taxa were sparse. During the LGM, Quercus declined, while
Pinus and Amaranthaceae increased. By late MIS 2, Pinus dominated as other trees declined. In the early Holo-
cene, vegetation was mostly Pinus and Abies; taxa as Quercus, Picea, Alnus, Fagus, and Juglans became scarce or
vanished (Straka & Ohngemach 1989, Table 3).

Basin of Mexico.- One of the most extensively studied paleoecological regions is BM, where sedimentary records
from Lakes Tecocomulco, Texcoco and Chalco reveal vegetation history dating back 150 kyr (Lozano-Garcia et al.
1993, 2022, Lozano-Garcia & Ortega-Guerrero 1998, Caballero et al. 1999). South of BM lie Lakes Texcoco and
Chalco (Figure 3). The altitude in this area is 2,330 m asl, with a present-day mean annual temperature of approxi-
mately 14 °C and an annual precipitation ranging between 537 and 596 mm, with the most significant rainfall occur-
ring from June to September due to ITCZ migration (Lozano-Garcia & Ortega-Guerrero 1998). The vegetation of the
BM is described in S1.

13) Texcoco (2,330 m asl). The pollen record from Texcoco shows that between 35 and 23 kyr, Pinus, Quercus,
and Alnus were dominant, with occasional grains of Carpinus, Carya, Fagus, llex, Juglans, Liquidambar, Podo-
carpus, Thalictrum, Ulmus, and Engelhardtia; typical taxa of humid environments. Poaceae was scarce. Around 25
kyr, Pinus declined sharply, while Quercus, Alnus, Fraxinus, and Cupressaceae increased, indicating more humid
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conditions (Lozano-Garcia & Ortega-Guerrero 1998). During the LGM (22.8-18 kyr), drier conditions prevailed,
with pine forests expanding and most trees decreasing, except Abies, Picea, and Podocarpus. Similar drought and
cooling signals appeared north of BM, marked by reduced tree cover and increased Poaceae and Amaranthaceae
(Caballero et al. 1999). By mid-MIS 2 (19-15 kyr), Poaceae, Amaranthaceae, and Asteraceae, characteristic of cold
and dry zones, dominated the record. At the Holocene, warming and wetter conditions led to grasslands retreating
uphill, while Quercus, Alnus, and Abies increased in lower areas (Lozano-Garcia & Ortega-Guerrero 1998, Table 3).

14) Chalco (2,250 m asl). The record of this site is composed of several sequences studied by Lozano-Garcia et
al. 1993, Lozano-Garcia & Ortega-Guerrero 1994, Lozano-Garcia & Ortega-Guerrero 1998 and Lozano-Garcia et al.
2022. Early studies covered MIS 2 and MIS 1, while recent work extends to MIS 6 (146-126 kyr). MIS 6 vegetation
was mostly herbaceous, dominated by Poaceae, Amaranthaceae, and Asteraceae, with some sparse arboreal taxa like
Cupressaceae, Quercus, and Pinus. Taxon richness was highest during MIS 6 due to low Pinus dominance (Lozano-
Garcia et al. 2022). During MIS 5e (Eemian, 129-116 kyr), warming favored Pinus, Abies, and Picea forests, along-
side tropical taxa such as Arctostaphylos, Cecropia, Arecaceae, and Myrtaceae, and mesophytic trees like Carya,
Carpinus, Juglans, Myrica, Podocarpus and Tilia. After this warm period, colder conditions returned in MIS 5d, with
herbaceous plants dominating again, but some MIS 6 grassland taxa did not recover. By the end of MIS 5d (116-108
kyr), Pinus increased at the expense of Alnus, Quercus, and mesophytic taxa. Extensive pine forests established from
MIS 5b (92-86 kyr) to the present. During MIS 3, Pinus remained dominant, except during Heinrich events 5 and 4
when Abies, Quercus, and Picea increased. Herbaceous taxa like Artemisia and Poaceae peaked as Pinus declined.
At the onset of MIS 2, Pinus declined toward the LGM while Alnus, Quercus, and Cupressaceae rose. Post-LGM,
Mimosa and Cupressaceae increased. Around Belling-Allerad (14 kyr), Carpinus-Corylus and Cirsium increased. In
the Holocene, Pinus and Alnus rose, herbaceous plants declined, and later A/nus fell as Abies and Quercus increased
(Lozano-Garcia ef al. 1993, Lozano-Garcia & Ortega-Guerrero 1994, Table 3).

15) Chignahuapan, Lerma Basin (2,570 m asl). The core covers the last 23 kyr, making it the highest-altitude site
in Central Mexico. Currently, this site is considered to have a temperate climate with summer rainfall, an average an-
nual temperature of 12.2 °C, and an average annual precipitation of 933 mm (Lozano-Garcia et al. 2005). The highest
point in the basin is Nevado de Toluca, at 4,680 m asl, where the significant elevation gradient promotes substantial
vegetation turnover (52). Between 21 and 16 kyr, during the peak of mountain glaciers (Lachniet & Véazquez-Selem
2005), herbaceous plants as Poaceae and Asteraceae were abundant. Arboreal taxa were scarce, with Pinus, Quercus,
Alnus, Cupressaceae, and Abies being the main trees (Lozano-Garcia et al. 2005). During deglaciation (16-11.85
kyr), Poaceae declined while herbaceous plants from Amaranthaceae, Asteraceae, Verbenaceae, and Artemisia in-
creased, alongside Pinus, Quercus, and Alnus. At the onset of the Holocene, Pinus rose significantly, while Quercus
and Alnus declined. Abies was absent, but Picea appeared in the record around 9 kyr. Herbaceous plants decreased
notably compared to earlier periods (Lozano-Garcia et al. 2005).

Southern region (Table 4). There are no sedimentary records in southern Mexico that cover glacial periods, but there
are two in Yucatan Peninsula, Guatemala (Figure 3). Much of the region is characterized by low elevations but some
mountains in the region reach up to 600 m asl. The mean annual temperature is 25 °C, and the mean annual precipita-
tion is 1600 mm, although extreme years range from 900 mm/a to 2500 mm/yr. During summer, the northward posi-
tion of ITCZ induces heavy rainfall in this region, facilitated by CLLJ, which transports significant moisture from
the AWP to the Yucatan Peninsula. Within the rainy season, July and August are relatively drier due to Canicula. In
winter, rainfall is scarce, although it can occur due to cold fronts known as Nortes (Correa-Metrio et al. 2012a). The
vegetation in this region is highly diverse and can be classified into evergreen tropical forest, deciduous tropical for-
est, and semi-deciduous tropical forest (S2, Table 4).

16) Quexil (110 m asl). Leyden et al. (1993, 1994) analyzed sediments dating back to 36 kyr. From the base to
24 kyr, Pinus, Quercus, and Alfaroa dominated, alongside arboreal families like Cupressaceae and Onagraceae,
and genera such as Betula, Carpinus, Cornus, Fraxinus, and Juglans. Herbaceous and tropical rainforest taxa were
scarce or absent, indicating cooler, drier conditions favoring pine-oak forests in lowlands. Between 24 and 14 kyr,
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arboreal taxa declined sharply except Cupressaceae, and herbaceous taxa as Malvaceae, Poaceae, Amaranthaceae,
and Cactaceae became dominant, reflecting temperate thorn scrub replacing pine-oak during the LGM. Tempera-
tures were 6.5-8 °C cooler than today. From 14 to 10.5 kyr, herbaceous plants prevailed, but humid taxa like Alfaroa,
Liquidambar, Quercus, and Ulmus increased. After 10.5 kyr (Holocene onset), Pinus and Quercus rose rapidly, then
declined as humid rainforest taxa became dominant (Table 4).

17) Petén Itza (100 m asl). Correa-Metrio ef al. (2012a) and Cruz-Silva (2018) studied the pollen composition
of Lake Petén Itza. Cruz-Silva (2018) covers 250 to 85 kyr, while Correa-Metrio ef al. (2012a) analyze the record
from the 86 kyr to the present. Cruz-Silva’s chronology reconstructs pollen composition back to the MIS 7 intergla-
cial (243-191 kyr). During MIS 6 (191-129), warm and humid taxa like Moraceae, Alchornea, Begonia, Brosimum,
Ficus, Psychotria, Spondias and Trema decline, while cooler indicators like Alnus, Ambrosia, Myrica, Quercus,
Poaceae, and especially Pinus increase. Pines, previously scarce, become constant and fluctuate with temperature
changes. The Eemian warming (MIS 5e, 129-116 kyr) triggered a sharp rise in Moraceae and a drop in Pinus. Celtis
and Melastomataceae decline in MIS 5d (116 to 108 kyr) but rise again in MIS 5c (108-92 kyr). During MIS 3,
arboreal and non-arboreal taxa alternate; Pinus, Quercus, and Celtis increase as Poaceae decreases, and vice versa. At
the end of MIS 3, Pinus drops while Ambrosia and Eugenia rose. Correa-Metrio et al. (2012a) suggest dry summers
with winter rains at MIS 2 onset, with temperate forests dominated by Juglans, Myrica, Quercus, and Pinus. Between
18.5 and 10.5 kyr, tropical dry taxa like Acacia, Bursera, Celtis, Mimosa, and Sapium rose, and during the Holocene
transition, tropical dry forests further expand as indicated by increased abundances of Brosimum, Bursera, Cecropia,
Ficus, Trema and Moraceae in the record (Table 4).

Table 4. Summary of the pollen records from the South region for MIS 1, MIS 2, MIS 3, MIS 5e, MIS 6 and associated climate drivers of vegetation
changes. Site number correspond to those indicated in the sedimentary records section. “>* is used for “increase, “<* for decrease, T° for temperature,
Pp for precipitation and NR refers to no record.

Site  Current vegeta-
tion (low-high alti-

tudinal gradient)

MIS1(14-7.2
kyr)Pollen / Driver

MIS 2 (29 - 14 kyr) MIS 3 (57 - 29 kyr)
Pollen / Driver Pollen / Dirver

MIS 5e (129 - 116 kyr) MIS 6 (191 - 129 kyr)
Pollen / Dirver Pollen / Dirver

16 Semi-deciduous > Alfaroa, Quer- > Poaceae, Mal- > Pinus, Quercus, NR NR
tropical forest, cus, Ulmus, vaceae, Amaran-  Alfaroa, Cupressa-
deciduous tropical Ligquidambar, thaceae, Cupres- ceae, Onagraceae,
forest, evergreen ~ Amaranthaceae saceae Carpinus
tropical forest < Poaceae < Pinus, Quercus, < Malvaceae,
/ Juglans Amaranthaceae
>T°, > spring / /
isolation <T° <maximum >T°, > spring
> Summer Pp isolation isolation
< Summer Pp > Summer Pp
17 Semi-deciduous > Brosimum, > Juglans, > Celltis, Pinus, > Moraceae > Alnus, Ambrosia,
tropical forest, Bursera, Cecro- Myrica, Quercus, Poaceae, Quercus < Pinus Myrica, Quercus,
deciduous tropical pia, Ficus, Trema, Alnus, Pinus < Convolvulaceae, / Poaceae, Pinus
forest, evergreen ~ Moraceae, Be- < Celtis Melastomataceae > T° < Moraceae, Alchor-
tropical forest gonia / / <Pp, nea, Begonia, Ficus,
< Asteraceae, <T°,<seasonal- >T° >seasonal- northern migration of Trema
Alnus, Celtis, ity isolation. ity isolation. the ITCZ /
Pinus < Summer Pp, > Summer Pp, <T°

/

> T®, > seasonal-
ity isolation.

> Summer Pp,
drier conditions
during Hein-

rich Event 0, >
AMOC. Northern
migration of the
ITCZ

> Winter Pp,

cold fronts, drier
conditions during
Heinrich Event 2
and 1, > AMOC.
Southern migra-
tion of the ITCZ

drier conditions
during Heinrich
Events 5-3, >
AMOC. Northern
migration of the
ITCZ

< Summer Pp, south-
ern migration of the
ITCZ

> Winter Pp, cold
fronts
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Meta-analysis results

The meta-analysis detected significant heterogeneity among sites, which justifies the use of a multivariate random-
effects model (62 =0.0115). The set of moderators used (MIS, Region, Elevation, Elevational Range, and the interac-
tion between the last two) significantly explained the variability in the effects of changes in arboreal pollen propor-
tion (QM,, = 433.09; P <0.0001).

Changes in arboreal pollen among the MISs showed significant differences (Table 5). MIS 1 exhibited a 2.14 and
2.27 % lower proportion of arboreal pollen than MIS 2 and MIS 3, respectively (P = 0.0012 and 0.0009, respec-
tively), while no significant differences were observed between MIS 3 and MIS 2 (P =0.77). Both MIS 5¢ and MIS 6
exhibited significantly lower percentages of arboreal pollen compared to MIS 2 (by 7.07 and 17.15 %, respectively;
P <0.0001 in both cases). MIS 5e had approximately 5 % less arboreal pollen than MIS 1 and 7 % less than MIS 3
(P <0.0001 for both comparisons). When comparing MIS 5 and MIS 6, it was observed that during the glacial stage
(MIS 6), there was approximately 10 % less arboreal pollen than during the interglacial stage (P < 0.0001), indicating
that MIS 6 had the highest proportion of herbaceous taxa (Table 5).

Table 5. Comparison of arboreal pollen percentage among Marine Isotope Stages (MISs). The upper triangle of the matrix presents adjusted p-values for
each comparison; the lower triangle shows the relative changes in arboreal pollen percentage. Values in brackets represent the lower and upper bounds

of the confidence intervals.

mIS MIS 1 MIS 2 MIS 3 MIS Se MIS 6
MIS 1 X P=0.0012 P =0.0009 P<0.0001 P<0.0001
mis2 o 00‘;‘?’2&‘(‘)33 6 X P=0.7748 P<0.0001 P <0.0001
MIS 3 (0.01%?,2 (%351) (-0.0(?7'(;(,)(1).30105) X P=0.0001 p=0.0001
MIS e (-0.06-8.5(?%3.30292) (-0.05;_85(?7-8.70522) (-0.05586?7-(2)90550) X p=0.0001
MIS6 0.1501 0.1715 0.1728 -0.1007 X

(-0.1712,-0.1289)  (-0.1911,-0.1518)  (-0.1909, -0.1546)  (-0.1217,-0.0798)

Strong regional differences in arboreal pollen percentages were also observed (Table 6). Among the northern
regions (Chihuahuan Desert, Sonoran Desert and Sierra Madre Occidental [SMO]), the Sonoran Desert signifi-
cantly differed from the rest. The Chihuahuan Desert had the highest percentage of arboreal pollen, showing 78 %
higher than the Sonoran Desert (P = 0.0006). Even though Chihuahuan Desert arboreal pollen percentage was 45 % higher
than the SMO, no significant differences were found after adjusting p-values (P =0.0622). The TMVB East region
exhibited a distinct response from TMVB West and Southern regions regarding arboreal pollen. The eastern region
had 1.8 times more arboreal pollen than the western region (P = 0.0466). The southern region, meanwhile, had
2.3 times less arboreal pollen than TMVB-East (P = 0.0466), but did not differ significantly from TMVB-West
(-50.52 %, P =0.0698).

Topographic variables indicated that elevation was positively associated with arboreal pollen percentage (0.0004,
P =0.0508). This trend suggested an increase of 0.0004 % in arboreal pollen proportion for each additional meter
in elevation. Therefore, an increase of 1,000 meters results in a 0.4 % rise in arboreal pollen. Similarly, elevational
range was also positively associated with arboreal pollen percentage (0.0004, P < 0.0001), indicating that greater
altitudinal heterogeneity was linked to higher arboreal pollen values. However, the interaction between these two
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variables reduced their positive effects beyond a certain threshold (-0.0000, P = 0.0056) (Figure 4). Thus, in sites
with high elevational range, the positive effect of elevation was diminished or may even become negative, whereas,
in areas with low elevational range, elevation maintained a positive effect on arboreal pollen percentage.

Discussion

The meta-analysis allowed us to identify changes in vegetation composition based on palynological records across
different MISs and regions, as well as to evaluate the effects of topographic variables on vegetation patterns. It is
important to emphasize that the obtained results fundamentally depend on the chronologies reported in the referenced
studies; therefore, future advances in sediment dating could significantly alter the results presented here.

Although all records showed substantial changes in pollen assemblages between glacial and interglacial stages, it
is essential to assess the directionality of these changes from a macroregional perspective. In both glacial-interglacial
cycles analyzed (MIS 6-MIS 5 and MIS 2-MIS 1), arboreal pollen percentages significantly increased during inter-
glacial periods (Figure 1, Table 5). Correa-Metrio et al. (2012a) refers to these as “press-driven changes,” linked to
variations in Earth’s orbital parameters that modulate the migration of the ITCZ. By contrast, MIS 3 did not differ
significantly from MIS 2, which may reflect the high climatic variability characteristic of MIS 3 (Figure 2). This
interval includes Heinrich Events 5 and 4 (Figure 2), marked by especially cold and dry conditions due to fluctua-
tions in the AMOC, and associated with abrupt changes in pollen composition across several regions (Correa-Metrio
et al. 2012a, b). Such vegetation shifts are identified as “pulse-driven changes”, indicating short-term perturbations
after which previous conditions may be re-established. Differences between MIS Se and MIS 1 should be interpreted
with caution, since the meta-analysis only the Chalco study covers this temporal range (Lozano-Garcia et al. 2022).
Nevertheless, Cruz-Silva (2018) reports high Moraceae counts in the Petén Itza record between MIS 6 and MIS 5e,
along with a decline in Celtis and Melastomataceae, suggesting that the arboreal pollen response may be consistent
with the pattern observed in Chalco.

Regional contrast in arboreal pollen percentages also provided key insights for paleoclimatic interpretation (Figure
1). The differences among sites in the northern region may be related to differences in elevation and topographic
heterogeneity (Tables 1 and 2, Figure 4,). For example, Sonoran Desert sites are located below 1,500 m asl, whereas
the Chihuahuan Desert site is at 2,138 m asl, and the SMO site at 780 m asl. The interaction between elevation and

Table 6. Comparison of arboreal pollen percentages among regions. The upper triangle of the matrix presents adjusted p-values for each
comparison; the lower triangle shows the relative changes in arboreal pollen percentage. Values in brackets represent the lower and up-

per bounds of the confidence intervals. Only regions influenced by climatic drivers in common were compared (Tables 1-4).

Regions Chihuahuan Sonoran Sierra Madre TMVB West TMVB East South
Desert Desert Occidental
Chihuahuan X P=0.0006 P=0.0622 X X X
Desert
-0.7891 _
Sonoran Desert (-1.1961, -0.3821) X P=0.0466 X X X
Sler.ra Madre -0.4525 0.3367 X X X X
Occidental (-0.8639, -0.410)  (0.0589, 0.6144)
TMYVB West X X X X P=0.0466 P=0.0698
1.8195 _
TMVB East X X X (0.2879, 3.3510) X P =10.0466
South X X X -0.5052 -2.3247 X

(-1.0513, 0.0409)  (-4.2471, -0.4023)
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elevational range appears to strongly influence arboreal pollen values at Alta Babicora, highlighting the role of “sky
islands,” as refugia for arboreal elements during interglacial periods (Mastretta-Yanes et al. 2015, Galaz-Samaniego
et al. 2023). The northern paleoclimatic responses showed and increment in precipitation during glacial phases due
to a strong thermal gradient in the Pacific, which causes the Westerlies to suppress NAM (Figure 1). In contrast, drier
conditions prevail during last interglacial (MIS 1), as the thermal gradient weakens, shifting precipitation to higher
latitudes (Bhattacharya et al. 2018). A clear example of this process is drying of San Felipe and Alta Babicora lakes at
the onset of the Holocene, leading to the establishment of unprecedented desert communities in the region (Table 1).
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Figure 4. Responses of arboreal pollen to the interaction between elevation and elevational range based on the meta-analysis. The X-axis represents
elevation, while the Y-axis shows the predicted effect of elevation under three elevational range scenarios: low (first quartile, red), medium (second
quartile, green), and high (third quartile, blue).

An important difference was observed between the two sectors of the TMVB. Although mixed forests were identi-
fied in both regions, the eastern sector exhibited a higher percentage of arboreal pollen than the western sector. The
main difference between TMVB subregions was associated with elevational contrast (Figure 3, Table 6, Caballero et
al. 2010). In the west, mountain ranges are lower in elevation than those in the east. A key factor for TMVB precipita-
tion is the ITCZ latitudinal migration and the effects of the CLLJ (Figure 1, Lozano-Garcia & Ortega-Guerrero 1998,
Metcalfe et al. 2015, Lozano-Garcia et al. 2022). During cold periods such as Last Glacial Maximum (MIS 2), it is
likely that warm air from the Gulf of Mexico cooled at lower altitudes, triggering convective processes in lowland
areas (Correa-Metrio et al. 2012b). Different responses from vegetation to climate were observed in TMVB-West
region (Tables 2, 5 and 6), suggesting that changes depend on local variations (Lozano-Garcia et al. 2013). Dur-
ing MIS 2, winters were wetter in the central-western region, reducing the seasonal contrast between summer and
winter precipitation compared to present-day conditions (Bradbury 2000). Although there is still debate about the
mechanism that favors winter rainfall in glacial periods, the proposed mechanism suggests that increased ice cover
weakened the NPH, allowing moisture-laden winds to reach farther south (Bradbury 2000). However, greater atten-
tion should be paid on cold fronts rainfall. Correa-Metrio et al. (2012b) expanded on this explanation, proposing that
summers during MIS 2 were cold and particularly dry. Due to regional temperature reductions, warm, humid winds
from the Gulf of Mexico formed clouds over lower-altitude mountains in the east, which acted as barriers prevent-
ing moisture from reaching the western region. Therefore, winter rainfall was crucial in avoiding severe droughts in
western central Mexico. As a consequence, precipitation decreases during glacials and increases during interglacials,
which is associated with the northward shift of ITCZ and the greater intensity of the Easterlies. As humidity and
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temperature patterns changed, plant communities migrate along the elevational gradient until the next glacial cycle.
Between glacials, species composition continued changing, with local extinctions and new taxa colonized (Lozano-
Garcia et al. 2022).

The lack of significant differences in arboreal pollen percentage in the meta-analysis between the South and
TMVB-West, SMO and Chihuahuan desert should be considered as not representative because of evident vegeta-
tion changes. During glacial periods, southern vegetation is characterized by elements typical of temperate forests,
whereas tropical forest elements predominate during interglacial periods (Table 4). The south region climate varia-
tions are strongly linked to ITCZ migration. During summer, the northward migration of the ITCZ causes NASH to
shift, and the Easterlies to weaken, facilitating precipitation. In contrast, during winter the ITCZ moves southward,
lowering air temperature and increasing ocean surface pressure, creating an anticyclonic zone with strong winds in
the Caribbean (Correa-Metrio et al. 2012a, Figure 1).

The negative interaction between physiographic variables can be explained by the presence of alpine grasslands at
the highest elevations, especially in the eastern TMVB, which reduce arboreal pollen representation. This coincides
with glacial geomorphology records from the mountains of central Mexico which indicate that during LGM, the
equilibrium line of glaciers descended overall. However, though the extent varied between the central and central-
western regions. In the more humid central-western region, where glaciers no longer exist, moraines have been found
at approximately 3,400 m asl., while in the Iztaccihuatl (central Mexico), they reached 3,940 + 130 m asl (currently
at 4,970 + 90 m asl). This shift also lowered the tree line (Lachniet & Vazquez-Selem 2005, Vazquez-Selem & Heine
2011). Temperature is estimated to have decreased by 5 to 9 °C in central Mexico compared to present-day condi-
tions (Vazquez-Selem & Heine 2011). For example, in the Chignahuapan record, peaks in herbaceous taxa, mainly
Poaceae, during MIS 2 correlate directly with glacial advances. Meanwhile, overall humidity in the central region
declined during LGM (Tables 3 and 4); although summer droughts prevailed due to the suppression of the Easterlies,
winter precipitation likely increased. Conversely, it has been observed that, at the onset of the Holocene, the equilib-
rium line of the glaciers rose, allowing arboreal elements to expand to higher elevations at the expense of a decrease
in herbaceous plants (Lozano-Garcia & Vazquez-Selem 2005).

Throughout paleoclimatic records, vegetation turnover in response to climate variations is evident (Tables 1-6).
Based on the analyzed records, two types of vegetation migration during abrupt environmental changes can be
observed: latitudinal shifts in southern records and altitudinal shifts in central sites. These processes are detectable
synchronously in nearby locations. The difference between migration types is attributed to the rugged topography of
the FVTM, which acts as a barrier to dispersion (Guzman-Vazquez et al. 2023). Various ecological factors such as
seed production and dispersal, germination and seedling development, and species interactions, alongside climatic
factors, play a crucial role in determining whether a species establishes itself in a new location (Guzman-Vazquez
et al 2023).

According to the ecological niche theory (Whittaker et al. 1973), living organisms have both upper and lower
environmental limits for survival. In terrestrial plants, two key variables determine their fundamental niche: tem-
perature and precipitation, both exhibited significant fluctuations throughout the Quaternary (Figure 2). During this
period, large-scale global environmental changes drove plant communities to adapt to new conditions. The possible
responses of plants to climate change range from expanding their tolerance range in situ, to migrating altitudinally
or latitudinally (Figure 4), or becoming extinct if conditions become too extreme. As a result, plant communities are
dynamic over time (Jackson & Overpeck 2000). During glacial and interglacial periods, vegetation composition and
structure changed, favoring certain species that expanded their range under new environmental conditions, while oth-
ers became restricted to small refugia - also called microrefugia - or even faced local extinction (Leyden et al. 1994,
Mastretta-Yanes et al. 2015). This dynamic process leads to constant species reassembly, forming different spatial
and temporal species assemblages.

Under the current warming scenario, plant migration processes along elevational gradients have been documented,
showing that some cloud forest species are moving upslope to compensate for thermal and water stress, while heat-
tolerant species are shifting downslope (Ramirez-Barahona et al. 2025).
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A recurring feature in the analyzed records is the presence of non-analog communities: assemblages that differ
compositionally from any present-day ecosystems. These communities may be affected by climatic forces that no
longer exist today (Williams & Jackson 2007). Given the progressive warming scenarios in the era of greenhouse
gases, unprecedented communities will likely become more common in historical records. This underscores the need
for conservation strategies that incorporate topographic diversity as a central element in addition to considering alpha
and beta diversity.

Supplementary material
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