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 Variabilidade do hidroclima tropical nas Américas: da escala continental à local 

 

Resumo 

A variabilidade climática desempenhou um papel fundamental na formação das sociedades 

e ecossistemas humanos ao longo da história, com os padrões de precipitação nas Américas 

Tropicais (AT) sendo especialmente importantes devido ao seu papel central no sistema 

climático global. Esta tese investiga a variabilidade hidroclimática na região AT durante o 

Holoceno (~11.700 anos AP) em três escalas espaciais  continental, regional e local  

destacando a influência do Sistema de Monções Americano (SMA), da Zona de 

Convergência Intertropical (ZCIT) e da Zona de Convergência do Atlântico Sul (ZCAS). 

Utilizando uma combinação de proxies paleoclimáticos (por exemplo, sedimentos 

lacustres, espeleotemas), dados observacionais e dados da simulação TraCE-21ka, o estudo 

identifica as principais variações nos padrões de precipitação na região, incluindo o 

deslocamento da ZCIT e da ZCAS, o enfraquecimento do Sistema de Monções Norte-

Americano (SMNA) e o fortalecimento do Sistema de Monções Sul-Americano (SMSA). 

Resultados de análises em escala continental revelam tendências amplas nos padrões de 

precipitação no Holoceno, enquanto estudos regionais refinam essas tendências, 

destacando a variabilidade espacial na América do Sul (AS), particularmente na Amazônia, 

no nordeste do Brasil e no Sul da AS. A análise em escala local de testemunho de sedimento 

lacustre da Lagoa Feia, no Cerrado Brasileiro, fornece evidências detalhadas de mudanças 

na vegetação, eventos de incêndio e ações humanas. Juntas, essas análises multiescala 

demonstram a interconexão de fatores climáticos de larga escala e respostas ambientais 

localizadas. Os resultados enfatizam a importância da integração de dados proxy com a 

modelagem para aprimorar a compreensão de climas passados, o que é crucial para 

aprimorar as previsões climáticas futuras, gerenciar recursos hídricos e apoiar estratégias 

de adaptação climática. 

 

Palavras-chave: Américas Tropicais, América do Sul, Cerrado, precipitação, Sistema de 

Monção Americana, paleoregistros, comparação dado modelo. 

 

 



 
 

Abstract 

Climate variability has played a fundamental role in shaping human societies and 

ecosystems throughout history, with precipitation patterns in the Tropical Americas (TA) 

being especially important due to their central role in the global climate system. This thesis 

investigates hydroclimatic variability in the TA region during the Holocene (~11,700 years 

BP) at three spatial scales continental, regional, and local highlighting the influence of 

the American Monsoon System (AMS), the Intertropical Convergence Zone (ITCZ), and 

the South Atlantic Convergence Zone (SACZ). Using a combination of paleoclimatic 

proxies (e.g., lake sediments, speleothems), observational data, and data from the TraCE-

21ka simulation, the study identifies major variations in precipitation patterns in the region, 

including the shift of the ITCZ and SACZ, the weakening of the North American Monsoon 

System (NAMS), and the strengthening of the South American Monsoon System (SAMS). 

Results from continental-scale analyses reveal broad trends in Holocene precipitation 

patterns, while regional studies refine these trends, highlighting spatial variability in South 

America (SA), particularly in the Amazon, northeastern Brazil, and southern SA. Local-

scale analysis of lake sediment cores from Lagoa Feia in the Brazilian Cerrado provides 

detailed evidence of vegetation changes, fire events, and human actions. Together, these 

multiscale analyses demonstrate the interconnection of large-scale climate drivers and 

localized environmental responses. The results emphasize the importance of integrating 

proxy data with modeling to improve understanding of past climates, which is crucial for 

improving future climate predictions, managing water resources, and supporting climate 

adaptation strategies. 

 

Keywords: Tropical Americas, South America, Cerrado, precipitation, American 

Monsoon System, paleorecords, model comparison. 
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Introduction 

 

Climate variations have long driven human biological and social evolution, 

contributing to the rise and collapse of different civilizations throughout human history, 

as they have influenced humans' ability to produce products at the levels needed to sustain 

them (Brevik et al., 2018; Gowdy, 2020). These climate variations can alter the 

spatiotemporal patterns of precipitation over the continents (intensity, frequency, duration 

and amount of precipitation), and the magnitude of these changes directly affects 

ecosystems and people's lives around the world (Carvalho, 2020; Jackson et al., 1996; 

Trenberth & Otto-Bliesner, 2003). 

The Tropical Americas (TA) span parts of both hemispheres with a very complex 

hydrological cycle, and the hydroclimatological conditions in this region play a crucial 

role in the global climate system (Ait Brahim et al., 2022; Carvalho, 2020). The climate 

system in the TA is dominated by changes in precipitation that are mainly related to the 

development of a monsoon system (Geen et al., 2020a), and the regional characteristics 

of this precipitation imply different levels of vulnerability to extreme events (Costa et al., 

2023; Palomino-Lemus et al., 2018). 

South America (SA) has a wide variety of climates, soil types and ecological 

environments (Pinto et al., 2008). As in other regions of the TA, SA has an economy 

strongly based on agricultural production, is highly dependent on hydroelectric 

generation and has constantly suffered from extreme weather events that cause enormous 

socioeconomic damage (Torres & Marengo, 2013). 

The Brazilian Cerrado is the second largest biome in SA, occupying approximately 

2 million km2 (Diniz et al., 2010; Oliveira & Marquiss R. J., 2002). The Cerrado is 

located, for the most part, in the Central Plateau of Brazil, standing out for its high 

diversity and degree of endemism, and for playing an important role in the production of 

water for the Amazon rivers, since numerous hydrographic basins of the Amazon Basin 

originate in the Cerrado region (Cardoso Da Silva & Bates, 2022; Werneck, 2011). 

Despite its importance, the Cerrado is the biodiversity hotspot with the highest 

deforestation rates in Brazil, as well as the largest number of forest fires and burned areas, 

indicating the accelerated pace of destruction of this ecosystem (Strassburg et al., 2017; 

Vieira et al., 2022). 
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The climate system in the TA region is dominated by changes in precipitation that 

are mainly related to the development of a monsoon system (Geen et al., 2020b). These 

systems are characterized by a rainy summer and drier winter, are accompanied by a 

seasonal reversal of the prevailing winds and occur in response to seasonal changes in the 

thermal contrast between the continent and adjacent oceanic regions (Geen et al., 2020b; 

Vera et al., 2006). In the American continent, the present monsoon system is called the 

American Monsoon System (AMS), which is composed of the North American Monsoon 

System (NAMS) (Figure 1. a) and the South American Monsoon System (SAMS) (Figure 

1. b) (Figueroa & Nobre, 1990; Higgins et al., 1997; Vera et al., 2006). 

The AMS is responsible for more than 50% of the total annual precipitation during 

the summer in the respective hemispheres, although precipitation values in the Southern 

Hemisphere (SH) are slightly higher (Figueroa & Nobre, 1990; Higgins et al., 1997; Vera 

et al., 2006). This system encompasses the Intertropical Convergence Zone (ITCZ) in 

both hemispheres and the South Atlantic Convergence Zone (SACZ) in the SH (Fu et al., 

2016; Mechoso et al., 2004; S. Silva & E., 2012). The influence of the AMS on the rainfall 

regime of this region and the regional characteristics of this precipitation implies different 

levels of vulnerability to extreme events (Costa et al., 2023; Palomino-Lemus et al., 

2018). 

 

 

Figure 1. Schematic illustration of a) North American Monsoon System; and b) South 

American Monsoon System. "H" indicates the subtropical high pressure at the surface, 

and an "A" indicates the upper-level anticyclone related to the monsoon (adapted from 

Mechoso et al., 2004). 

 



3 
 

The study of climate variations in the TA, in the SA and in the Brazilian Cerrado 

allows a better understanding of the influence of the AMS, the ITCZ and the SACZ on 

continental, regional and local scales, respectively. Study on a continental scale is 

essential to understand the complexity of the climate system in this region, while study 

on regional and local scales is essential to develop and/or implement strategies for 

adapting to climate change, since such adaptation is limited by the degree of confidence 

in the changes projected at these scales (Marengo et al., 2010). 

During the Holocene period (~12,000 years Before Present (BP)), several climate 

changes occurred on a global scale, mainly due to changes in insolation related to 

variations in the Earth's orbital parameters and solar variability (Mayewski et al., 2004). 

During this period there was a decrease (increase) in summer insolation in the Northern 

(Southern) Hemisphere, generating opposite hemispheric trends of summer insolation 

that promoted a redistribution of energy (Wanner et al., 2011). This redistribution 

promoted different global climate changes during the Holocene, as the variation of the 

seasonal migration area of the ITCZ and of the SACZ, and the weakening of summer 

monsoon systems in the Northern Hemisphere (NH). (Braconnot et al., 2007). 

Based on the prominent occurrence of abrupt climatic events on a global scale, the 

Holocene has been divided into three subseries: the Early Holocene (EH), from ~ 11,700 

to 8,200 years BP; the Middle Holocene (MH), from ~ 8,200 to 4,200 years BP; and the 

Late Holocene (LH), from ~ 4,200 years BP to the present(Walker et al., 2019). The EH 

initiated with the occurrence of the Younger Dryas (YD) event, an abrupt event that 

characterized the last glacial cold period (Dansgaard et al., 1989). Since the end of the 

YD, the global mean surface temperature showed an increasing trend during the EH, 

which was disturbed by a series of abrupt climatic events, the most pronounced of which 

occurred at ~9,300 years BP and ~8,200 years BP (Porinchu et al., 2019). The 9.3 event 

(~9,300 years BP) consisted of a decrease in the surface temperature of the North Atlantic 

Ocean and lasted about 110 years (Blockley et al., 2012; Came et al., 2007; Yu et al., 

2010). The 8.2 event (~8,200  6,800 yr BP) consisted of a widespread cooling associated 

with the sudden drainage of the Lake Agassiz-Ojibway glacial complex across Hudson 

Strait and lasted ~150 yr (Alley et al., 1997; Barber et al., 1999; Thomas et al., 2007). 

This was a unique event during the Holocene, the most abrupt and of greatest magnitude, 

which considered the most significant climate perturbation of the last 10,000 yr BP 

(Kobashi et al., 2007). This event had global effects and culminated in the beginning of 
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the collapse of large ice sheets in the NH, such as the Laurentide Ice Sheet (Barber et al., 

1999), in addition to resulting in a decrease in the annual global mean temperature of 

~3.3°C (Porinchu et al., 2019). 

The MH initiated with the 8.2 event and was characterized by a bigger (smaler) 

amount of continuous insolation in the NH (SH). This warmer period is commonly called 

the Mid-Holocene Climatic Optimum (Charpentier Ljungqvist, 2011). During this period 

there was a reorganization in the variability of the global climate system, since the change 

from colder to warmer conditions and the collapse of the North Atlantic ice sheets altered 

ocean circulation and increased climate variability in the Atlantic Ocean and, 

consequently, climate across the globe (Wirtz et al., 2010). During the MH, some notable 

temperature drop events occurred, with the 5,300 and 4,200 year BP events standing out 

(Wanner et al., 2015). The 5.3 event (~5,300 yr BP) consisted of a climate reversal in 

which cooler and wetter climatic conditions prevailed (Magny & Haas, 2004). The 4.2 

event lasted for about 300 years and consisted of an abrupt (mega)drought and/or cooling 

event of global extent that has been recorded in a variety of archives worldwide (Bond et 

al., 2001; Thompson et al., 2002; Zhang et al., 2018). This climatic event was very 

important and has been the subject of several studies in recent years because it is 

associated with the collapse of different ancient civilizations and with human migration 

in different regions of the world (such as India, Egypt, Mesopotamia and China) (e.g. 

Drysdale et al., 2006; Ruan et al., 2016; Zhang et al., 2018). 

The LH initiated with the 4.2 event (~4,200 years BP) and was characterized by a 

drop in mean temperatures in the NH due to a decline in summer insolation in that 

hemisphere (Denton & Karlén, 1973; Wanner et al., 2008). Several notable events 

occurred during the LH, including the 2.8 event, the Medieval Climate Anomaly (MCA) 

and the Little Ice Age (LIA) (Chambers et al., 2007; Mann et al., 2009). The 2.8 event 

(~2,800 years BP) was characterized by an abrupt global cooling, related to a rapid 

reduction in solar activity, or Grand Solar Minimum (Chambers et al., 2007; Plunkett & 

Swindles, 2008). This event is associated with the transformation of pre-existing social 

patterns in different ways in different parts of the world (such as in China, Greece and the 

Mediterranean region), including population migration and new subsidence strategies (Jia 

et al., 2022; Raspopov et al., 2013). The MCA (~950 to 1250 Common Era  CE) was a 

pre-industrial period of natural climate change associated with elevated temperatures and 

hydroclimatic variability in different parts of the world (Lüning et al., 2018, 2019; Mann 
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et al., 2009). The LIA (~1400 to 1700 CE) was characterized by cooling of the NH 

continents but warming in the Middle East, central North Atlantic, Africa, tropical 

Eurasia, and extratropical Pacific (Mann et al., 2009). The LIA was the coldest period 

since the 2.8 event and was strongly influenced by covariation between groups of large 

volcanic eruptions and four notable Grand Solar Minima (PAGES 2k Consortium, 2013). 

Understanding the variability of the atmosphere, oceans and air-sea interaction 

processes, as well as their effects on global climate, both present and past, constitutes a 

powerful tool for predicting future climate (Reboita et al., 2021). Observational data are 

essential for characterizing the present climate system and variability, but the length of 

observational climate  time series is relatively short (~150 years) when it comes to past 

climate, which limits a better understanding of past climate variability. In this context, 

paleorecords have been used as indirect indicators of environmental conditions (proxy-

based records), becoming interesting tools in paleoclimatic studies (Gornitz, 2009; 

Hernández et al., 2020; Marcott et al., 2013). Among the most used archives in 

paleoclimatic reconstructions, we can highlight, for example, ice, marine, lake and soil 

cores, as well as speleothems, corals and tree rings (Bradley, 1999). 

In addition to paleorecords, climate models have been increasingly used in the 

reconstruction of past climate, because once a relationship is identified, paleorecords can 

be confronted with results from numerical simulations to explain the possible physical 

mechanisms involved in the observed climate changes, quantifying the relative 

importance of one factor in relation to another, or even testing climate sensitivity to 

different forcings (Bradley, 1999). In this way, the use of observational data together with 

paleorecords and climate models allows the reproduction of past climates, contributing to 

more reliable future projections. (e.g., Prado et al., 2013). 

Therefore, the main objective of this project is to investigate hydroclimate 

variability in the domain of the current American monsoon (TA region), at different 

spatial scales. To meet the general objective of the project, the following specific 

objectives were defined: 

Determine hydroclimatological variations in the TA on a continental scale; 

TA on a regional scale; and 

TA on a local scale. 
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A deeper understanding of hydroclimatic variations in the TA across different 

scales can improve extreme event predictability, enhance water resource management, 

and provide valuable support for decision-making. 

This doctoral thesis consists of three scientific articles that were published. Each 

article consists of a chapter that stands alone but complement each other. For a better 

understanding of this thesis, below is a brief description of each chapter: 

Precipitation patterns and variability in Tropical Americas during the Holocene. 

Article by Bianchini et al. (2025), published in the Palaeogeography, Palaeoclimatology, 

Palaeoecology journal - This article analyzes precipitation trends in the TA during the 

Holocene using paleorecords from lake sediments and speleothems, along with output 

data from the Transient Climate Simulation of the Last 21,000 Years (TraCE-21ka). 

A fully calibrated and updated mid-Holocene climate reconstruction for Eastern 

South America. Article by Gorenstein et al. (2022), published in the Quaternary Science 

Reviews journal - This article is an update in the compilation made by Prado et al. (2013) 

with the addition of new records and with the calibration of the uncalibrated 14C age 

models showing the difference between the use of calibrated and uncalibrated 14C age 

models in paleoclimatic studies. 

Long- and short-term vegetation change and inferred climate dynamics and 

anthropogenic activity in central Cerrado during the Holocene. Article by Escobar-

Torrez et al. (2022), published in the Journal of Quaternary Science - This article presents 

a palynological study using pollen, macrocharcoal, and trace elements from a lake 

sediment core in the Central Cerrado to assess vegetation, fire, and climate interactions 

influenced by natural and anthropogenic disturbances during the Holocene. 

Integrative discussion and final remaks. Brief integrative discussion that synthesizes 

the main findings of this research. 

Integrative discussion and final remaks. Brief integrative discussion that synthesizes 

the main findings of this research. 

Appendix I. Precipitation patterns and variability in 

Tropical Americas during the Holocene  

Appendix II. Supplementary Material A fully calibrated and updated mid-

Holocene climate reconstruction for Eastern South America . 

Appendix III. Long- and short-term vegetation change 

and inferred climate dynamics and anthropogenic activity in central Cerrado during the 

Holocene  
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Abstract 

The Tropical Americas (TA) have monsoons as the dominant feature of their 

hydroclimate. Precipitation in this region is influenced by the American Monsoon System 

(AMS). Throughout the Holocene, several global climate changes occurred that modified 

precipitation patterns in this region. Here we identify a general trend of increasing 

precipitation in the TA over the last 11,700 years. We analyzed different precipitation 

datasets, as paleorecords from lake sediments and speleothems, and Transient Climate 

Simulation of the Last 21,000 Years (TraCE-21ka) model results. We also identified 

occasional with variations in the 

pattern of precipitation anomalies around 9,000 to 8,000 years, corroborated by high-

energy wavelet analysis signals detected before 7,710 years. These results show 

precipitation was influenced by the final collapse of the North American ice sheets, 

accelerated by increased summer insolation in Northern Hemisphere (NH). 

Keywords: Lake sediments, Speleothems, Data-model comparison, America 

Monsoon System, compilation, TraCE-21ka. 
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1. Introduction 

- -

is influenced by a complex interplay of physical processes at various spatial and temporal 

scales, resulting in intricate patterns. This region is characterized by its unique 

ecosystems, diverse cultures, and rich traditions (Carvalho, 2020). However, there is a 

significant disparity in economic development among the nations within this region 

(Carvalho, 2020). Recent studies indicate that heavy precipitation events in this region 

are projected to increase in intensity and frequency, with varying levels of confidence 

(Seneviratne et al., 2021). Despite advancements in weather forecasting and seasonal 

forecasts, populations, and governments in both developed and developing countries in 

TA have shown a lack of preparedness in dealing with extreme climatic events (Pelling, 

2010).  

 Tropical regions experience monsoons as a dominant feature of their 

hydroclimate. These monsoons are humid summer circulations that provide most of the 

annual precipitation in their regions of operation, being characterized by rainy summers 

and dry winters, accompanied by a seasonal inversion of prevailing winds (Geen et al., 

2020; Zhou and Lau, 1998). The TA region is influenced by the American Monsoon 

System (AMS), which consist of the North American Monsoon System (NAMS) and the 

South American Monsoon System (SAMS) (Fu et al., 2016; Mechoso et al., 2004; Vera 

et al., 2006).  

The NAMS plays a crucial role in the climate of the region between the 

southwestern United States (USA) and the extreme north of South America, being 

responsible for producing 50 % to 70 % of the summer rainfall in this region (Fu et al., 

2016; Mitchell et al., 2002; Sheppard et al., 2002). The SAMS constitutes the most 

significant climatic feature in South America, being responsible for most of the annual 

precipitation in the continent (Gan et al., 2004; Marengo et al., 2012). 

 Over the course of the Holocene, there have been several global climate changes 

(Mayewski et al., 2004). The opposite hemispheric trend in summer insolation during this 

period was characterized by a decrease in Northern Hemisphere (NH) summer insolation 

and an increase in Southern Hemisphere (SH) summer insolation. This led to changes in 

the distribution of energy across the globe (Wanner et al., 2011). The distribution of 

energy in the atmosphere primarily occurs through the transport of water vapor 

(Mayewski et al., 2004). Changes in summer insolation promoted several global climatic 
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changes during the Holocene, including the narrowing of the Intertropical Convergence 

Zone (ITCZ) seasonal migration range, the weakening of the NAMS, the strengthening 

of the SAMS and the southward migration of the South Atlantic Convergence Zone 

(SACZ) (Braconnot et al., 2007; Campos et al., 2022; Chiessi et al., 2021; Custodio et al., 

2024).  

Gaining insights into hydroclimate variability, both past and present, is a valuable 

tool to help understand future climate changes (Reboita et al., 2021; Tierney et al., 2020). 

This study aims to investigate the hydroclimate variability in the TA throughout the 

combination of observational and reanalysis datasets, paleoclimate archives (lake 

sediments and speleothems) and outputs from the Transient Climate Simulation of the 

Last 21,000 Years (TraCE-21ka). Finally, we conducted a regional analysis of Holocene 

precipitation in five key areas to identify changes in variability. 

 

2. Data and methods 

2.1. Historical climate 

We analyzed data from observational and reanalysis datasets from the National 

Oceanic and Atmospheric Administration (NOAA) to understand the current 

precipitation patterns and variability in the TA. The data is publicly available on the 

NOAA website (https ://psl.noaa.gov/data/gridded/index.html, last accessed on 22 

February 2023). 

The monthly mean rainfall data were calculated from four observational datasets: 

CPC Merged Analysis of Precipitation (CMAP), with gridded monthly precipitation data 

Precipitation Climatology Centre (GPCC), with gridded monthly precipitation data 

precipitatio

2002); and Global Precipitation Climatology Project (GPCP) Monthly Precipitation 

Climate Data Record (CDR), with gridded monthly precipitation data available from 1979 

to 2015  

We analyzed precipitation outputs from two versions of the National Oceanic and 

Atmospheric Administration Cooperative Institute for Research in Environmental 
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Sciences (NOAA-CIRES) 20th Century Reanalysis. The first version, NOAA-CIRES 

20th Century Reanalysis version 2 (NOAA-20Cv2), provides gridded monthly 

2011). The second version, NOAA-CIRES 20th Century Reanalysis version 3 (NOAA-

20Cv3), provides gridded monthly precipitation rates from 1836 to 2015 with a spatial 

 

Observational and reanalysis datasets were used to calculate mean precipitation 

and its standard deviation (SD) during the four seasons: December to February (DJF), 

March to May (MAM), June to August (JJA) and September to November (SON) within 

the study area. The data covers a 30-year time series starting in 1982. These calculations 

were made to measure variability during the period from January 1982 to December 2012. 

This time is common to all observational and reanalysis data used in the study.  

 

2.2. Holocene climate 

2.2.1. Paleorecords 

We conducted a comprehensive analysis of precipitation patterns and variability 

in the TA during the Holocene, as recorded by paleorecords. Our study compiled data 

from 83 lake sediment records and 19 speleothem records in the study area. These 

findings are based on scientific journal publications up until April 2023. We chose to use 

lake sediments and speleothems as they are paleoclimatic archives that provide proxies 

Program (https://www.ncei.noaa.gov/ maps/paleo/, last accessed on 01 May 1, 2023). The 

data sources included paleolimnology, lake level Paleo Networks, and speleothem. We 

supplemented our compilation with the study by Gorenstein et al. (2022) since there are 

only a few studies available in South America.  

The selection of studies for this compilation was based on three main criteria. The 

mine 

the area of influence of the NAMS and SAMS, constituting the area of action of the AMS 

in TA (Pinchinat et al., 2015; Vera et al., 2006).  
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Fig. 1. Domain of the present study. The dashed line indicates the study area (40 N-40 S; 

120 -30 W). The five solid red boxes indicate the key areas selected for assessing climate 

metrics and trends in this study (for further details on the typicality and necessity of each 

area, refer to Section 2.2.3): the North America region (NA, 36 -22 N; 113 -104 W), the 

Central America region (CA, 20 -7 N; 100 -78 W), the Northern South America region 

(NSA, 5 N-5 S; 70 - 45 W), the Northeastern South America region (NESA, 2 -15 S; 45 -

34 W) and the Central South America region (CSA, 10 -20 S; 55 -45 W). (For interpreta-

tion of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

 

Studies carried out during the Holocene period were examined, which spans from 

11,700 years to the present (Walker et al., 2019). We selected studies that covered the 

time between 12,000 and 100 years before present (BP) (1,850 years CE) to exclude any 

anthropic signals from the historical period. The criteria were established to ensure 

temporal and spatial consistency in the paleorecords regarding precipitation patterns in 

TA during the Holocene.  

Only studies with calibrated ages were considered, as calibration accounts for the 

error caused by the conventional half-life (Libby ages) and the temporal variability of 
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atmospheric 14C content (Hajdas, 2008). Calibrated ages can also serve as a linear age 

scale that can be used in conjunction with other chronologies, such as 210Pb and 137Cs 

(Birks and Birks, 2006).  

Various types of proxies were analyzed from selected paleoarchives, with a focus 

on precipitation records. The information on precipitation extracted from paleorecords 

was obtained by compiling various studies qualitatively. These studies indicate periods 

of both drier and wetter conditions than the present, as reported in their respective 

publications. Table S.1 provides additional details about the lakes and speleothems that 

were analyzed in this compilation. The precipitation reconstruction from paleorecords 

during the Holocene period was compared to the results obtained from the analyzed 

models, as will be discussed later. 

 

2.2.2. Model outputs 

We analyzed data from the TraCE-21ka to gain insight into past precipitation 

patterns and variability in TA. This simulation provides estimates of seasonal 

precipitation and temperature changes over the last 21,000 years (He, 2011). We utilized 

the complete TraCE simulation (Main TraCE dataset), which incorporates transient 

forcing changes in greenhouse gases, variations in insolation driven by orbital factors, ice 

sheets, and meltwater flux (Liu et al., 2009). We analyzed precipitation data from the 

 paleoclimate simulation, Atmosphere Post Processed Data, Decadal Mean 

://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm.trace.atm.proc. seasonal_ave.html, 

last accessed on February 22, 2023). 

The TraCE-21ka model utilized the Community Climate System Model version 3 

(CCSM3) from the National Center of Atmospheric Research (NCAR). This model is a 

global coupled climate model that includes the interactions between the ocean, 

atmosphere, sea ice, and land surface, and does not require flux adjustment (Collins et al., 

2006). The atmospheric-land model used in this study is the Community Atmospheric 

Model 3 (CAM3), which has 26 levels of hybrid coordinates in vertical resolution and 

approximately 3.75 degrees in horizontal resolution. The ocean model employed is the 

Parallel Ocean Program (POP) from NCAR, which has 25 levels in vertical z coordinate. 

The sea ice model utilized is the Community Sea Ice Model (CSIM) from NCAR, which 

has the same resolution as POP (He, 2011). The simulations were conducted using the 

T31_gx3v5 resolution (Yeager et al., 2006), and the dynamic global vegetation models 
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CLM-DGVM (Yeager et al., 2006). The simulation begins at 22,000 years and ends in 

1990 CE. 

The model output data is used to calculate the SD during DJF, MAM, JJA and 

SON. It also calculates the difference between mean precipitation during the Holocene 

period before the pre-industrial period (11,700 years  1,850 years Common Era (CE)) 

and during the pre- industrial period (1,850 years CE  1,990 years CE) for the same 

-

subseries of the Holocene (Table 1) and the results were compared to information 

obtained from paleorecords regarding precipitation. This comparison will be discussed 

further. 

 

Table 1 

Formal subdivision of the Holocene Stage/Age and their corresponding 

Subseries/Subepoch (based on Walker et al. (2019)). 

Stage/Age Subseries/Subepoch Years Before Present (BP) 

Greenlandian Early Holocene (EH) ~11,700  8,200 

Northgrippian Middle Holocene (MH) ~8,200  4,200 

Meghalayan Late Holocene (LH) ~4,200 - present 

 

2.2.3. Key areas 

By calculating the SD for different subseries of the Holocene, we found five 

significant regions that showed higher variability in precipitation during the study period. 

Key areas were defined based on previous studies that identified different seasonal 

precipitation patterns in those areas (Fig. 1), as explained in more detail below. 

The North America region (NA) extends from the southern region of the USA to 

- -  delimited this region 

because of the significant influence of the NAMS on its precipitation. 

The Central America region (CA) is in Southern Mexico and Central America 

- - - Suastegui et al. (2020) is 

characterized by a climatic phenomenon known as summer drought, typically occurring 

from June to September. 

The Northern South America region (NSA) is primarily situated in the northern 

- -
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- -

- -

al. (2021) defined these regions based on their distinct seasonal precipitation patterns and 

their significance in studying biomes, climate, hydrological systems, and social systems 

in Brazil. 

We used TraCE-21ka output data to calculate the annual cycle for each area during 

the Holocene period and for the entire period. We calculated the mean time series 

precipitation anomaly for each box by comparing the Holocene period before the pre-

industrial period (11,700 years  1,850 years CE) with the subsequent period (1,850 years 

CE  1,990 years CE). 

 

2.2.4. Wavelet analysis 

Wavelet analysis was conducted using TraCE-21ka output data to estimate 

variations in the power spectrum of precipitation anomaly time series (Torrence and 

Compo, 1998). We utilize a Morlet wave function for our continuous wavelet transform, 

following the approach outlined in Torrence and Compo (1998). This method 

decomposes the time series into a time-frequency space to identify the dominant 

variability modes and their temporal variations (Prado et al., 2021; Torrence and Compo, 

1998). We applied this method to our data using the WaveletComp package in the R 

Statistics Software (R¨osch and Schmidbauer, 2018). Wavelet analyses were applied to 

standardized and detrended anomalies from key areas throughout the Holocene period. 

 

3. Results 

3.1. Historical climate 

To analyze current precipitation patterns in the TA, we used observational and 

reanalysis datasets. The results from the observational datasets (CMAP, GPCC, GPCP-

CDR, and PRECL) in the analyzed periods, DJF and JJA, show that the monthly 

precipitation averages in the study region range approximately from 0 to 400 ±35 

mm/month in the observational datasets (Figs. S.1, S.2, S.3, and S.4 - a, b, c, and d). The 

DJF season (Figs. S.1 and S.3 - a, b, c, and d) is marked by dry conditions in southern 

North America and most of Central America, with precipitation below 100 ±40 

mm/month, except for the southern portion of Central America, with precipitation ranging 

from 100 to 200 ±100 mm/month. Most of South America experiences wetter conditions, 
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with precipitation ranging from 100 to 350 ±100 mm/month, except for northeastern 

Brazil and southern South America, where precipitation is below 100 ±50 mm/month. 

The JJA season (Figs. S.2 and S.4 - a, b, c, and d) is marked by wetter conditions from 

southern North America to northern South America, with precipitation ranging from 100 

to 450 ±100 mm/month. Central and southern South America are drier, with precipitation 

below 100 ±50 mm/month, except for northeast and south of Brazil, with precipitation 

ranging from 100 to 200 ±100 mm/ month. 

The results from the reanalysis datasets (NOAA_CIRES_V2 and 

NOAA_CIRES_V3) in the analyzed periods, DJF and JJA, show that the monthly 

precipitation averages in the study region range approximately from 0 to 500 ±45 

mm/month in the reanalysis datasets (Figs. S.1, S.2, S.3, and S.4 - e and f). The DJF 

season (Figs. S.1 and S.3 - e and f) is marked by dry conditions in southern North America 

and most of Central America, with precipitation below 200 ±30 mm/month, except for 

the southern portion of Central America, with precipitation ranging from 200 to 300 ±150 

mm/month. Most of South America experiences wetter conditions, with precipitation 

ranging from 200 to 500 ±150 mm/month, except for northeastern Brazil and southern 

South America, where precipitation is below 100 ±30 mm/month. The JJA season (Figs. 

S.2 and S.4 - e and f) is marked by wetter conditions from southern North America to 

northern South America, with precipitation ranging from 300 to 500 ±150 mm/month. 

Central and southern South America are drier, with precipitation below 200 ±50 

mm/month, except for south of Brazil, with precipitation ranging from 200 to 300 ±100 

mm/ month in the NOAA-20Cv2 dataset, and with no variation in the NOAA- 20Cv3 

dataset. 

It is possible to observe that the observational data sets show agreement in the 

patterns and mean values observed for the monthly averages of precipitation and SD in 

both periods. Reanalysis datasets, on the other hand, have some disagreements. The 

monthly precipitation averages in DJF have higher values in the western part of South 

America in the NOAA_CIRES_V2 dataset (Fig. S.1.e), and in JJA these values are higher 

across the entire area in the NOAA_CIRES_V3 dataset (Fig. S.2.f). The SD in DJF have 

higher values in western South America and western Central America in the 

NOAA_CIRES_V2 dataset (Fig. S.3.e), and in JJA both datasets show agreement in the 

patterns and mean values. Therefore, the observational datasets represented the current 

precipitation patterns in the TA satisfactorily, while the reanalysis datasets represented 

the data with divergences and overestimated values. 
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3.2. Holocene climate 

3.2.1. Paleorecords and model outputs 

We compiled data from 83 lacustrine studies and 19 speleothems studies. The 

compilation showed that there were more records from South America (147 records) than 

from Central America (23 records) and Southern North America (47 records). 

Furthermore, there were more records from the LH (93 records) compared to the EH (50 

records) and MH (74 records) (Table S.2). The records considered are proxy for 

precipitation that record an average rainfall value, used in paleoclimate reconstructions. 

We assume that most of the precipitation recorded by these proxies refers to summer 

rains, which reflects the behavior of the AMS. Therefore, we performed an analysis of 

paleorecords during the summer in each portion of the study area, at JJA (DJF) in the 

northern (southern) portion of the study area. 

Climatic reconstruction using these paleorecords suggests that during the EH, in 

DJF, drier than present conditions prevailed in most of South America, except for south 

of Peru and east center of Brazil, which present more than one record indicating wetter 

than present conditions (Fig. 2a). In JJA, wetter than present conditions prevailed in 

almost all Central and North America (Fig. 2b). During the MH, drier conditions were 

prevalent in most of South America during the DJF season, except for the southern, 

southeastern, and northwestern regions of Brazil, as well as the western region of Peru, 

which showed evidence of wetter conditions than present (Fig. 2c). In JJA, drier than 

present conditions prevailed in northern South America and west center North America, 

and wetter than present conditions prevailed in almost all Central America and south of 

North America (Fig. 2d). During the LH, in DJF, wetter than present conditions prevailed 

in most of South America, except for the islands west of the Equator and east central of 

Brazil, which present more than one record indicating drier than present conditions (Fig. 

2e). In JJA, wetter than present conditions prevailed in northern South America and in 

almost all Central and North, except for the north of Central America and the south of 

North America, which present more than one record indicating wetter than present 

conditions (Fig. 2f).  

 



17 
 

 

Fig. 2. Map with precipitation climate reconstruction for the Holocene periods and its 

separation by proxy type. Reconstruction from EH period at: a) DJF and b) JJA. 

Reconstruction from MH period at: c) DJF and d) JJA. Reconstruction from LH period 

at: e) DJF and f) JJA. Squares represent data from speleothems and circles represent data 

from lake sediments. Green squares/circles indicate higher than present precipitation and 

brown squares/circles indicate lower than present pre-cipitation. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

 

The results of the difference between mean precipitation during the Holocene 

period before the pre-industrial period (11,700 years  1,850 years CE) and during the 

pre-industrial period (1,850 years CE  1,990 years CE) derived from TraCE-21ka model 

outputs show that during EH, in DJF, drier than present conditions prevailed in almost all 

South America (  60 to  10 mm/month), except for northeast Brazil, which shows wetter 

than present conditions (10 to 70 mm/month) (Fig. 3a). In JJA, drier than present 
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conditions prevailed in northeastern South America, Central America, and southeast 

North America (  70 to  10 mm/month), and wetter than present conditions prevailed in 

northwestern South America and southwestern North America (10 to 70 mm/ month) 

(Fig. 3b). During MH, in DJF, drier than present conditions prevailed in almost all South 

America (  50 to  5 mm/month), except for northeast Brazil, which shows wetter than 

present conditions (10to 50 mm/month) (Fig. 3c). In JJA, wetter than present conditions 

prevailed in almost all South, Central and North America (10 to 60 mm/ month), except 

for northeastern USA, which shows drier than present conditions (  70 to  10 mm/month) 

(Fig. 3d). During LH, in DJF, drier than present conditions prevailed in central and 

northwestern South America (  30 to  5 mm/month), and wetter than present conditions 

prevailed in northeastern and southern South America (10 to 30 mm/ month) (Fig. 3e). In 

JJA, wetter than present conditions prevailed in South and Central America, and in almost 

all North America (  20 to 30 mm/month), except for south USA and north Mexico, which 

show drier than present conditions (  15 to  5 mm/month) (Fig. 3f). 

 

Fig. 3. Map of the difference between mean precipitation during the Holocene period 

before the pre-industrial period (11,700 years  1,850 years CE) and during the pre-
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industrial period (1,850 years CE  1,990 years CE), derived from TraCE-21ka model 

outputs. Reconstruction from EH period at: a) DJF and b) JJA. Recon-struction from MH 

period at: c) DJF and d) JJA. Reconstruction from LH period at: e) DJF and f) JJA. Brown 

(green)-shaded areas correspond to drier (wetter) Holocene conditions if compared to the 

pre-industrial (control run) and are expressed in millimeters per month (mm/month). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)  

 

3.2.2. Key areas 

Results from the NA are shown in Fig. 4 (the reader is referred to Section 2.2.3. 

s 

wet season (June October). DJF was wetter during the Early Holocene (EH) (~61 

mm/month), decreasing through the Middle Holocene (MH) (~55 mm/ month) and Late 

Holocene (LH) (~53 mm/month). JJA followed a similar trend but with lower values.  

 

Fig. 4. Results from NA. a) Annual cycle of precipitation according to the seasons and 

according to the period: yellow bars for the entire Holocene, blue bars for the EH, pink 

bars for the MH and green bars for the LH. b) Precipitation anomaly during DJF relative 

to its original time series. c) Precipitation anomaly during JJA relative to its original time 
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series. As the magnitude of the variation of the anomaly in the season during JJA is much 

smaller when compared to DJF, we chose to use different scales to be possible to observe 

the variations. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

Results from the CA are shown in Fig. 5. Precipitation varied between 0 and 140 

mm/month. The MH was the wettest period (~90 mm/month in DJF), while the LH was 

the driest (~15 mm/month). JJA remained wetter than DJF, with a peak during the MH 

and LH (~135 mm/month). The wet season followed the current pattern (May October). 

 

 

Fig. 5. Results from CA. a) Annual cycle of precipitation according to the seasons and 

according to the period: yellow bars for the entire Holocene, blue bars for the EH, pink 

bars for the MH and green bars for the LH. b) Precipitation anomaly during DJF relative 

to its original time series. c) Precipitation anomaly during DJF relative to its original time 

series. As the magnitude of the variation of the anomaly in the season during JJA is much 

smaller when compared to DJF, we chose to use different scales to be possible to observe 

the variations. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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Results from the NSA are shown in Fig. 6. Precipitation ranged from 0 to 160 

mm/month. DJF precipitation declined from EH (~90 mm/ month) to LH (~75 

mm/month). JJA followed the same trend, decreasing from EH (~135 mm/month) to LH 

(~117 mm/month). The past wet season (March

(December April).  

 

 

Fig. 6. Results from NSA. a) Annual cycle of precipitation according to the seasons and 

according to the period: yellow bars for the entire Holocene, blue bars for the EH, pink 

bars for the MH and green bars for the LH. b) Precipitation anomaly during DJF relative 

to its original time series. c) Precipitation anomaly during JJA relative to its original time 

series. As the magnitude of the variation of the anomaly in the season during JJA is much 

smaller when compared to DJF, we chose to use different scales to be possible to observe 

the variations. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

Results from the NESA are shown in Fig. 7. Precipitation varied between 0 and 

210 mm/month. DJF precipitation was highest during EH (~208 mm/month) and 

decreased through MH (~183 mm/month) and LH (~169 mm/month). JJA showed little 
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variation (~10 11 mm/ month). The wet season (January May) aligns with present-day 

patterns.  

 

 

Fig. 7. Results from NESA. a) Annual cycle of precipitation according to the seasons and 

according to the period: yellow bars for the entire Holocene, blue bars for the EH, pink 

bars for the MH and green bars for the LH. b) Precipitation anomaly during DJF relative 

to its original time series. c) Precipitation anomaly during JJA relative to its original time 

series. As the magnitude of the variation of the anomaly in the season during JJA is much 

smaller when compared to DJF, we chose to use different scales to be possible to observe 

the variations. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

Results from the CSA are shown in Fig. 8. Precipitation ranged from 0 to 245 

mm/month. DJF followed a fluctuating pattern, with the highest precipitation in EH (~240 

mm/month), a decrease in MH (~229 mm/month), and a rise again in LH (~242 

mm/month). JJA remained relatively dry, with minor variations. The wet season 

(October March) matches current climate trends. Throughout all regions, precipitation 

anomalies showed significant fluctuations, with abrupt changes associated with major 
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climatic events such as the Younger Dryas (YD) and the 8,200-year event. A more 

detailed analysis of each key area is provided in the supplementary material. 

 

Fig. 8. Results from CSA. a) Annual cycle of precipitation according to the seasons and 

according to the period: yellow bars for the entire Holocene, blue bars for the EH, pink 

bars for the MH and green bars for the LH. b) Precipitation anomaly during DJF relative 

to its original time series. c) Precipitation anomaly during JJA relative to its original time 

series. As the magnitude of the variation of the anomaly in the season during JJA is much 

smaller when compared to DJF, we chose to use different scales to be possible to observe 

the variations. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

3.2.3. Wavelet analysis 

We examined the spectral behavior of DJF and JJA precipitation in each of the key 

areas throughout the Holocene by applying wavelet analysis to the standardized 

anomalies time series. Figs. 9 and 10 show that wavelet power levels as a function of 

period and integration time for DJF and JJA, respectively. Wavelet spectrum in DJF 

reveals that, in the NA, a high energy at low frequencies (above ~5,000 years) is the 

predominant frequency feature from 11,700 to 4,800 years (Fig. 9a). In the CA, there are 

two periods with higher power, one at intermediate frequencies (~1,550 years) from 9,710 
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to 7,710 years, and another at higher frequencies (~360 years) from 10,350 to 9,710 years 

(Fig. 9b). In the NSA, power is maximum at low frequencies (~3,100 years) is 

predominant from 9,710 to 7,710 years (Fig. 9c). In the NESA, power concentrates at 

intermediate frequencies (~2,200 years) from 11,700 to 9,710 years (Fig. 9d). In CSA, a 

high energy values at intermediate frequencies (~1,280 years) is the predominant power 

from 8,710 to 7,710 years (Fig. 9e).  

 

 

Fig. 9. Wavelet power levels of DJF precipitation anomalies (non-dimensional) of: a) 

NA; b) CA; c) NSA; d) NESA; and e) CSA. White solid line indicates 95 % significance. 

 

Wavelet spectrum in JJA reveals that in the NA, CA and NSA, higher power at 

intermediate frequencies (~2,000 years) from 11,700 to 9,710 years (Fig. 10a, b and c), 

which may be related to the variation in insolation throughout of the Holocene. In the 

NSA, a secondary power peak occurs at intermediate frequencies (~1,000 years) from 

8,240 to 6,910 years, and tertiary peak occurs at high frequencies (~480 years) from 6,910 

to 6,040 years (Fig. 10c). In the NESA, power concentrates at intermediate frequencies 
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(~1,050 years) from 8,180 to 6,780 years (Fig. 10d). In the CSA, maximum power values 

occur at intermediate frequencies (~900 years) from 4,910 to 3,980 years (Fig. 10e). 

 

Fig. 10. Wavelet power levels of JJA precipitation anomalies (non-dimensional) of: a) 

NA; b) CA; c) NSA; d) NESA; and e) CSA. White solid line indicates 95 % significance. 

 

4. Discussion 

4.1. Holocene precipitation reconstruction by paleorecords and model outputs 

To understand the precipitation patterns and variability in TA during the Holocene 

we used paleorecords compilation and output data from TraCE-21ka. While both datasets 

broadly indicate a progressive increase in humidity in TA from EH to LH, both in DJF 

and JJA, some discrepancies emerge at regional and temporal scales (Figs. 2 and 3).  

Paleorecord reconstructions indicate that during the EH, lacustrine and speleothem 

records show drier than present conditions during the DJF in most of South America, 

except for northeast Brazil and southern Peru (Fig. 2a). They also show wetter than 

present conditions during the JJA in Central and North America (Fig. 2b). During the LH, 
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the paleorecords show wetter than present conditions during DJF dominating South 

America, with localized drying in east-central Brazil (Fig. 2e).  

Reconstructions from TraCE-21ka outputs indicate that during the EH, conditions 

are drier than present during the DJF in South America (  60 to  10 mm/month), except 

over northeastern Brazil (10 to 70 mm/month; Fig. 3a). During the LH, conditions are 

drier than present during DJF in central/northwestern South America (  30 to  5 mm/ 

month; Fig. 3e), contrasting with proxy evidence of wetter than present conditions.  

The occurrence of paleorecords with opposed climatic signals in the same region may 

occur because proxies work as system filters and operate at different spatial and temporal 

scales (Birks and Birks, 2006), which means that climatic events may not be registered in 

the same way by different proxies (Gorenstein et al., 2022). Another possibility is that the 

proxies are recording events of different scales, since it is not always clear the scale of 

the event that a given record reflects (Sorooshian and Martinson, 1995). For example, in 

northeast Brazil (EH), lacustrine records indicate wetter conditions, whereas speleothems 

suggest intermittent aridity, reflecting short-term droughts unresolved in lake sediments 

(Gorenstein et al., 2022). 

The conflicting results between the paleorecords and the model output do not come 

as a surprise (Laepple et al., 2023). It may occur due to resolution differences between 

the paleorecords and the model. TraCE-

features. In LH during DJF, the model fails to capture wetter than present conditions in 

southern Peru (Fig. 2e vs. Fig. 3e), likely due to unresolved orographic rainfall (Nowacki 

et al., 2019).  

Another possibility is that paleorecords often reflect centennial-scale trends, while 

TraCE-21ka outputs average 100-year intervals. For instance, in MH during JJA drying 

in Central America (Fig. 2d) contrasts with model-simulated wetter conditions (Fig. 3d), 

 

A final possibility for the discrepancies found is regional sampling bias. There is a 

geographic imbalance in the paleorecords, with South America dominating our proxy 

dataset (147 records vs. 23 in Central America; Table S2). The sparse coverage of Central 

America may amplify apparent mismatches (e.g., in the LH, a drying during JJA in the 

southern US; Fig. 3f). 
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4.2. Variability 

Five key areas were selected, in which we examined the precipitation variability in 

each one, considering both the seasonal variation (annual cycle) and the variability over 

time (precipitation anomalies time series), and applied wavelet analysis to the detrended 

and standardized anomalies time series of each key area. All these analyses were 

performed using the TraCE-21ka outputs.  

The annual cycle of precipitation shows consistent patterns in the key areas, with 

distinct dry and rainy periods observed in the CA, NESA and CSA. However, there were 

some variations in the NA and NSA. In the NH (NA and CA), there is a general decrease 

in precipitation anomaly during the Holocene in DJF and contrasting trends between these 

areas during JJA. In the SH (NSA, NESA and CSA), there is a general tendency for 

precipitation anomalies to decrease in DJF, except for the CSA, and to increase in JJA, 

except for the NSA.  

The Laurentide Ice Sheet (LIS) had a significant impact on North American climate 

variation during the EH (Feng et al., 2011). Since the Last Glacial Maximum (LGM; 

~21,00 years), the LIS began collapsing, resulting in the release of meltwater pulses 

during the Late Pleistocene and EH (Tushingham and Peltire, 1991). Four meltwater 

pulses from the LIS were identified in the Gulf of Mexico between 9,900 and 8,900 years 

(Aharon, 2003). The Gulf of Mexico is a significant source of moisture for the monsoon 

system in the region. The introduction of this water has led to a decrease in sea surface 

temperature (SST) and reduced precipitation in the area (Rasmussen and Thomsen, 2012). 

This may have contributed to the observed decline in the NA around 9,000 years (Fig. 4). 

Around 4,000 years, there was a significant change in the climate of southern North 

America. This change was caused by a decrease in summer and autumn insolation in the 

NH, which led to the displacement of the ITCZ to the south (Metcalfe et al., 2015). This 

change may be related to the observed decrease in trend in the NA around 4,000 years 

(Fig. 4). 

The LIS collapse between 11,000 and 7,000 years is also associated with the 

deceleration of the Atlantic Meridional Overturning Circulation (AMOC) due to the 

decrease in SST and salinity in the North Atlantic Ocean. This has led to the narrowing 

of the seasonal migration range of the ITCZ, causing a strengthening of the SAMS 

(Campos et al., 2022; Chiessi et al., 2021; Strikis et al., 2011; T¨ornqvist and Hijma, 

2012), and the increasing trend observed around 8,500 years in CSA (Fig. 8). This 

deceleration of the AMOC causes the heat to concentrate in the South Atlantic Ocean and 
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weakens the trade winds in the SH, contributing to a greater concentration of heat in the 

east of the South Atlantic Ocean and taking more moisture to the northeast of South 

America and strengthening the SAMS (Strikis et al., 2011), which may have caused the 

increase trend observed around 8,500 years in NESA during JJA (Fig. 7). The progressive 

increase in autumnal insolation in NH along the MH and LH led to increases in SST in 

the Caribbean Sea increasing precipitation in the Central American region (Duarte et al., 

2021), which may explain the change in the trend observed around 8,500 years in CA 

(Fig. 5). The narrowing of the ITCZ seasonal migration range from the MH caused a 

decrease in precipitation in the northern region of South America, since the meridional 

migration from the ITCZ towards the differentially warmer hemisphere exerts a strong 

control of the annual precipitation cycle in this region (Poveda et al., 2006), which may 

explain the change in the trend observed around 8,500 years in NSA (Fig. 6). 

Wavelet analysis shows that in the NA and CSA the power spreads from the lowest 

 

higher energy in JJA than in DJF and is the predominant forcing feature between 11,700 

and 9,710 years approximately (Figs. 9. a, and 10. a). In the CSA, the opposite occurs, 

nant 

forcing feature between 11,700 and 7,710 years approximately (Figs. 9. e and 10. e). This 

series, since it is a large amplitude artifact that occurs when there is a sharp discontinuity 

in the signal (e.g., Addison, 2018; Wainer et al., 2021). Therefore, spectra from the NA 

and CSA show an artifact related to the sharp discontinuities in the signal that may 

correspond to the meltwater pulses that occurred probably because of the end of the YD 

(~11,700 years), which was an reglaciating event (e.g. Sowers and Bender, 1995), and 

because of the 8,200 years event, which consisted of a widespread cooling associated with 

the sudden draining of the Lake Agassiz-Ojibway glacial complex across the Hudson 

Strait (Alley et al., 1997; Barber et al., 1999). This event had global effects and 

culminated in the beginning of the collapse of large ice sheets in the NH, such as the LIS 

(Barber et al., 1999). In other key areas these meltwater pulses seem to be related to the 

presence of a high energy at middle and low frequencies (about 640 to 5,120 years) as the 

predominant forcing feature before 7,710 years, both in DJF and JJA, except for CSA in 

JJA.  
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The decrease in insolation in the NH and the increase in insolation in the SH from 

the Holocene onwards promoted a change in the long-term precipitation trends in both 

hemispheres, with the increase in the migration range of the ITCZ and the southward 

displacement of the SACZ in the end of LH (Chiessi et al., 2021; Cust´odio et al., 2024). 

This trend is identified in the wavelet analysis as a continuous power peak along the 

Holocene in the lower frequencies (Fig. 9). 

These results are very important because they show that all key areas had their annual 

cycle and precipitation anomalies during the Holocene influenced in some way by the 

melting of the LIS and the change in the insolation pattern during this period, and that 

this influence can be observed with the change in the trend that occurs in these areas 

around 9,000 to 8,000 years and by the high energy signals as the predominant forcing 

feature before 7,710 years in the wavelet analyses. 

 

5. Conclusions 

Here, we investigated precipitation patterns and variability in the TA in the past 

to examine whether there was variation from the present and how this relates to Holocene 

climate variations and events. We used precipitation records from different observational 

and reanalysis datasets to understand precipitation patterns and variability in the TA 

today, and we used paleorecords from studies in lake sediments and speleothems and 

model outputs from TraCE-21ka to understand these patterns during the Holocene. Based 

on these results, we delimited five key areas and did a regional analysis of the variability 

of precipitation during the period of interest.  

Although both paleorecord and TraCE-21ka outputs climate reconstructions agree 

on long-term wetting trends, proxy sensitivities (temporal resolution) and model 

limitations (spatial smoothing) are the main drivers of regional discrepancies. Lake 

sediments and speleothems signals conflict in northeastern Brazil (EH), reflecting their 

different response timescales, while model-data mismatches in southern Peru (LH) 

highlight unresolved topography-driven rainfall. Future work should prioritize proxy-

system modeling to isolate these factors.  

Analysis of precipitation variability in key areas shows that in all areas a change 

in the trend of the precipitation anomaly was recorded around 9,000 to 8,000 years and 

the wavelet analysis shows that the Holocene precipitation was strongly influenced by 

events that generated high energy signals as the predominant forcing feature before 7,710 
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years. These records around 7,710 years are possibly related to the final collapse of the 

North American ice sheets and the reorganization of the global climate, i.e., the 8,200 

years event. This collapse was accelerated by the increase in summer insolation in the NH 

during the EH (Walker et al., 2012; Walker et al., 2018). The entry of freshwater into the 

North Atlantic from this meltwater pulses weakened the AMOC from the MH and that, 

associated with changes in the insolation pattern in that period, contributed to the 

displacement of the ITCZ and the SACZ to the south, weakening the NAMS and 

strengthening the SAMS (Cust´odio et al., 2024; Strikis et al., 2011). This set of factors 

contributed to a change in the pattern of precipitation in the TA during the Holocene, 

influencing both the seasonal variation (annual cycle) and the variability over time 

(precipitation anomaly) in key areas.  

Although in recent years more studies have been carried out on rainfall variation 

in the TA, more detailed studies on climate variation in this region during the Holocene 

are needed to properly assess observed trends. This is necessary since these trends 

influence the unique ecosystems of the TA and the socioeconomic activities of different 

countries, some of which have a large part of their economy dependent on agriculture. 

Understanding how precipitation patterns in this area have varied in the past under 

nonanthropogenic forcings can help predict future changes, allowing governments of 

countries in this region to prepare for these changes to mitigate their impacts. 
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Abstract

Investigating the extent and climate implications of the mid-Holocene (MH - around 6000 

years ago) is essential in better understanding the uncertainties associated with the 

ongoing and future projections of global warming. South America (SA) contains the 

biome with the largest biodiversity in the world, its population exceeds 400 million 

people, and its economy is mainly agricultural. Thus, studies involving South America's 

climate variability have become a subject of significant importance over the years.

Paleoclimate archives provide unique indirect measurements, helping us to characterize 

past climates. However, the derived radiometric ages from several paleoarchives in SA 

published before the 2000s have not yet been calibrated, which represents a large source 

of uncertainty. In this article, we present a climate reconstruction for eastern SA during 

the MH with fully calibrated age models. We compiled 173 paleoclimate records, where 

50 of them were calibrated in this study using Bayesian methods. Through this multiproxy 

approach and the elaboration of a new homogeneous quality index for proxies, our novel
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climate reconstruction sheds new light on the regional climate of SA climate during MH. 

All high quality (higher than 1) paleoarchives agree at regional scale. Compiled paleodata 

confirms reduced rainfall in Amazonia and a warmer and drier Southern SA, indicating 

an overall weakening of the South American Summer Monsoon during the MH. North 

East Brazil coast show higher than present moisture during the MH, while the border 

between Northeast Brazil and Southern SA shows divergent behavior, pointing to a local 

erratic rainfall regime with inputs of higher than present moisture conditions, most likely 

caused by changes in precipitation over the South Atlantic Convergence Zone, and a 

weaker than present South Atlantic Subtropical High during MH. 

Keywords: Mid-Holocene, Proxy data, South America Compilation, Precipitation, 

Lake levels, Surface temperature, Sea surface temperature, Sea surface salinity, 

Quality index 

 

1. Introduction 

Investigating rainfall changes in SA has become a subject of significant 

importance considering that the impact of recent global warming trends can present a 

serious threat to its population, particularly in regions such as Northeast Brazil (NE) that 

already face severe water shortages (Souza et al. (2005); Rojas et al. (2014); Cunha et al. 

(2019)). Recently the IPCC Sixth Assessment Report (AR6) showed projections for 1.5 

entire South American continent (Ajjur and Al-Ghamdi (2021); Torres et al. (2021)). This 

temperature rise implicate in projections with an increased precipitation in the southern 

region of Brazil and in the northern portion of the Brazilian Northeast, in northern 

Argentina, Uruguay, and parts of Peru, Ecuador, Colombia and Venezuela; while the 

areas between the south of Chile and Argentina and the extreme north of South America 

are expected to suffer precipitation reductions (Torres et al. (2021)). 

Paleorecords have the potential to provide valuable insights into how the climate 

system operates on a range of timescales beyond the instrumental historical period 

(Bradley (1999)). Together with model-based climate simulations, the paleodata can help 

elucidate the mechanisms and feedbacks associated with global climate change that 

cannot be provided by direct observation of the modern climate (Pausata et al. (2016, 

2017)); Lu et al. (2018); Hernández et al. (2020); Kaufman et al. (2020); Tabor et al. 

(2020)). Consid- ering both: the MH as an analog for current and near-future global 
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warming; and the small number of paleoclimate reconstruction studies for South America 

(Prado et al., 2013a; Smith and Mayle (2017)), having a reliable and relatively well 

populated data set is fundamental to reduce uncertainties related to the understanding of 

South American climate. The work from Prado et al. (2013a) and Smith and Mayle (2017) 

were the last two published multi-proxy full climate and dynamic vegetation 

reconstructions for Eastern SA, respectively. Although Smith & Mayle's focus was not 

the MH epoch per se, their discussions and conclusions were essential for the following 

compilation update and made the elaboration of the climate reconstruction maps, with the 

regional subdivision, possible. 

The mid-Holocene (MH, period between 5000 and 7000 years Before Present) 

was characterized by lower summer insolation in the Southern Hemisphere and higher 

summer insolation in the Northern Hemisphere, resulting in the so-

Ther- Berger (1988); Liu et al. (2002); Bova et al. (2021)). While it may 

be seen as a conceivable geological analog for the future (Burkea et al. (2018); Kaufman 

et al. (2020)), the warming associated with these changes was neither global nor year-

round, with large differences across the hemispheres and seasons (Berger, 1978; Zhao 

and Harrison (2012); Huo et al. (2021)). 

Climate changes during the MH vary across the globe. While the direct effects of 

the MH insolation pattern produced an enhance- ment in the Northern Hemisphere 

monsoon, the Southern Hemi- sphere precipitation experienced a reduction when 

compared to present day (Liu et al. (2004); Wanner et al. (2008); Smith and Mayle 

(2017)). Other MH climate forcings, such as the presence of vegetation on contemporary 

deserted locations in North Africa and Asia, have been associated to changes in global-

mean surface temperature, global precipitation and to an increase of the Atlantic 

Meridional Overturning Circulation (Harrison and Bartlein (2012); Pausata et al. (2017); 

Griffiths et al. (2020); Ding et al. (2021); Huo et al. (2021); Zhang et al., 2021). In South 

America (SA - Fig. 1) climate is not fully monsoonal in the classical definition (i.e. the 

low-level winds never reverse their direction). However, the shift from winter's maximum 

continental rainfall over the ITCZ to the austral summer precipitation extending through 

the southern half of the Amazon Basin to northern Argentina, next to the South Atlantic 

-

the South America Monsoon System (Zhou and Lau (1998); Vera et al. (2006); Garreaud 

et al. (2009); Marengo et al. (2012)). MH climate conditions have been linked to 

vegetation changes in Southwest Amazonia and southeast Brazil, regions more reliant on 
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South American summer monsoon (SASM) derived precipitation (Smith and Mayle 

(2017)). It may have also been responsible for southeast Brazil demographic shifts and 

migration to more buffered climates where agricultural activities could be more 

predictable (Raczka et al. (2013); Riris and Arroyo- Kalin (2019)). In addition, lower 

precipitation causing weaker river runoffs have been linked to a weaker Brazil Current, 

resulting in saltier sea surface conditions in Brazil's Coast during the MH (Prado et al., 

2013a). 

 

 

Fig. 1. a) South American mean precipitation over land during summer (December, 

January and February mean from 1891 to 2019) from the Global Precipitation 

Climatology Center (GPCC) in mm/day (Schneider et al. (2015)). The Intertropical and 

South Atlantic Convergence Zones (ITCZ and SACZ, respectively), associated with 

the South American Summer Monsoon (SASM) are highlighted in red. Black arrows 

represent the upper-level barotropic currents and fronts on the Brazilian continental 

margin, western South Atlantic Ocean: BC e Brazil Current; MC e Malvinas Current; 

NBC e North Brazil Current; SAF - South Atlantic Current; SEUC e South Equatorial 

Under Current; SECC e South Equatorial Countercurrent; SEC e South Equatorial 

Current; SAF e Subantarctic Front; adapted from Peterson and Stramma (1991). b) 

South America's rivers and lakes present distribution with its climate features from the 

mid-Holocene. In red, the ITCZ northward shift and its increased Summer incursions 
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during the Southern Hemisphere's summer. In Grey the features which showed 

weakening during the mid-Holocene: The Bolivian High (BH) causing lower moisture 

transport inside the continent; The South Atlantic Convergence Zone (SACZ) which 

also may have suffered a northerly displacement due to the weakening of the South 

Atlantic Subtropical High (SASH) (Dias et al. (2009); Prado et al., 2013a, 2013b; 

Maksic et al. (2019)). 

 

Different paleoclimate data provide information on distinct climate variables. For 

example, pollen data reflect both temperature and precipitation changes (Behling and 

Costa (1997a); Ledru et al. (2009)). Oxygen isotope ( 18O) records in cave deposits are 

commonly interpreted as changes in the intensity of local and regional monsoon activity 

(Wang et al. (2017); Wong et al. (2021)) while other geochemical tracers, such as 

87Sr/86Sr which can reflect relative changes in local karstic hydrology and productivity 

(soil production/erosion), also have been used to retrieve indirect information of wet/dry 

conditions (Ward et al. (2019)). Charcoal analysis can reveal changes in sedimentation 

rates and fire history linked to a specific time period, giving indirect information on past 

rainfall variability and even human activity (Brugger et al. (2016); Riris and Arroyo-Kalin 

(2019)). Meanwhile, the abundance from a specific chemical element in a sediment 

sample brought only by rain to a lake site or ocean basin can also be an indicator of past 

rainfall activity in that area (Haug et al. (2001)). The foraminiferal 18O and Mg/Ca 

records and other biological dependent organic compounds found in marine sediment 

cores are used to evaluate water-mass influence on planktonic activity. Changes in these 

proxies can suggest variations in the sea surface salinity (SSS) or sea surface temperature 

(SST), suggesting the strengthening from a specific Ocean current or even changes the 

low-atmospheric cir- culation, water formation and river discharges (Howe et al. (2018)). 

In a continent such as SA proxy records interpretation can signifi- cantly change from a 

place to another. Therefore, each excavation's site characteristics must be analyzed and 

the proxy information interpreted accordingly. 

Calibration of radiocarbon ages used to generate age models is critical to multi-

proxy analyses as the uncertainties from a sample's age are responsible for attributing (or 

not) a specific characteristic or climate change to a geologic period (Lowe and Walker 

(1997)). Conventions for calibrating terrestrial samples have evolved over time, 

radiocarbon dating began being used to calibrate paleo- archive ages in 1940s (Wood 
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(2015)). Radiocarbon dates now dominate the vast majority of archaeological and palae- 

oenvironmental chronologies. Publications from this research field have been provided 

with a specific journal (Radiocarbon) and their methods and applications are discussed in 

regular conferences (e.g. AMS, Radiocarbon, Radiocarbon and the Environment, 

Radiocarbon and Archaeology). Particularly, in the last couple of decades radiocarbon 

dating of any paleorecord has become indispensable for more robust reconstructions of 

past climate (Hogg et al. (2013)). Other than paleo-reconstructions, previous studies used 

climate model simulations to analyze the MH climate and vegetation in South America 

(Prado et al., 2013b; Maksic et al. (2019); Tabor et al. (2020)). In a numerical simulation 

for the Holocene, Maksic et al. (2019) discussed climate and vegetation changes over SA. 

The model simulated conditions drier than present over most of SA, with a gradual 

strengthening of the SASM toward the present day. By contrast, the models show that 

northern NE Brazil was wetter because of the southward migration of the ITCZ. The 

results of Maksic et al. (2019) suggest NE Brazil was replaced with savanna or dense 

shrubland and the Amazonian tropical forest was smaller in area than today, although 

western Amazonia persisted as a tropical forest throughout the Holocene. In another 

recent study, Tabor et al. (2020) used an Earth system model that  simulates  water 

isotopologues in mid-Holocene climate. Focusing on speleothems 18O values from the 

South American and Asian monsoon regions, the authors found that the presence of a 

vegetated Sahara during the mid-Holocene leads to global warming and generally 

amplifies the orbital-driven changes in the 18O values in South America, further 

increasing the rainfall deficit from this region in MH. 

This study reviews and updates the paleorecords compilation of Prado et al. 

(2013a, 2013b) by including recently published records, and calibrating age models that 

were not previously calibrated. The paleo precipitation, temperature, lake levels, SST and 

SSS from SA during the MH are mapped. From our new climate reconstructions, we then 

discuss South America's MH precipitation signals in detail, particularly the Northeast 

Brazil frontier with Southern SA (14-20S and 40e48W) where precipitation and 

temperature paleoarchives information from the MH diverge the most. This region 

belongs to the center of the SASM and its rainy season is mainly controlled by the South 

Atlantic Convergence Zone (Mahiques et al. (2009); Wong et al. (2021)). Interpreting the 

paleorecords in regional context, including their inherent limitations are discussed for this 

region. The age calibrations were obtained using Bayesian statistics described in the 

Methods Section. 
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2. Material and Methods 

2.1. Proxies and Paleoarchives 

We compiled 173 (total) studies, consisting of different paleo- archives: 19 

speleothems, 145 sediment cores (13 marine, 63 lacustrine, and 69 terrestrial) and 8 soil 

samples from South America, published in scientific journals and dissertations until mid-

2021. The proxy classification description is shown in Table 1 and the proxies used in 

this study are exemplified and detailed in Table S.1. 

 

Table 1 

Description of proxy types used in this study (modified from Wirtz et al., 2010).                      

Code Proxy Type Description 
IF Isotopic fraction d18O, d13C, d15N, d87Sr. 

PC Physico-chemical Mg/Ca, Ti/Ca, Fe/Ca, Fe/Sr, 

Al/Si, Si/Ca, C/N, Grain size, 
 

 
BI 

 

 
Biological 

Alkenone, Mineralogy, Magnetic 
susceptibility 
Pollen, Diatoms, Spores, Algae, 

  Molluscs, Sponge, Organic Matter, 
Charcoal, Relative abundance 

 

From those paleoarchives, a large variety of proxy types have been analyzed. 

Table 1 describes the main proxy types used in this study. Our methodology is similar to 

Prado et al. (2013a, 2013b). Oxygen, carbon, strontium and nitrogen stable isotopic ratios 

are the fractionation-dependent proxies. The physico-chemical proxies comprise all 

geochemical ratios and physico-chemical approaches, whilst all information derived from 

organisms is classified as bio- logical (Prado et al., 2013a; Wirtz et al. (2010)). 

The analysis made in each proxy study compiled here is not extensively discussed, 

however, nearby study sites with conflicting information are examined in detail. Table 2 

displays the coordinates from the proxies corresponding to each record. The same paleo- 

climate archive can sometimes present one or even all three different proxy analyses. In 

total there are 137 paleo archives that contain biological proxies, 93 with isotopic fraction 

proxies and 56 presenting physico-chemical (Table S.1). 

Due to uncertainties in the age models, we defined the MH as the period from 

7000 to 5000 calibrated years before present (cal yr BP). This 2000-year window is 
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necessary to correctly fit the climate data in the desired time interval without losing any 

valuable in- formation from the MH. 

 

Table 2 

Number and quality index mean (Q mean) from each compiled paleoarchive 

(speleothem,nsediment and soil samples) and proxy types (IF: Isotopic fraction; BIO: 

Biological; PC: Physico-chemical) in the precipitation reconstruction. 

Eastern South America Precipitation 

Paleoarchives Number Q mean 

Speleothem 18 2.09 

Sediment 116 0.57 

Soil Samples 11 0.61 

Proxies Number Q mean 

IF 39 1.24 

BIO 118 0.48 

PC 36 0.56 

 

2.2. Data and material 

The 173 records compiled in this study, assembled in Table S.1 (respective 

locations can be found in Fig. S.3), include proxies for precipitation, air temperature, lake 

level, SST and SSS. 

In Prado et al. (2013a, 2013b), 69 of the 120 paleoclimatic re- cords had calibrated 

age models. We calibrated the ages of the remaining 51, and from those records 5 could 

not be used in this compilation anymore. After calibration their ages were out of the MH 

time interval defined in this study. Those records include: Lago do Pires (Behling (1995)), 

Lago Calado (Behling et al. (2001)), Lagoa da Confusa~o (Behling (2002)), Lake Geral 

(Bush et al. (2000)) and Empalme Querandies (Prieto (1996)). Their age modeled curves 

are shown in Fig. S.1. 

From the 173 records compiled 50 are newly calibrated, 46 from Prado et al. 

(2013a, 2013b) and 4 newly added. All the records calibrated by this study are shown in 

Fig. S.2 and have been marked with an asterisk in Table S.1. 
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2.3. Calibration 

Age calibration is one of the main sources of uncertainty in paleoclimate 

reconstructions. This is because many mechanisms, such as the geomagnetic field 

strength, the solar activity, the increased burning of fossil fuels, and the nuclear tests in 

the 1950s, can alter the production rate and/or exchange rate between carbon reservoirs. 

These mechanisms' operation culminates in variations of the radiocarbon (14C) content in 

the atmosphere over time (Van der Plicht (2015)). These variations affect 14C dating and 

limit the accuracy of age estimates (Hajdas (2008)), thus resulting in misleading 

reconstructions for those generated from uncalibrated age models. Since 14C ages do not 

provide absolutely dated chro- nologies for archaeological or paleoenvironmental studies 

directly they must be converted to calendar age equivalents, compensating for 

fluctuations in the atmospheric concentration of 14C (Reimer et al. (2020); McDonald et 

al. (2019)). 

Building on the work of Prado et al. (2013a, 2013b), we compiled only calibrated 

age data for the climate reconstruction, and calibrated the ages from those that were not. 

Therefore, all paleoarchive's age samples were dated in the MH using their calendar years 

(cal yr). Calibrating the ages has not only simplified the definition of our quality index 

but made it a more homogeneous source of uncertainty identification. We calibrated the 
14C by processing the paleoarchive ages to estimate the depth and age models. The 

uncertainty intervals and the best age model, both calculated using Bayesian methods, 

can influence the age calibration if there is any event that disturbs the sediment deposition 

(Boudreau (1998)). In addition, contamination of the material during the coring process 

can increase the age-heterogeneity of material at a given depth (Boudreau (1998); 

Guinasso and Schink (1975)) and/or generate plateaus and age reversals in radiocarbon 

calibration curves (Reimer et al. (2004)). This bias can cause problems in the 

interpretation of the calibrated age models (Dolman et al. (2021); Hubay et al. (2018)). 

The calculations were made by using Bayesian statistics with the BACON 

software. BACON estimates the accumulation rates (years/ cm) via Markov Chain Monte 

Carlo (MCMC) iterations by dividing the core into a predetermined number of vertical 

sections (Blaauw and Christen (2011)). Cores containing several 14C dates were processed 

semi-automatically in order to obtain age-depth models. In this process, the 14C dates 

were calibrated, after which age-depth curves were repeatedly drawn through point 

estimates sampled from the dates. In this case, for each date, the probability of a calendar 

year being sampled is proportionate to its calibrated probability (Blaauw (2010)). The 
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-model were also calculated. Here, we used the 

default thickness of 5 cm. To calibrate the age models, we used the SHCal13 calibration 

curve for the Southern Hemisphere (Hogg et al. (2013)), and considered the post-bomb 

period using the curve number 4 for the Southern Hemisphere Zone 1e2 (Blaauw and 

Christen (2013)). BACON's calendar scale is calendar or calibrated years before AD 

1950. 

To interpolate the accumulation rates from the most recent date to the top, the 

core-top sample date was assigned as the core collection year, when there was no 

information about the sample collection date. Fig. S.2 shows the spatial distribution of 

the records with age models calibrated by the present study. The age models calibration 

was performed with the BACON package from the R Statistics software, available at: 

https://cran.r-project.org/web/packages/rbacon/index.html. 

 

2.4. Quality index 

The quality index (Q) of each proxy point used in the climate reconstructions (Fig. 

2, 4 and S.1) was adapted from Prado et al. (2013a, 2013b). Here we consider the sum of 

the resolution (R) from the paleoarchive (number of samples per centimeter) and the 

number of datings (D) in MH divided by ten as shown by the equation (1). However, we 

did not use the number of calibrated ages in the index calculation, as done in Prado et al. 

(2013a, 2013b), since we calibrated all compiled data. 

Speleothems have higher resolution when compared with other records and 

therefore can have very high Q. As a consequence, we capped the Quality index to a 

maximum value of 3 for all proxies with a Q value equal or exceeding 3. The Quality 

index from every proxy present in this compilation can be seen in Table S.1. 

 

Q =                                                                                                               (1) 
ifR +   

ifR +  < 3  
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Fig. 2. South America precipitation climate reconstruction for the MH and its highest 

quality paleo-data history. a) Green indicates higher than present precipitation during 

MH, white similar and orange lower precipitation. Circles for sediment, triangles for 

speleothems and diamonds for soil samples. The size from each point resembles the 

quality from the paleoarchive and its definition is in the Material and Methods section 

while the large continent boxes defined by the IPCC AR5 are the North East Brazil (top 

right), the Amazonia (top left) and Southern South America (bottom) regions. b) Paraíso 

Cave record, adapted from (Ward et al. (2019)). c) Rio Grande do Norte site record, 

adapted from (Ward et al. (2019)). d) Lapa Grande Cave record, adapted from (Ward et 

al. (2019)). e) Botuver_a Cave records, adapted from (Ward et al. (2019)). 
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The quality from a paleoarchive is a measurement of its resolution during the MH. 

It must not be mistaken with the intensity of precipitation/temperature/salinity anomalies 

during MH in comparison to the present. Focusing in higher quality paleoarchives (Q  

1) sheds light into South America's regional climate response to the MH forcing. 

Nevertheless, it is important not to discard any proxy information. Even when the proxy 

shows lower quality, comparing divergent information that may arise can improve the 

separation of regional and local responses. 

 

3. Results 

3.1. Age calibration 

The calibrated age model represents a correct paleoarchive's evolution in time if 

the generated age model presents an adequate adjustment that encompasses the 

uncalibrated ages and that it is coherent with the ages initially considered. An adequate 

adjustment is characterized by a constant accumulation rate as a result of a continuous 

and uniform deposition process (Ramsey (2008)). The accumulation rate may change 

when the deposition process experiences different climate regimes (e.g., drier or wetter 

conditions), but it will remain constant while one mode of deposition persists (Ramsey 

(2008)). Any change or discontinuities in deposition modes will be clearly apparent in the 

sediments themselves and this does not invalidate the age models, but indicates the 

deposition mode may have changed. Adjustments made to generate the age model can 

present problems as well as the age calibrations. This seems to be the case for the Lago 

do Pires, Lago Calado (LCB1), Lagoa da Confus~ao, Lago Geral (GER) and Empalme 

Querandies age models (Fig. S3). These are the records from Prado et al. (2013a, 2013b) 

compilation that could no longer be used in this compilation. The calculated age models 

for these records do not cover the majority of uncalibrated ages. In some paleoarchives 

these adjustment problems may have occurred due to hiatuses, gaps, erosion or 

redeposition during the deposition causing the calibrated age models to extrapolate the 

 

 

3.2. Precipitation 

Pollen assemblages represent the most abundant proxy in Eastern South America 

during MH, providing indirect information for precipitation and/or moisture change in 

the region (Fig. 2). A regional interpretation of the results was obtained by following the 
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IPCC AR5 Reference Regions (IPCC (2014)) dividing Eastern SA into 3 regions. 

Southern SA, Amazonia, and NE Brazil. Regarding the latter, NE Brazil was divided into 

three different sectors shown in Fig. 3: its eastern and interior influenced by the ITCZ; 

and its southern frontier under the influence of SACZ (Fig. 1). This NE Brazil subdivision 

has already been proposed similarly by Smith and Mayle (2017) when exploring regional 

differences within the South East Brazil paleoclimate. Individual reconstructions for each 

proxy type are shown in Fig. 5 in the Supplementary Material section. 

 

3.2.1. Amazonia 

In the Amazonia region, the MH was overall drier than present. It is characterized 

by 37 precipitation proxy records: 30 data studies, mainly with biological proxy analysis, 

point to a drier MH; 4 data suggest wetter than present MH; and 3 similar to present (Fig. 

2) (see Table 3). 

 

Table 3 

Number and quality index mean (Q mean) from each compiled paleoarchive (speleothem, 

sediment and soil samples) and proxy types (IF: Isotopic fraction; BIO: Biological; PC: 

Physico-chemical) inside the Amazonia region box (IPCC (2014)) precipitation 

reconstruction. 

Amazonia Precipitation 

Paleoarchives Number Q mean 

Speleothem 3 0.67 

Sediment 31 0.57 

Soil Samples 3 0.11 

Proxies Number Q mean 

IF 5 0.66 

BIO 30 0.47 

PC 9 0.80 
 

The Cariaco Basin (Table S.1, No: 156), which is in the northernmost part of the 

Amazonia region, is one paleoclimate archive that suggests a wetter MH relative to 

present climate based on high Ti and Fe values brought by precipitation to the sediment 

survey site (Haug et al. (2001)). This has been linked with a local moisture variation due 

to ITCZ displacement during the MH. This wetter than presentMHinformation is in 

agreement with theMHdrier Amazon scenario since its precipitation is expected to be in 



52 
 

opposition with the south of the equator part of Amazonia. There is an apparent inverse 

rainfall response between the South and North of the Equator parts of Amazonia to the 

meridional shifts of the ITCZ. 

The other three records pointing to higher MH moisture are from Paraíso Cave 

(Table S.1, No: 117 and 118) and Tapajós Lake (Table S.1, No: 46). The Paraíso cave 

studies contain two oxygen isotopic records pointing to a substantial increase in 

convection intensity and rainfall at the cave site (Wang et al. (2017)). According to Ward 

et al. (2019), speleothem 18O values from interior cave sites do not co-vary with 

87Sr/86Sr (a proxy for localwater balance) from the same specimens, indicating that 

regional monsoon intensity is not necessarily tied to local hydroclimate. This indicates 

disconnected local and regional monsoon responses. The Tapajós lake pollen and carbon 

isotope data (Table S.1, No:46) points to a decline in Cecropia pollen abundance (from 

40% during the MH to 10% after 4600 BP). Other studies have interpreted the same 

Cecropia behavior as a decrease in the frequency and/or intensity of drought events, 

signaling more of a climate transition during MH (Weng et al. (2002); Irion et al. (2006)). 

The border region of Amazonia and NE Brazil (50_W from 20_S to the Equator) 

presents 11 proxy data points, all indicating a drier than present MH. 

 

3.2.2. Northeast Brazil 

There are 43 precipitation proxy records for the NE Brazil region with 6 data 

pointing to a wetter than present MH, 11 similar to present, and 26 indicating a drier MH 

in comparison to present (Fig. 2) (see Table 4). 

Three speleothems located on the NE Brazilian coast point to a wetter climate 

during MH (Fig. 3) due to lower 18O values (Table S.1, Numbers: 71,72 and 114). Since 

the rainfall regime from this region is directly controlled by the ITCZ, those records 

indicate more southern incursions of the ITCZ across the continent during the MH (e.g. 

Prado et al., 2013a, 2013b). 

 

 

 

 

 

Table 4 
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Number and quality index mean (Q mean) from each compiled paleoarchive (speleothem, 

sediment and soil samples) and proxy types (IF: Isotopic fraction; BIO: Biological; PC: 

Physico-chemical) inside the Northeast Brazil region box (IPCC (2014)) precipitation 

reconstruction. 

Northeast Brazil Precipitation 

Paleoarchives Number Q mean 

Speleothem 6 2.58 

Sediment 35 0.53 

Soil Samples 2 0.50 

Proxies Number Q mean 

IF 9 1.88 

BIO 34 0.53 

PC 6 0.48 
 

The interior sites of NE Brazil present the same drier than present pattern as 

Amazonia and Southern SA during MH (Fig. S2). Precipitation in Amazonia and interior 

sites of NE is mostly controlled by the ITCZ, even though its effects are more important 

in the coastal NE Brazil. A drier Amazonia agrees with numerical models that suggest a 

northerly displacement of the ITCZ during MH (Novello et al. (2018); Brierley et al. 

(2020); Brown et al. (2020)). The present-day precipitation dipole between the NE Brazil 

coast (dry climate) and Amazonia (wet climate) is largely controlled by the strength of 

the SASM and associated features. The paleo compilation of Smith and Mayle (2017) 

argues that the drier west SASM region (interior sites) and wetter NE coast during MH is 

due to a weaker South Atlantic subtropical high and weaker convective activity in the 

core of the SASM region reducing the strength of the Nordeste Low and subsidence over 

the region (Cruz et al. (2009); Cheng et al. (2013)). Weaker El Ni~no Southern Oscillation 

(ENSO) activity during the MH may also have reduced severe drought events in the NE 

coast and the NE Brazil/Southern SA frontier (NSF, 14-20S and 40e48W, Fig. 3) (Raczka 

et al. (2013); Wang et al. (2017); Smith and Mayle (2017); Pausata et al. (2017)). 
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Fig. 3. North East Brazil regional division precipitation climate reconstruction for the 

MH. Green indicates higher than present precipitation during MH, white similar and 

orange lower precipitation. Circles for sediment, triangles for speleothems and diamonds 

for soil samples. The size from each point resembles the quality from the paleoarchive 

and its definition is in the Material and Methods section while the large boxes are the 

North East Brazil coast (NEC), the interior sites (IS) and North East/Southern South 

America Frontier (NSF) regions. 

 

The remaining paleoarchives that indicate a higher than present moisture during 

the MH (Table S.1, Numbers: 75, 127, 160) are sediments near NSF. This region is 

influenced by changes in the SACZ position through time and the SASM southerly 

summer displacement (Garreaud et al. (2009); Dias et al. (2009); Shimizu et al. (2020); 

Cassino et al. (2020)). These are all biological proxies, which found either an increase or 

an abundance of different vegetation pollen (palm swamp, Mauritia flexuosa in the first 

two studies and Ceratophyllum leafs, Zygnema zygospore in the last one). Raczka et al. 

changes in lake level were inferred from variability in ferns, algae and wetland plants, 

reinforcing the high precipitation variability and conflicting data present within this 

region during the MH (Cassino (2011); Raczka et al. (2013); Cassino et al. (2018, 2020); 

Hor_ak-Terra et al. (2020)). CMIP5 and PMIP4/ CMIP6 MHmodel simulations suggest 

aweakening and contraction of the SASM during the MH (Brierley et al. (2020); Shimizu 
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et al. (2020)), consistent with Cassino et al. (2020) who discuss the centennial-scale 

fluctuations from dry to wet conditions throughout the early and MH associated with a 

weakening of the SASM during summer and repeated shifts of its belt position during this 

time range. Different types of proxies in this region could have different timescales of 

response to changes in precipitation, creating this inhomogeneous precipitation pattern 

on the NSF during MH (Wang et al. (2017); Riris and Arroyo-Kalin (2019); Tabor et al. 

(2020)). 

 

3.2.3. Southern South America 

For the Southern SA region there are 60 precipitation proxy records with 3 of them 

pointing to a wetter than present MH, 8 similar to present, and 49 indicating a drier MH 

in comparison to present (Fig. 2) (see Table 5). 

 

Table 5 

Number and quality index mean (Q mean) from each compiled paleoarchive (speleothem, 

sediment and soil samples) and proxy types (IF: Isotopic fraction; BIO: Biological; PC: 

Physico-chemical) inside the Southern South America region box (IPCC (2014)) 

precipitation reconstruction. 

Southern South America Precipitation 

Paleoarchives Number Q mean 

Speleothem 9 2.24 

Sediment 46 0.50 

Soil Samples 5 0.28 

Proxies Number Q mean 

IF 25 1.08 

BIO 47 0.48 

PC 19 0.66 
 

Two sediment studies (spread from 22S to 27S) from interior sites point to a wetter 

MH. Stevaux. (2000) conducted a pollen analysis on Paran_a River sediment cores (Table 

S.1, No: 94), although, similar to present when compared to other dry event periods (from 

40,000 to 8000 BP and from 3500 to 1500 BP), the MH was characterized by a wetter 

than present climate. At Tamanduá River, Turcq et al. (1997) found pollen samples 

pointing to forest development and reduction of slope erosion, also indication of a wetter 

than present MH (Table S.1, No: 171). Multiple cores and a mammal archaeology record 
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far south in Argentina pampeon region (i.e Table S.1 No:155) found a variety of data that 

indicates a humid phase during the MH and, finally, a marine sediment core pointing to 

an increase in sand and productivity, higher values of C/N and a decrease in carbonate 

contents also points to a wetter than present MH (i.e Table S.1 No:58). 

The quality level from those records (Numbers: 58, 94, 155 and 171) that show 

wetter than present MH proxies in the Southern SA region are low (no higher than Q = 

0.5), indicating a local response with respect to the moisture condition, probably beyond 

the regional monsoon. Also, two of them (Table S.1, No: 58 and 171) are located close to 

the NSF, agreeing with other wetter than present MH records cited before when 

describing the NE region (Table S.1, Numbers: 75, 127, 160), suggesting that the SACZ 

belt position was not constant during the MH. Since the majority of the proxies from 

Southern SA points otherwise (over 70% points to a drier MH), it is more likely to assume 

that the regional response is in fact a drier than present scenario during MH. 

 

3.3. Temperature, lake levels and salinity 

Across the Amazonia region only one paleoarchive (Table S.1 No: 3) indicates a 

higher than present water level while 12 sediment archives in this region point to lower 

lake levels (Table S.1 Numbers: 8, 12, 13, 26, 35, 128, 129, 130, 164, 166, 167 and 170). 

In Southern SA and its border with the NE Brazil three proxy data (Table S.1 

Numbers:32,38 and 103) also show a lower than present lake level (see Table 6). 

 

Table 6 

Number and quality index mean (Q mean) from each compiled paleoarchive (sediment) 

and proxy types (IF: Isotopic fraction; BIO: Biological; PC: Physicochemical) in the lake 

level reconstruction. 

Lake Level 

Paleoarchives Number Q mean 

Sediment 16 0.50 

Proxies Number Q mean 

IF 2 0.62 

BIO 16 0.50 

PC 9 0.47 
The sea surface temperature (SST) reconstruction (Fig. 4 c), mainly from studies 

using 18O or biological proxies, gives a similar to present temperature during MH on 
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Eastern South America's coast above 20S (Table S.1 Numbers: 52, 60, 62, 157 and 158), 

with a warmer than present region close to the equator line (Table S.1 Numbers: 54, 56 

and 126) and, below 20_S, three proxy data point instead to a cooling pattern (Table S.1 

Numbers: 51, 53, 59) (see Table 7). 

 

 

Fig. 4. South America air temperature (a), lake levels (b), sea surface temperature (c) and 

sea surface salinity (d) climate reconstructions for the MH. The size from each point 

reflects the quality of the paleoarchive. For more details on how the size of each proxy 

has been calculated please see the Material and Methods section. 

 

Table 7 
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Number and quality index mean (Q mean) from each compiled paleoarchive (speleothem 

and sediment) and proxy types (IF: Isotopic fraction; BIO: Biological; PC: 

Physicochemical) in the surface temperature and sea surface temperature reconstructions. 

Surface Temperature Sea Surface Temperature 
Paleoarchives Number Q mean Paleoarchives Number Q mean 
Speleothem 1 3 Sediment 14 0.60 
Sediment 22 0.52    
Proxies Number Q mean Proxies Number Q mean 
IF 3 1.77 IF 9 0.52 
BIO 20 0.69 BIO 7 0.55 
PC 4 0.25 PC 6 0.81 

 

Below 15_S, marine sediment SAN-76 was used in three different studies (Table 

S.1, Numbers: 51,57 and 59) with a total of four different proxy analyses. Two isotopic 

fraction (Table S.1, Numbers: 51,59) and one biological record (Table S.1, Numbers: 59) 

pointed to lower SST during the MH. By contrast, in the other record (Table S.1, 

Numbers: 57) the lower biological marker ratio (G. bulloides/ G. ruber) during the MH 

(relative to Late Holocene - LH) was attributed to a stronger Brazil Current (more intense 

ITCZ) and in turn warmer SSTs (Toledo et al. (2007, 2008); Pivel et al. (2010)). 

Above 15_S, two 18O proxy studies indicate warmer SSTs north of the NE Brazil 

coast (Table S.1, Numbers: 54 and 56). Four records gave similar to present SSTs during 

MH: at the North Hemisphere a proxy study of Fe/Ti metal concentration in Cariaco and 

a pollen analysis from a sediment core in Tobago Basin (Table S.1, Numbers: 156 and 

157); and Ti/Ca, Mg/Ca and 18O concentrations from three different sediment cores in 

NE Brazil coast (Table S.1, Numbers: 60 and 62, sediment cores GeoB3129, GeoB3911 

and GeoB3910-2). 

The SSS reconstruction has 8 data points, with only one (based on planktonic 

foraminifera as a proxy for vertical mixing of surface waters) pointing to fresher than 

present conditions during the MH (Toledo et al. (2007)). The other 6 data points (Table 

S.1, Numbers:34, 50, 51, 53, 60, 123), spread across the South American coast, exhibit 

saltier than present sea surface. The highest quality level proxy data indicates a lower 

sedimentation rate allied with a higher than present sea level at the southeast coast of 

Brazil (Table S.1, No: 126). Since the sedimentation in this region is mainly determined 

by the Rio de La Plata plume water flow (which carries sediments from the Rio de La 

Plata) and from the southern Brazilian coastal lagoons, both sources of fresh and cold 
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water, this indicates saltier than present conditions during the MH (Mahiques et al. 

(2009)). A study involving 18O and Mg/Ca measurements on the benthic foraminifera 

Uvigerina spp. from MD07-3076 sediment core, located at the middle of the South 

Atlantic Ocean Ridge (Table S.1, No: 159), also points to higher than present SSS during 

the MH (Roberts et al. (2016)) (see Tables 8 and 9). 

 

Table 8 

Number and quality index mean (Q mean) from each compiled paleoarchive (sediment) 

and proxy types (IF: Isotopic fraction; BIO:Biological; PC: Physicochemical) in the sea 

surface salinity reconstruction. 

Sea Surface Salinity 

Paleoarchives Number Q mean 

Sediment 8 0.54 

Proxies Number Q mean 

IF 3 0.37 

BIO 8 0.54 

PC 3 0.70 
 

Table 9 

- Acronyms. 

Acronyms  Full Name 
SA  South America 
MH Northeast 
NE Northeast 
NEC Northeast Brazil coast 
IS Interior Sites 
ITCZ Intertropical Convergence Zone 
SACZ South Atlantic Convergence Zone 
SASH South Atlantic Subtropical High 
SASM South American Summer Monsoon 
NSF NE Brazil/Southern SA frontier 
SST Sea Suface Temperature 
SSS Sea Suface Salinity 
BI Biological 
IF Isotopic Fractions 
PC Physico-chemical 
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4. Discussion 

Different paleoarchives reflect different environments, providing evidence for the 

same processes or cascades of processes (Nowacki et al. (2019)) in addition to operating 

at different spatial and temporal scales (Birks and Birks (2006); Nowacki et al. (2019)). 

Moreover, different types of proxy have relative sensitivities that can delay their 

responses to rapid climate change (Bush et al. (2004); Birks and Birks (2006); Urrego et 

al. (2009); Costa et al. (2018)). Fig. 5 helps elucidate the range of different proxy analysis 

that can be interpreted based on their locality and quality index. Pollen, which is the main 

proxy used in the SA MH studies, is derived from vegetation that can take a few hundred 

years to adjust to abrupt changes in climate having a minimal sampling interval of two 

decades, recording long-term climate changes (Bradley (1999); Prado et al., 2013a). 

Speleothems, which are mineral formations occurring in limestone caves, most 

commonly known as stalagmites or stalactites, have annual to decadal resolution of 

climatic fluctuations in the temporal range of thousands of years (Bradley (1999)). 

Therefore, the response time of each type of proxy must be considered in paleoclimatic 

studies to avoid misinterpretations. 

While proxy records are essential for climate reconstruction it should be noted that 

it is not always clear whether a proxy record signal reflects only local, regional or global 

conditions (Sorooshian and Martinson (1995)). In most cases analyzed in this study, the 

analysis of different proxies from proximal climate archives produced similar results. 

However, we noticed conflicting information obtained from some proximal climatic 

archives, such as in studies carried out in Paraíso Cave (Wang et al. (2017); Ward et al. 

(2019)). In this case, analysis of speleothems from the same cave provided opposite 

climatic information for the same period. Furthermore, conflicting information can also 

be noticed in the analysis of sediments from nearby sites (Barberi et al. (2000); Turcq et 

al. (2002); Cassino et al. (2020)). 
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Fig. 5. South America precipitation climate reconstruction for the MH and its separation 

by proxy types. Green indicates higher than present precipitation during MH, white 

similar and orange lower precipitation. The size from each point resembles the quality 

from the paleoarchive and its definition is in the Material and Methods section while the 

large continent boxes defined by the IPCC AR5 are the North East Brazil (top right), the 

Amazonia (top left) and Southern South America (bottom) regions. a) Circles for 

sediment, triangles for speleothems and diamonds for soil samples b) Biological proxies. 

c) Physical-Chemical proxies. d) Isotopic Fraction proxies. 

 

Speleothems are mineral deposits formed in caves, being typical of karstified host 

rocks, having a greater capacity for highresolution preservation of continuous or semi-

continuous weather signals for prolonged periods when compared to other archives such 

as pollen and sediments (Gunn (2004); Wong and Breecker 2015; Atsawawaranunt et al. 



62 
 

(2018)). Furthermore, the characteristic vegetation of karstic terrains allocates more 

biomass to the roots, retaining more water and promoting a more humid environment than 

in the surrounding regions (Ni et al. (2015)). This is why speleothems can sometimes 

record wetter conditions while sediments from nearby regions register drier conditions. 

Another source of divergence that may arise are due to hiatuses in speleothem samples, 

making the precise onset of dry and wet conditions impossible to assign (Ward et al. 

(2019)). This may have been the case in the diverging results from studies in Paraíso Cave 

(Wang et al. (2017)). Although the majority of proxies in the Amazon region and nearby 

sites point to a drier MH, Wang et al. (2017) found indication of a wetter than present 

Amazon during MH (Fig. 2; Table S.1 No: 117 and 118). Their study was based on 

highresolution speleothem 18O analysis of seven calcite specimens, which were broken 

and columnar in shape when collected from the site. Even though their focus was during 

the Last Glacial Maximum period (around 21.000 years ago), this approach also gave 

insight over the past 45.000 years. Ward et al. (2019) studied several speleothems 

87Sr/86Sr and oxygen-isotope variability as a proxy of local moisture conditions, 

including the ones used by Wang et al. (2017) to track the MH precipitation in Paraíso 

Cave (PAR01, PAR03 and PAR16, Table S.1, No: 116). In their study, Ward et al. (2019) 

state that Paraíso's Cave 18O records notably contain hiatuses during much of the MH. 

What is more, the speleothem record shows a dry interval within the 87Sr/86Sr proxy 

framework that is consistent with the much higher 13C of the Paraíso's Cave records 

(Extended Data Fig. 9 in Wang et al., 2017), also a potential indication of decreased cave 

recharge. This intervalwas coincident with slower speleothem growth but is not reflected 

in 18O values. The Paraíso 87Sr/86Sr values then increase, suggesting recovery from the 

dry interval (Ward et al. (2019)). 

Another possible explanation for conflicting outcomes between different proxy 

types may be the result of changes that have taken place at the local scale. Proxies work 

as climate system filters and operate at different spatial and temporal scales (Birks and 

Birks (2006); Khatiwala et al. (2001)), hence weather events may not be registered in the 

same way by different proxies. When interpreting the results of analysis from different 

proxies, one should try to differentiate the recording of large-scale events from local ones. 

One way to make this differentiation is by comparing the results found with studies 

carried out in adjacent regions. If there is an equivalence of records, there may be an 

indication of larger scale climate events and, if not, there may be an indication of smaller 

scale climate events. The Southern SA region, where an overwhelming number of 
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different proxy types (Biological, Physical-Chemical and Isotopic Fraction) and 

paleoarchives (sediments, speleothems and soil samples) indicate a drier than present MH 

(Fig. 2 and S1). This is an example of a larger scale climate response. Even though it is 

possible to make past climatic reconstructions using only one proxy, multi-proxy 

compilations are necessary to produce more robust reconstructions (Prado et al. (2013a)). 

 

4.1. The NSF transition zone 

Most of the studies assembled in this compilation agree on a regional scale. 

Although, the Amazon's ecoregion classification during the MH was no different from 

the evergreen forest present classification (Smith and Mayle (2017)); the lower summer 

insolation pattern in the Southern Hemisphere during the MH is responsible for weaker 

and fewer ITCZ incursions in the region, contributing to a drier and warmer Amazon 

during MH in comparison to the present. Southern SA also displays a drier than present 

MH, whereas NE Brazil shows a transition behavior in its border with Southern SA. The 

NSF is the principal region where paleoarchive studies appear to disagree (Fig. S.2). 

There are three speleothems (Table S.1, Numbers: 66, 65 and 115), two soil (Table S.1, 

Numbers: 77 and 83) and fifteen sediment core samples pointing to a drier MH (Table 

S.1, Numbers: 1, 6, 14, 32, 39, 76, 86, 93, 102, 104, 112, 113, 130, 140 and 161), while 

three biological proxies located at the center of NSF region box (Table S.1, Numbers: 75, 

127 and 160. Fig. S.2) are in disagreement showing a wetter climate during the MH. This 

indication of awetter than present NSF during the MH was supported by the presence of 

different wet climate plants (palm swamp, Mauritia flexuosa, Ceratophyllum leaf spines, 

Sagittaria and Nymphaeaceae) in the respective sediment samples during the MH interval 

(Cassino (2011); Cassino et al. (2018)). 

Precipitation proxy and numerical modeling studies argue that ENSO variability 

during the MH was lower than modern (Sandweiss et al. (2009); Raczka et al. (2013); 

Zhang et al., 2014; Wang et al. (2017); Smith and Mayle (2017); Pausata et al. (2017)). 

ENSO's impact on SA is dependent on a number of factors, from other modes of climate 

variability to inter-basin interactions between the Pacific and the Atlantic oceans 

(Marengo et al. (2012)). Each ENSO event has its own characteristics, such as location 

of maximum amplitude and magnitude of the signal, generating a unique response of 

precipitation anomalies in SA (Cai et al. (2020)). In particular, anomalous convection 

over central and tropical Pacific during El Ni~no events is associated with anomalies in 
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the Walker circulation cell and extra tropical Rossbywave trains correlating the ENSO 

signal with precipitation anomaly episodes in eastern SA (Kousky et al. (1984); 

Ropelewski and Bell (2008); Irving and Simmonds (2016); Barreiro (2010); Sasaki et al. 

(2015); Cai et al. (2020)). The water deficit scenario in Southern SA during the MH is 

associated with the weaker SASM activity induced by a weaker ENSO variability. The 

SASM belt shifted significantly during the MH, causing erratic precipitation patterns in 

the NSF region (Raczka et al. (2013); Smith and Mayle (2017)). One way to explain the 

presence of these inhomogeneous moisture patterns retrieved from the biological proxies 

in this region (Table S.1, Numbers: 76, 160 and 171) could be a higher variability of the 

SACZ belt position (Turcq et al. (1997); Dias et al. (2009); Cassino (2011); Raczka et al. 

(2013); Maksic et al. (2019); Cassino et al. (2018)) creating the inputs of wetter NSF 

during MH when compared to the present. Climate models reproducing South America's 

MH climate also found the NSF to be colder and drier than present (Dias et al. (2009); 

Maksic et al. (2019)). Both Dias et al. (2009) and Prado et al. (2013b) related this regional 

response to a possible insolation effect on the SACZ changing its position and intensity 

during MH. However, recent model experiments conducted by Maksic et al. (2019) could 

not identify which forcing was more important for the austral summer rainfall anomalies 

in this region. 

Another possibility comes from the proxy records that point to a similar to present 

MH precipitation in this region (Table S.1, Numbers: 92, 141, 142, 152 and 173). In their 

most recent work, Wong et al. (2021) analyses Angelica's cave speleothem (Table S.1, 

No: 173) and concludes that the low variability from 18O proxy record in the last 7.000 

years points to a constant SACZ belt position, including during the MH. Although the 

speleothem sample AG4 shows a linear growth of 18O from 7.000 to 6.000 cal yrs BP, 

Wong et al. argues that the SACZ core is mostly dependent on the subtropical insolation 

and the South Atlantic Subtropical High. Therefore, the NSF's precipitation would not 

have been influenced by the lower summer insolation in the south hemisphere during the 

MH (Wong et al. (2021)). The records that point to drier climate in this region would be 

reflecting the lower than present moisture transport from Amazonia to Southern SA 

(Prado et al. (2013a)), while the higher than present precipitation inputs could be 

interpreted as local only information, not representing the regional monsoon. 
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5. Conclusion 

Past climate reconstructions contain important information about our planet's 

climate history and are essential when learning how physical variables, such as 

precipitation or temperature, respond to external forcings. Improving the number of 

paleoarchives and calculating their calibrated age-models are the most straightforward 

way to improve climate reconstructions and reduce their uncertainties (Blaauw (2010)). 

This study presents a MH multi-proxy reconstruction from Eastern South America 

climate using 173 calibrated-only paleoarchives. We have calculated the calibrated age-

models of 55 paleoarchives (Table 2 sites marked with an asterisk) and defined a 

newquality index (equation (1)) to quantify each paleoarchive uncertainty. After 

calibration, five from those age models (Fig. S.1) were no longer in the range of MH 

epoch (7000e5000 cal yr BP), discarding possible misleading information from the 

climate reconstruction. Five maps of precipitation, temperature, lake-levels, SST and SSS 

(Figs. 2 and 3) present a full view of SA climate during the MH compared to the present 

day. A more detailed discussion concerning the NE Brazil region (Fig. S2) and 

paleoarchives particularities were used to draw robust conclusions on SA climate during 

the MH. 

Precipitation remains the most robust climatic parameter to study the MH in 

eastern South America, mainly because of the large diversity of proxies that capture 

changes in this parameter. The Amazonia and Southern SA proxies show an overall 

agreement in terms of precipitation; less than 20% of the different proxy archives disagree 

with an overall drier than present climate during the MH, agreeing with the previous 

paleocompilations and climate models (Smith and Mayle (2017); Maksic et al. (2019); 

Tabor et al. (2020)). Rainfall variability for these regions are SASM-derived, so 

vegetation here is likely to be susceptible to long-term changes in SASM strength (Smith 

and Mayle (2017)). Previous studies have documented that both SACZ and ITCZ 

positions have shifted in the past in response to abrupt millennial-scale events (Dias et al. 

(2009); Prado et al. (2013a); Smith and Mayle (2017); Cassino et al. (2020)), including 

in the MH, thereby significantly affecting precipitation over the SA continent. 

NE Brazil is the region with most conflicting paleodata in terms of their 

MHclimate signal; 60% of the different proxy archives point to a drier MH, 14% point to 

wetter and 26% to a similar to present climate during the MH. Therefore, a regional sector 

division from this NE Brazil box (Fig. 3) helps elucidate the climate features from the 

MH. Southern incursions of the ITCZ as well as the trade winds, which are associated 
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with the position and intensity of the South Atlantic subtropical high, most heavily 

influenced coastal areas showing wetter conditions during the MH (Prado et al. (2013a); 

Wainer et al. (2014)). Another possibility is the perseverance of the modern eastewest 

precipitation dipole between northeastern Brazil (dry climate) and the central South 

American tropics (wet climate), which was inverted during the MH (dry Amazon/Interior 

sites and wet NE coast) (Smith and Mayle (2017)). 

The NSF is located in the core of the SASM, inside the NE region box (14-20S 

and 40e48W). Its rainy season is mostly controlled by the SACZ and inner continent 

moisture transport from Amazonia to Southern SA (Mahiques et al. (2009); Smith and 

Mayle (2017); Wong et al. (2021)). There are two possibilities to explain the behavior 

from the proxy records found in this region. Both hypotheses agree with CMIP5 and 

PMIP4/CMIP6 model simulations that suggest a contraction of the SASM during MH 

(Brierley et al. (2020); Shimizu et al. (2020)) creating lower than present precipitation in 

the region. The first hypothesis argues that the instability seen in different NSF proxy 

records could be explained by a weaker and northward displaced SACZ during MH, while 

the lower than present ENSO variability during MH could be responsible for positive 

precipitation anomalies in local areas of the region. This first hypothesis agrees with 

Raczka et al. (2013), who found erratic precipitation and unstable climates to have 

affected local human settlements during MH, as drought and flood would have caused 

migration relative to more stable climates. It also agrees with climate models that relate 

the MH forcings to weaker convection on the SACZ influence area (Dias et al. (2009); 

Prado et al. (2013a, 2013b); Maksic et al. (2019)). The second hypothesis argues that the 

SACZ belt region is mostly dependent on the subtropical South Atlantic SSTs, which 

remained largely stable over the mid-to-late Holocene (Wong et al. (2021)). Similar to 

present, proxy records in the NSF region point to no major shifts from the SACZ 

latitudinal position or intensity in the last 7.000 years (Wong et al. (2021)). In this case, 

the lower than present precipitation proxies in this region would be reflecting weaker 

continent moisture transport. This compilation's precipitation reconstruction (Fig. 2) 

supports a drier than present Southern SA and NSF during the MH. The majority of 

proxies in the SACZ influence area presented precipitation anomalies in this epoch, 

indicating changes in SACZ during the MH. Nevertheless, more studies are needed to 

fully understand the impact of MH's insolation patterns on the SACZ intensity and 

position. 
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It is possible to relate the NSF as colder than present during the MH, while 

Southern SA presented warmer and drier climate, concurring with model studies that 

suggest a SASM contraction during MH (Maksic et al. (2019); Tabor et al. (2020)). The 

scarcity of air temperature proxies in the Amazonia region hampers any assumptions 

about its temperature during MH. Nevertheless, the precipitation and lower lake levels 

proxies clearly point to a drier than present MH climate. 

The SST reconstructions suggest a dipole pattern for the SA coast during the MH 

relative to the late-Holocene. Above 15_S a warmer/ similar to present SST indicates a 

strong Brazil Current due to a more intense ITCZ while the decrease in summer insolation 

in the Southern Hemisphere during the MH could have been responsible for colder than 

present SSTs below 15_S. 

With the exception of one record (Toledo et al. (2007)) (Table S.1 No:52), the 

SSS studies reach an almost unanimous scenario showing a saltier ocean mixed layer 

during the MH western South Atlantic. This pattern is supported by lower than present 

lake levels and river discharges in the coastal region suggesting overall drier and warmer 

conditions during the MH. 

Although there are open questions about what was the local response of specific 

regions with diverging proxy information (such as NSF), the highest quality proxies 

(higher than 1) all agree at regional scale. High levels of the quality index are reached by 

sediments containing BI analyzes (ranging up to 1.30 - Table S.1, no:140), but they are 

more scarce in BI proxy analyses from sediments than in IF analysis taken from 

speleothems. Nevertheless, the new quality indexes as defined here give perspective to 

the climate reconstructions. The focus of further studies regarding Eastern SA's climate 

responses to MH forcings should be the SACZ. Both model and paleoarchive studies may 

increase our knowledge of how the SACZ position and intensity changed (or not) due to 

insolation anomalies or other forcings present during the MH. 
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Abstract

A paleoecologic analysis of pollen, macrocharcoal and trace elements from a lacustrine 

sediment core located at Lake Feia, central Cerrado (Goiás State, Brazil), was used to 

evaluate the relationship between vegetation, fire and climate during the Holocene. The 

development of cerrado vegetation appears to have begun 6000 years ago, initially with 

the establishment of an open cerrado, followed from 4800 cal a BP by a change to a 

woody cerrado driven by an increase in summer insolation. The increases in precipitation 

levels in the central Cerrado during the last 5000 years are related to the increased 

influence of the Amazon in central Brazil, which has facilitated biomass burning and 

anthropogenic activities in the region of Lake Feia. Multi centennial scale changes in 

water level related and gallery forest pollen assemblages indicate three main dry 

episodes, at 3440 2760, 2700 1690 and 1330 1150 cal a BP, linked to regional shifts 

between northern and southern South American summer monsoon boundaries. The

presence of low continuous fire activity does not appear to have affected vegetation 

recovery, whereas two intervals with increased fire activity, at ~3300 and ~1300 cal a BP, 

indicated a slower recovery.

Keywords: fire, insolation, pollen, South American summer monsoon, Tropics
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Introduction 

The Cerrado biome in central Brazil covers about 2 million km2. It represents a 

diverse ecosystem, harboring 4800 endemic plant and vertebrate species (Strassburg et 

al., 2017), and, as most of the Brazilian basins originate in central Brazil, is an important 

source of freshwater (Lima et al., 2011). However, despite its high biodiversity and 

socioeconomic importance, the destruction of this ecosystem is continuing at an 

accelerated rate (Vieira et al., 2022). Intensive human disturbance, including 

deforestation and the use of fire, has destabilized natural processes within the ecosystem, 

thereby increasing hydric stress (Hofmann et al., 2021) and the frequency and severity of 

fire events (Colli et al., 2020). Future projections for the Cerrado indicate a loss of plant 

diversity (Velazco et al., 2019), underlining the importance of implementing integrated 

fire management practices, and combining scientific research with traditional knowledge 

to address fire management problems (Schmidt and Eloy, 2020). 

Floral distribution patterns vary widely across the Cerrado domain (Vieira et al., 

2022), the landscape being characterized by vegetation physiognomies ranging from open 

grassland to dense woodland (Ribeiro and Walter, 2008), with close relationships 

between vegetation, climate, soil condition and fire frequency (Henriques, 2005; Bueno 

et al., 2018). Today, two main climatic features, the seasonal South American summer 

monsoon (SASM) and the spatial shifts of the intertopical convergence zone (ITCZ), 

result in bimodal rainfall seasonality, with high rainfall from October to March and low 

rainfall from April to August (Reboita et al., 2010; Marengo et al., 2012). 

In the tropical lowlands of South America, paleoclimatic studies indicate a trend 

toward more wet conditions during the Last Glacial Maximum (21000 cal a BP) and the 

Younger Dryas (12 700 11 000 cal a BP) in western Amazonia, north eastern Brazil 

(NEB), and central and south eastern Brazil (SEB) (Cruz et al., 2009; Deininger et al., 

2019). During the early and mid Holocene, the presence of a precipitation dipole between 

NEB and SEB in response to northern/southern hemisphere summer insolation was 

characterized by longer wet and dry seasons, respectively (Cruz et al., 2009). However, 

speleothem records have also revealed that the central Cerrado underwent numerous 

fluctuations in wet and dry episodes between 11 000 and 4000 cal a BP (Ward et al., 2019; 

Azevedo et al., 2021, Wong et al., 2021), with longer wetter episodes in the last 4000 cal 

a BP (Strikis et al., 2011; Campos et al., 2019), implying both regional and local 

influences on seasonality. Paleoecologic studies of the Cerrado are rare and discontinuous 

in space and time. They also show a wide range of responses depending on location, with 
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cerrado vegetation undergoing several episodes of expansion and retreat from 11000 cal 

a BP, in response to the variability of local climatic conditions from east to west, and 

north to south (Ferraz Vicentini and Salgado Labouriau, 1996; Behling, 2002; Ledru et 

al., 2006; Horák Terra et al., 2020). In the northern and central Cerrado, floristic changes 

from cooler to warmer assemblages characterize the transition from the last glacial to the 

Holocene (Cassino et al., 2018, 2020; Horák Terra et al., 2020; Ledru et al., 2006). More 

contrasted responses have been observed during the early Holocene, with centennial scale 

fluctuations in wet and dry conditions in the central region until 6000 cal a BP (Cassino 

et al., 2018, 2020), the full expansion of the Cerrado in northern Brazil from 11 000 cal a 

BP (Ledru et al., 2006), and the persistence of wet and cold conditions in the north eastern 

region of the central Cerrado (Horák Terra et al., 2020; Sabino et al., 2021). 

During the mid Holocene the vegetation became drier (Salgado Labouriau et al., 

1998; Barberi et al., 2000; Cassino et al., 2020), responding to a weaker SASM influence 

over eastern Brazil (Prado et al., 2013a and Prado et al., 2013b). During the late Holocene, 

multi centennial fluctuations between wet and dry conditions in northern Minas Gerais 

indicate the expansion of a drier Cerrado after 4000 cal a BP (Cassino et al., 2018), and 

two drier episodes at 2900 and 900 cal a BP (Sabino et al., 2021). However, the low 

resolution of the analyses (e.g. Barberi et al., 2000), the absence of macrocharcoal 

analyses (e.g. Horák Terra et al., 2020) and the loss of sediment from the upper levels 

(e.g. Ledru et al., 2006) have prevented a reconstruction of the relationship between 

vegetation, fire and climate for the last 5000 years, as well as the process of cerrado 

vegetation recovery after the mid Holocene dry episode. Moreover, the Cerrado region 

has been inhabited for at least 15 000 years (Prous and Fogaça, 1999), with archeological 

sites indicating a decrease in human occupation during the early to mid Holocene in the 

southern Cerrado (Araujo et al., 2005), followed by an increase in the late Holocene 

(Barbosa et al., 2020). Human occupation in the Cerrado is associated with fire activity 

(Pivello et al., 2021), and deciphering wild from anthropogenic fire is critical to 

understanding the relationship between fire and climate, and its role in the distribution 

and composition of cerrado vegetation (Schmidt and Eloy, 2020). 

Lake Feia is located in the central Cerrado, where pollen analyses have revealed 

a high sensitivity to climate change between 19 000 and 5000 cal a BP (Ferraz Vicentini, 

1999; Cassino et al., 2020). The LFB1 and LFB2 sediment cores were collected in 1990 

(Turcq et al., 2002), while the LF 15 2 corewas collected in 2015. Pollen and 

microchacoal analyses have been conducted on 20 samples covering the upper part of 
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core LFB2 (375 cm deep,) representing the last 6000 years, with a resolution of ~260 

years between samples (Ferraz Vicentini, 1999). Pollen and macrocharcoal analyses have 

been conducted on core LF15 2 (500 cm deep), dating from 19 000 to 5000 cal a BP 

(Cassino et al., 2020). Core LFB2 has revealed the expansion of a woody cerrado, with 

two drier intervals, from 5280 to 4850 and 3010 to 2100 cal a BP, and a gradual reduction 

in more humid conditions until the present (1990 AD) (Ferraz Vicentini, 1999). Abundant 

charred particles have been observed throughout the record until 770 a BP (Ferraz

Vicentini, 1999). However, the low sampling resolution does not allow a comparison of 

the vegetation changes with other paleoclimatic studies based on, for example, 

speleothems. Thus, to improve our knowledge of the Cerrado biome during the late 

Holocene, and more particularly our understanding of the relationships between fire, 

climate, biodiversity and human activity, we performed highresolution pollen, charcoal 

and geochemical analyses on the upper 310 cm of core LFB1, representing the last 5000 

years. We then compared the results with other sediment and speleothem records, and 

reconstructed a synthetic framework for the responses of the central Cerrado to climatic 

and anthropogenic effects during the late Holocene. 

 

Material and methods 

Study area 

Lake Feia (15°34 20 S, 47°18 20 W, altitude 871 m) is located in the vicinity of 

the city of Formosa, Goiás State, in the central Cerrado (Fig. 1a), Brazil. It is 3.5 km long, 

elongated in a north east (NE) south west (SW) direction, 5 m deep (Fig. 1b), and 

probably of tectonic origin (Ferraz Vicentini, 1999). Preto River crosses Lake Feia, 

entering in the NE and exiting in the SW (Fig. 1b). Currently, macrophytes (Nymphaea, 

Sagittaria and Eichornia) can be observed from the shore and continuing toward the center 

of the lake, in a water column of 2 3 m. 
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Figure 1. (A) Map of the mean austral summer precipitation levels, showing the position 

of the ITCZ, the core region of the summer monsoon today (dark blue), the limit of the 

Cerrado biome (black line), and the location of Lake Feia and the pollen and isotopic 

records discussed in the text. (B) Satellite view of Lake Feia (source Google Earth) 

showing its location relative to Formosa and Preto River. (C) Climate diagram for the city 

of Formosa (INMET, 2022). [Color figure can be viewed at wileyonlinelibrary.com] 

 

Mean annual temperature at Lake Feia is 18 20°C, while mean annual 

precipitation ranges from 1450 to 1850 mm; 50 70% of the rain falls between November 

and March, exceeding 400 600 mm from December to February, with a 150 250 mm 

hydric deficit during the other five months (May to September) characterizing the dry 

season (Fig. 1c). The rainfall regime in central Brazil is modulated by the position of the 

South American convergence zone (SACZ) in the southern Atlantic, which influences the 

intensity of the SASM. The SASM is also influenced by the ITCZ, which moves across 

the equator following the seasonal insolation cycle (Fig. 1a) (Garreaud et al., 2008). The 

rainfall in Brazil therefore presents an anti phased pattern, with high rainfall over 

Amazonia and central Brazil and low rainfall over northeastern Brazil in austral summer 

(December to February), and the opposite pattern in austral winter (June to August) 

(Reboita et al., 2010; Marengo et al., 2012). During the austral summer, when the ITCZ 
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is in its southernmost position, the incursion of North Atlantic Ocean trade winds over 

the continent is blocked by the Andes (Insel et al., 2010), thus increasing convective 

moisture over Amazonia. The flux of moist air generated follows a NE SW trajectory 

along the south western boundary of the Amazon basin, before being redirected toward 

the Atlantic Ocean at the location where the SACZ activates the SASM (Marengo et al., 

2004). Consequently, in January, when the SACZ reaches its southernmost position 

(26°S), an increase in precipitation is observed in the core region of the monsoon system, 

in central and south eastern Brazil (Fig. 1a) (Marengo et al., 2012; Sulca et al., 2016). 

 

Modern vegetation 

The Cerrado biome comprises diverse types of vegetation and physiognomy, 

based on plant structure and growth form (Oliveira Filho and Ratter, 1995, 2002), which 

are classified according to soil fertility, water availability and fire occurrence (Bueno et 

al., 2018). Cerrado physiognomies range from open grassland to dense woodlands. The 

open cerrado is characterized by a grassland physiognomy with a canopy cover of less 

than 5%; the cerrado sensu stricto by trees and shrubs 3 8 m in height, with the tree 

species Astronium fraxinifolium, Byrsonima cocolobifolia, Caryocar basiliense and 

Roupala montana accounting for 30% of the total crown cover (Ribeiro and Walter, 

2008); and the woody cerrado by trees 8 12 m or more in height and a crown cover of 

50 90% (Oliveira Filho & Ratter, 2002; Durigan et al., 2022). The gallery forest 

physiognomy of the Cerrado biome is usually related to water bodies, and commonly 

divided into floodplain and swamp gallery forests, the assemblages varying in response 

to groundwater level dependance and/or adaptation (Durigan et al., 2022). The 

physiognomies and floristic compositions overall vary depending on topography, 

drainage and soil properties (Felfili, 1995; Bueno et al., 2018). 

The landscape around Lake Feia comprises open cerrado, woody cerrado and 

gallery forest physiognomies (Cassino et al., 2020). The gallery forest grows from the 

lake shore to 5 m above the water level on the NE side of the lake. The city of Formosa 

is located on the western side of the lake (Fig. 1b). A botanical survey carried out 7 km 

from Lake Feia revealed the dominance of the following families: Anacardiaceae, 

Araliaceae, Malvaceae, Asteraceae, Cyperaceae, Eriocaulaceae, Poaceae, Lamiaceae, 

Fabaceae, Lentibulariaceae, Malpighiaceae, Melastomataceae, Myrtaceae, Onagraceae, 

Orchidaceae, Polygalaceae, Pontederiaceae, Verbenaceae and Xyridaceae (Table 1) 

(Ferraz Vicentini, 1999). 
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Table 1.  

Growth form Common plant list 
Trees  Anacardium sp., Schefflera sp., Waltheria sp., 

Tephrosia leptostachya, Byrsonima sp., Cabralea sp. 
Herbs, shrubs and epiphytes Riencourtia tenifolia, Aristida riparia, Axanofarus sp., 

Laersia, Hexandra, Paspalum gardinerianum, P. 
polyphyllum, P. stellatum, Thrasya petrosa, 
Trachypogon sp., T. spicatus, Bauhinia, Galactia, 
Periandra, 
Utricularia myriocista, Microlicia, Desmoscelis. 
Epiphytes are represented by Epidendrum, 
Phragmidium, sp. 

Water level related Cyperus haspan, Fivrena sp., Rhynchosphora gigantea, 
Eriocaulon sp., Hyptis, Polygonum, Pontederia 
cordate, 
Xyris jupicae 

 

 

Sampling and chronology 

The 6 m long sediment core LFB1 was retrieved from Lake Feia in 1990 using 

vibracoring, adapted from Martin et al. (1995), and stored at the University of Brasília 

(Federal District, Brazil). For the present study, we analyzed the top 310 cm, 

corresponding to the last 5000 years. The core was collected in open water in the north

eastern part of the lake at a depth of 1.5 m (Fig. 1b) (Turcq et al., 2002). 

Eight bulk sediment samples (Table 2) were sent to the Laboratoire de Mesure du 

Carbone14 (LMC14) UMS 2572 (CEA/DSM CNRS IRD IRSN Ministère de la 

Culture et de la Communication, Saclay, France) for analysis and radiocarbono dating by 

accelerator mass spectrometry (AMS). The radiocarbon dates were calibrated using the 

Southern Hemisphere Terrestrial SHcal20 curve (Hogg et al., 2020) in Calib 7.0 (Stuiver 

and Reimer, 1993). The age depth relationship was modeled using Bayesian statistics 

with the Bacon package in R (Blaauw and Christen, 2011). An extra date of 40 a BP was 

added at 0 cm, corresponding to the year of coring, i.e. 1990. The parameters were 

adjusted to SHCal20 with a confidence interval of 0.95 (Fig. 2). 

Table 2. Radiocarbon dates for the LFB1 sediment core taken from Lake Feia, Brazil. 

The 14C dates were calibrated using Calib 7.0 (Stuiver and Reimer, 1993), and values are 

shown to two standard deviations (2 ). 
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Laboratory code Material dated Depth (cm) 13 14C age
 (a BP) 

Age range 
(cal a BP) 

SacA 53907 Lake sediment 14 15 32.4 220 ± 30 136 232 
SacA 60352 Lake sediment 40 41 27.5 910 ± 30 739 789 
SacA 53908 Lake sediment 60 61 29.8 870 ± 30 680 775 
SacA 60353 Lake sediment 102 103 25.6 1280 ± 30 1069 1189 
SacA 60354 Lake sediment 164 165 30.2 2160 ± 30 2007 2159 
SacA 60355 Lake sediment 218 219 23.8 2925 ± 30 2919 3082 
SacA 60356 Lake sediment 270 271 25.9 3520 ± 30 3677 3841 
SacA 53909 Lake sediment 313 314 33.3 4405 ± 30 4851 4983 

 

 

Figure 2. Calibrated age depth model for the LFB1 core from Lake Feia, with the 

 radiocarbon dates 

(Table 1) along the core lithology (in brown) at the bottom. Standardized errors are 

indicated by the blue boxes. The black dashed lines show the upper and lowest calibrated 

ages, the gray band the probability of minor or major dates for each depth, and the red 

dashed line the most probable age. [Color figure can be viewed at 

wileyonlinelibrary.com] 

 

Analytical protocols 

Pollen was analyzed in 149 sediment subsamples, each measuring 0.5 cm long 

and 1 cm thick, collected at 2 cm intervals. Pollen was extracted at the ISEM laboratory 

in France. A spike of two Lycopodium tablets (36 814 Lycopodium clavatum spores per 

tablet) per sample was added to calculate the concentration of pollen. The samples were 

first washed in 10% KOH in a hot water bath, before density separation with ZnCl2 

(Kummel and Raup, 1965). For samples taken between 309 and 200 cm, a 5 ml 75% HF 

treatment was performed for 1 h (Faegri and Iversen,1989) to remove silica. Pollen, 

spores and other non palynomorphs were identified and counted at 600× magnification. 
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A total of 175 pollen types was identified using the ISEM pollen reference collection for 

Cerrado pollen taxa, identification keys and catalogs of pollen types from Brazil 

(Salgado Labouriau, 1973; Cassino and Meyer, 2011; Bush and Weng, 2007; RCPol, 

2021). Pollen percentages were based on the total sum of terrestrial pollen grains. 

Additionally, the pollen influx, as grains cm  a , was calculated for each taxa. Pollen 

zones were defined by constrained cluster analysis by sum of squares (CONISS), as 

proposed by Bennett (1996). Diagrams and pollen zones were created using the rioja 

package in RStudio. For the selection of pollen taxa, we applied the following process. 

(i) First, we classified the pollen taxa according to their type of growth (arboreal, non

arboreal) and phytophysiognomy (woody cerrado, cerrado or gallery forest) (Supporting 

Information Table S1). The Poaceae were then used to characterize open and closed 

physiognomies, according to Gosling et al. (2005, 2009). (ii) Second, we built a dataset 

excluding pollen taxa contributing less than 1%, and applied a principal components 

analysis (PCA) (Table S2). (iii) Third, we used both the frequency (high or low) and the 

representation (constant or variable) of each pollen taxon selected in the first PCA to 

constrain the most representative pollen taxa. From a total of 175 identified pollen taxa, 

20 were selected based on the three step process described before. 

A second PCA was applied to the most representative pollen taxa to evaluate 

vegetation variability as a function of time (Table S3). Before each PCA, the dataset was 

square root transformed to minimize the heterogeneity and reduce over  or under

representation (Becker et al., 1988). The PCA for the selected pollen taxa (Fig. S1) 

separated them into three groups (Fig. S3), providing information about the environment 

and climatic conditions based the ecological requirements of each taxon as defined in 

Table S4. 

For palynological interpretation, pollen assemblages were characterized by pollen 

percentage deposition (pollen influx) and the ecological characteristics such as life form, 

stratum, light exposure, pollination syndrome and habitat (mostly soil requirements) of 

each taxon (summarized in Table S4). 

For the trace element analysis, 81 sediment samples were dried in a laboratory 

oven at 50°C for 24 h. Thereafter, sediments were macerated in agate drumsticks, and 

fractions  ASTM 80 

 volume of 1 cm3 for each subsample 

was placed in an X ray fluorescence (XRF) holder cup. The samples were analyzed at the 

Instituto de Geociências Uiversidade de Brasilia, using a portable XRF DELTA 



91 
 

(Olympus) in soil mode, with three repetitions of 2 min for each sample and using the 

mean of the three repetitions to interpret the results. Finally, representative elements were 

selected, using Ti and Ti/K levels as indicators of erosion (Marshall et al., 2011; Davies 

et al., 2015). Ti/K ratios were normalized to view the data variation on a homogenized 

scale. 

To reconstruct fire activity, 310 sediment subsamples, each of 0.5 cm3, were 

collected at 1 cm intervals. The subsamples were deflocculated and bleached with KOH 

(10%) and NaOCl (2.6%), and gently passed through a 160 m mesh under water. The 

residues were carefully washed into a porcelain evaporating dish, to aid identification and 

counting of charcoal particles. The material was analyzed at 60× magnification under a 

Leica microscope, with a camera connected to animage analyzer and Winseedle image

analysis software (Regent Instruments Canada Inc., 2009), which allowed measurement 

of total charcoal concentration by number, the area of individual particles and the 

cumulative sum of charcoal particle area (i.e. the concentration of charcoal by area). The 

charcoal accumulation rate was calculated by multiplying the total concentration of 

charcoal number (area) by the sediment accumulation rate (CHAR) (CHAR = particles 

cm  a  and CHARarea = mm2/ cm  a ). In addition, length:width (L:W) was 

evaluated for each particle. The individual values were then incorporated into a density 

diagram. The average L:W ratio was used to evaluate the presence and dominance of 

grass and/or woody charred particles per sample, for which values above 3.5 (below 2.5) 

suggested charred grass (wood) particles (Vachula et al., 2021). 

 

Results 

The age depth model obtained for the LFB1 core (Fig. 2) provided a chronology 

for the last 5000 years of vegetation in the Cerrado. The resolution ranged between 12 

and 50 years per sample for pollen analysis, and between 6 and 25 years per sample for 

macrocharcoal analysis. The lowest deposition rate in the whole section was observed 

between 310 and 270 cm (4830

269 and 100 cm (3790

and 40 cm (1180 690 cal a BP), the 

From 39 to 0 cm (670 to 40 cal a BP) the sedimentation rate was ~20 a 

The top of the core was radiocarbon dated to 220 ± 30 14C a BP, corresponding to the 

last century (Table 2); we therefore considered the top of the core to be modern. 
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Palynological analyses 

Constrained cluster analysis (Bennett,1996) identified five pollen zones (Fig. S1). 

PCA showed that temporal changes defined by the individual z score values, negative 

values indicated taxa associated with pollen assemblages from gallery forest with 

seasonal or permanent flooding, while positive values suggested cerrado/gallery forest 

with well drained soils (Figs 3, S2A and S2B). Thus, the assemblage Ilex Myrtaceae

Banisteropsis was associated with swampy gallery forest, with Myrtaceae at the periphery 

of the swamp and Ilex also present in inundated areas. Both Myrtaceae and Ilex are small 

trees, forming lower storey forest, while Banisteropsis is a heliophilous woody vine 

(Araújo et al., 2002). An increase in their pollen frequency/influx associated with a 

decrease in lake level suggested forest invasion toward the coring site, as their 

entomophilous pollen cannot travel long distances. The assemblage Alchornea Apeiba

Casearia Euterpe Melastomataceae Combretaceae Ouratea Ternstroemia represented 

plant taxa generally observed in lower storey strata (>10 m) of gallery forest and woody 

cerrado (Araújo et al., 2002), associated with moist and fertile soils. The assemblage 

Poaceae Anadenanthera Astronium Byrsonima Cecropia Celtis Moraceae

Urticaceae Myrsine Tapirira Trema represented cerrado plant taxa generally adapted to 

dry conditions or reduced water levels (Araújo et al., 2002), with Celtis and Trema being 

pioneer taxa. These taxa were not very abundant in the pollen record, suggesting that they 

did not directly influence the coring site (Araújo et al., 2002). 

In pollen surface studies, the presence of Byrsonima (<10%), Astronium, 

Casearia, and Ouratea, accompained by Poaceae (~20 50%), indicated open (Poaceae 

>50%) and woody or closed (Poaceae <20 %) cerrado physiognomies (Ledru, 2002; Jones 

et al.,2011). However, a decrease in lake level shifted the gallery forest closer to the 

coring site, which attenuated the deposition of Poaceae pollen and thus modified the 

signature for the expansion of open cerrado (Berrio et al., 2000; Gosling et al., 2009). 
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Figure 3. Synthetic pollen influx (black bars) and frequency (curve) diagram for 20 

selected pollen taxa from core LFB1, represented by PC1 scores and macrocharcoal 

accumulation rate (mm2 cm  a ), respectively, along the time scale. Woody cerrado 

taxa are shown in yellow, gallery forest taxa in green and water level related taxa in blue. 

Gray horizontal bands indicate dry intervals. Exaggeration (×10) curves are in gray. 

[Color figure can be viewed at wileyonlinelibrary.com] 

 

The assemblage Moraceae Urticaceae, good pollen producers with an 

anemophilous syndrome, has been widely used as an indicator of gallery forest when its 

frequency is more than 40% (Gosling et al., 2005; 2009). However, in the LFB1 record, 

the frequency of Moraceae Urticaceae was less than 40%, and other indicators also 

inferred local changes in moisture levels, such as the water level related pollen taxa 

Echinodorus, Eichhornia, Eriocaulon, Myriophyllum and Nymphaea (Fig. S3). In 

addition, non pollen palynomorphs, including from ferns and algae, showed similar 

patterns to water level related taxa (Fig. S3). Fungi were more or less continuous but, as 

they were mostly coprophilous (Sordaria, Gelasinospora and Ustulina), while they were 

associated with continuous fire frequency and dung or organic matter decomposition, 
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their origins could not be defined as natural or anthropic. Finally, the presence of 

Sporormiella was not sufficiently frequent to suggest human activity (pastoralism) in the 

area (Fig. S3). 

 

Zone 1 (309 241 cm, 4830 3370 cal a BP, 33 samples) 

Zone 1 was characterized by arboreal pollen (AP) levels varying between 17 and 

82%, including Moraceae Urticaceae, Euterpe, Casearia and Cecropia. High frequencies 

of Poaceae (69%) were seen at the beginning of zone 1 (depth 309 301 cm; 4830 4620 

cal a BP), with the presence of the tree taxa Alchornea (4 8%) and Anadenanthera (4

16%). Above 300 cm Casearia (~1 35%) and Astronium (~1 8%) were present. Levels 

of Ternstroemia ranged from 3 to 10% between 299 and 279 cm (4570 4030 cal a BP), 

with Cecropia (~0.5 8%), Anadenanthera (1 16%), Euterpe (~1  61%) and Moraceae

Urticaceae (~1 30%) also present. Moraceae Urticaceae showed a decrease concomitant 

with an increase in Euterpe. During this interval, there was a progressive increase in 

pollen influx from ~46 to 6927 grains cm  a . PC1 values ranged from ~3 to 1.1, with 

predominantly positive values. The presence of water level related taxa Sagittaria and 

Myriophyllum ranged from 1 to 36% and 1 to 70%, respectively. The percentages 

increased with the appearance of Eichhornia taxa, with a greater frequency at 287 cm 

(4510 cal a BP). The water level related taxa followed the same pattern as terrestrial taxa, 

increasing toward the end of the zone. Pollen influx ranged from 16 to 2893 grains cm  

a , with a peak of 12 355 grains cm  a  at 261 cm (3670 cal a BP). Macrocharcoal 

was observed from the beginning of the zone and increased toward the end of the zone 

(values ranging from 0.6 to 9.5 mm2 cm  a ). 

 

Zone 2 (239 163 cm, 3340 2100 cal a BP, 36 samples) 

AP dominated, with frequencies of ~35 90%, mainly of Ilex, Ternstroemia, 

Melatomataceae Combretaceae, Moraceae Urticaceae and Casearia. Levels of Poaceae 

(36 to ~1%) and Byrsonima (6 to 1%) decreased, while Casearia, Astronium and Ouratea 

increased (0 to 48%), mostly between 195 and 185 cm (2630 2470 cal a BP). 

Ternstroemia appeared in two phases, the first from 239 to 219 cm (~4 36%) and the 

second from 205 to 197 cm (~3 41%) (3340 3030 and 2800 2660 cal a BP, 

respectively). The percentage of gallery forest taxa ranged from ~7 to 70%, with three 

distinct phases observed at 239 233 cm (3340 3240 cal a BP), 217 209 cm (3000 2860 
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cal a BP) and 177 163 cm (2330 2100 cal a BP). The two first phases were dominated 

by Ilex (7 75%), Apeiba (1 5%) and Moraceae Urticaceae (1 30%). Euterpe decreased 

to less than 6%, with less than 3%Myrsine, Celtis and Banisteropsis present. In the third 

phase, the increase in Moraceae Urticaceae was accompanied by mixed percentages of 

Cecropia (~1 17%), Euterpe (1 5%), Myrsine (<2%), Trema (~1 6%) and Celtis (~1

3%), while Apeiba disappeared. The terrestrial pollen frequency ranged from ~900 to 

6000 grains cm  a . PC1 values varied from ~ 3.4 to 4.1, with predominantly negative 

values from a depth of 239 203 cm (3340 2760 cal a BP) and positive values from a 

depth of 201 163 cm (2730 2100 cal a BP). Macrocharcoal was present throughout the 

zone from 0.01 to 6 mm2 cm  a , with high accumulation rates (8 29 mm2 cm  a ) 

from a depth of 239 231 cm (3330 3210 cal a BP). 

 

Zone 3 (161 131 cm, 2070 1630 cal a BP, 16 samples) 

The frequency of AP was high (65%) and included Ilex and Myrtaceae. There was 

less than 2% Poaceae and Byrsonima, and Casearia (10 2%), Astronium and Ouratea 

(less than 2%), Ternstroemia (<1%), Ilex (~6 44%), Banisteropsis (1 13%), Cecropia 

(1 17%), Moraceae Urticaceae and Anadenanthera (1 5%), and Alchornea, Trema, 

Celtis and Euterpe (<1%) were present. Moraceae Urticaceae levels increased at the end 

of the zone (10%). The terrestrial pollen influx was between 314 and 17 789 grains cm  

a . PC1 values ranged from ~ 3.4 to 0.6. Water level related pollen almost disappeared 

(from 20 to >1%), with the pollen influx decreasing from 1145 to 11 grains cm  a . 

Macrocharcoal was present throughout the zone but accumulation rates were low (0.018

3 mm2 cm  a ). 

Zone 4 (129 25 cm, 1600 410 cal a BP, 51 samples) 

The frequency of AP ranged from 30 and 85%, including Ternstroemia, Ilex and 

Myrtaceae, followed by Moraceae Urticaceae (~20%), Cecropia (~1 26%), Poaceae (5

50%) and Byrsonima (~1 19%), with the highest frequencies occurring at the beginning 

of the zone. Ternstroemia (1 55%) was present, with values above 8% from 111 to 87 

cm (1330 1060 cal a BP) and 57 to 25 cm (800 400 cal a BP). The two phases with 

highest AP frequencies (>8 25%), at 89 81 cm (1080 1010 cal a BP) and 71 45 cm 

(920 720 cal a BP), included Casearia, Astronium and Ouratea. Moraceae Urticaceae 

was present at ~20% throughout the zone. Cecropia levels (1 26%) increased gradually, 

while Euterpe (1 6%) and Myrsine (1 4%) increased toward the end of the zone, and 
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Alchornea, Anadenanthera, Apeiba, Celtis and Trema levels (~1 5%) remained low. Ilex 

displayed high frequencies between 121 and 119 cm (1480 1450 cal a BP) and between 

95 and 89 cm (1135 1080 cal a BP). The terrestrial pollen influx ranged from 200 to 38 

000 grains cm  a . PC1 values ranged from 3.4 to 1.9, with negative values from a 

depth of 121 93 cm (1480 1120 cal a BP) and positive values from a depth of 91 cm 

(1100 cal a BP) toward the end of the zone. Levels of water level related taxa Eichhornia 

and Sagittaria ranged from 2 to 20% and from 10 to 40% respectively, with a peak of 

Sagittaria at the beginning of the zone at 125 cm (1540 cal a BP) (~50%). Myriophyllum 

increased to ~8%between 73 and 61 cm (930 820 cal a BP). Nymphaeawas present at 

~7% from31 cm (515 cal a BP) until the end of the zone. All the water level related taxa 

decreased between 111 and 97 cm (1330 1150 cal a BP). The water level related pollen 

influx ranged from 100 to 24 000 grains cm  a . Macrocharcoal was present throughout 

the zone from 0.1 to 6 mm2 cm  a , with high accumulation rates (15 47 mm2 cm  a 

) from a depth of 111 106 cm (1330 1260 cal a BP). 

 

Zone 5 (23 0 cm, 370 cal a BP to 1990 AD, 13 samples) 

AP frequencies ranged from ~40 to 78%, including Moraceae Urticaceae, 

Cecropia, Astronium, Celtis and Trema. Byrsonima was present (~10%), while Poaceae 

was the most frequent taxon (~40 20%). Astronium and Casearia were present (~1 20%), 

as were Cecropia (5 30%), Moraceae/Urticaceae (5 25%), Celtis (~10%), Trema (~1

10%) and Myrsine (~1 15%). There was less than 5% Alchornea, Anadenanthera, 

Euterpe and Ilex. The pollen influx decreased from 900 to 200 grains cm  a . PC1 

ranged from ~4.5 to 1.2. Overall, the frequencies of water level related taxa decreased; 

Eichhornia decreased from 60% at the beginning of the zone (19 cm, 295 cal a BP) to 

~10%, while Nymphaea and Sagittaria increased from 1 to ~10% and Myriophyllum 

almost disappeared (0 3%). The pollen influx ranged from 70 to 2416 grains cm  a , 

with the lowest values occurring at a depth of 13 15 cm (180 210 cal a BP). 

Macrocharcoal was continuously present, although this zone had the lowes accumulation 

rate, ranging from 0.1 to 2 mm2 cm  a . 

 

XRF analyses 

The XRF results showed contrasting responses, with four main erosive phases 

indicated by the normalized Ti/K ratio (Fig. 4): from 5000 to 4100, 3330 to 2900, 2100 
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to 1800 and 1100 to 400 cal a BP. The highest Ti/K ratio was observed 400 years ago 

(Fig. 4). 

 

Figure 4. A representation of the last 6000 years in the central region of the Cerrado 

biome. A synthetic pollen, charcoal and geochemical diagram is shown for Lake Feia 

(cores LF

ratios from selected speleothem records along a calibrated time scale. The percentages of 

terrestrial and water level related taxa, normalized Ti/K ratios, charcoal influxes 

(CHARarea) and L:W ratio (Vachula et al., 2021) are indicated. The speleothem records 

come from southern (Botuverá cave; Bernal et al., 2016), northern (Paraiso cave; Wang 

et al., 2017) and central (Angelica cave; Wong et al., 2021, Wortham et al., 2017) Brazil, 

with an insolation curve at 15°S (Laskar et al., 2011). The blue dotted line shows the main 

vegetation observed in the central Cerrado; the gray bands represent dry intervals. [Color 

figure can be viewed at wileyonlinelibrary.com] 

 

Charcoal analyses 

Charcoal analyses showed regular and continuous biomass burning since 5100 cal 

a BP (Figs 4 and S4), with the charcoal influx ranging from 0 to ~40 mm2 cm  a , 

mainly below 10 mm2 cm  a  but with two intervals above 10 mm2 cm  a , from 

3330 to 3210 and 1330 to 1160 cal a BP (Fig. 4). The length and width density analysis 

(L:W) suggested that since 6000 cal a BP the charred particles originated from grass 
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vegetation until 5100 cal a BP, then although arboreal particles increases in density the 

average L:W values remained between 2.5 and 3.5 (Fig. S4), which suggested mixed 

wood/grass particles until 600 cal a BP, and from grass toward the top of the record (Figs 

4 and S4). The increases in wood and grass charred particles during the two episodes of 

high charcoal deposition and the L:W average values suggest increased intense fire 

activity during which both types were burned particularly the woody elements from 

gallery forest, which disappear after the higher fire episodes (Fig. S4). 

 

Interpretation 

Our results show that, for the last 5000 years, the landscape in the region of Lake 

Feia has been characterized by a cerrado with Poaceae (<40%) and the following 

dominant tree taxa: Astronium (1 10%), Byrsonima (1 15%), Casearia (~1 20%), 

Ouratea (<5%) and Ternstroemia (~2 40%). In the gallery forest, we observed an almost 

continuous presence of Anadenanthera (0 15%), Euterpe (0 50%), Melastomataceae

Combretaceae (0 30%), Moraceae Urticaceae (<30%), and the three common pioneer 

taxa Cecropia (0 30%), Celtis (0 10%) and Trema (0 10%). Changes from a closed to 

open canopy suggested some reorganization within the gallery forest, as shown by 

fluctuations in Myrtaceae (0 60%), Ilex (0 70%), Apeiba (0 20%), Banisteropsis (0

20%), Alchornea (0 20%), Myrsine (0 10%) and Tapirira (0 10%). These changes were 

related to shifts in the position of the gallery forest in the direction of the coring site, 

indicating a decrease in the lake water column, from 3340 to 2760, 2070 to 1690, and 

1330 to 1150 cal a BP. The two first intervals suggested an invasion of the gallery forest 

toward the coring site, characterized by a decrease in the aquatic taxa, an abrupt increase 

in Ilex (a tree taxon tolerant of permanent flooding), and an increase in Myrtaceae and 

Melastomataceae Combretaceae (two tree taxa associated with groundwater). At the 

beginning of the first interval and during the third, the reduction in gallery forest elements 

was accompanied by an increase in the drought tolerant Ternstroemia, associated with a 

high fire signal. During the third interval, the disappearance of aquatic taxa suggested a 

lower lake level. Together, these three intervals suggest drier local climatic conditions. 

From 4830 to 3370 cal a BP a gradual expansion and stabilization of the arboreal 

landscape was observed in both gallery forest and woody cerrado. 

After each of the dry episodes, the recovery of the arboreal landscape was 

characterized by an increase in lower storey pioneer tree taxa (Casearia, Cecropia and 

Trema), while the closure of the canopy was characterized by medium and upper storey 
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tree pollen taxa (Alchornea, Anadenanthera and Tapirira). During the last 400 years, 

stabilization of the tree cover has been simultaneous with an increase in the aquatic taxon 

Nymphaea, commonly found in deep water (Bernhardt and Willard, 2009). Ternstroemia 

disappeared, while the gallery forest taxa Cecropia, Celtis, Trema, Melastomataceae

Combretaceae and Moraceae Urticaceae became more frequent, and woody cerrado taxa 

were well represented by Astronium, Byrsonima and Casearia. Fire activity was low 

compared with the previous interval. 

The two periods of high charcoal influx (deposition) in Lake Feia, at 3350 3200 

and 1330 1160 cal a BP, coincided with the observation of two dry intervals in the 

vegetation, from 3340 to 2760 and from 1330 to 1150 cal a BP. After each event of high 

fire activity, the recovery of arboreal taxa, mostly gallery forest, took about 30 years. The 

drier episode from 2070 to 1690 cal a BP showed continuous fire activity and a vegetation 

recovery of less than 30 years (Figs 4 and S4). During the more humid climatic intervals, 

the charcoal influx was rarely above 1 mm2 cm  a  and no change in the pollen 

assemblages was observed. Finally, from 813 to 700 cal a BP, the charcoal influx was 

continuous (~3 mm2 cm  a ), and the tree taxa recovery period was about 12 years (Figs 

4 and S4). 

 

Discussion 

Expansion of the arboreal cerrado in central Brazil 

To place the vegetational changes within a wider context, we merged our results 

with those obtained from core LF15 2, dated to between 19 000 and 6000 cal a BP 

(Cassino et al., 2020) (Figs 4 and 5). The late Pleistocene is characterized by different 

assemblages, with a dominance of non arboreal pollen (Poaceae, Asteraceae) and the 

presence of a Myrsine Ilex He- Hedyosmum assemblage characteristic of the high

elevation grassland physiognomy of the Cerrado (Ledru et al., 2007) during the Glacial 

period. Our study of the last 6000 years suggests a two step expansion of the Cerrado 

biome in the region of Lake Feia. First, the interval between 6000 and 5000 cal a BP was 

characterized by the installation of an open cerrado; second, after 5000 cal a BP, the 

expansion of a woody cerrado peaked, with the continuous presence of Astronium and 

Byrsonima, and fluctuating levels of Casearia, Ouratea and Ternstroemia. Three intervals 

with low water level related taxa are attributed to drier episodes, from 3340 to 2760, 2070 

to 1690, and 1330 to 1150 cal a BP, with a local expansion of the gallery forest toward 
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the coring site observed during the first and second dry intervals, and a contraction of the 

gallery forest and expansion of drought tolerant tree taxa (Ternstroemia) coupled with 

high fire activity during the third interval (Figs 3 and 4). 

The two step installation of open to woody cerrado is in agreement with two other 

swamp pollen records, Cromínia and Águas Emendadas (with a resolution of 1000 years 

per sample for Cromínia and 600 years per sample for Águas Emendadas), located in the 

central Cerrado (Fig. 1a). The Cromínia record ends at 3500 cal a BP and the Águas 

Emendadas record at 940 cal a BP (Ferraz Vicentini and Salgado Labouriau, 1996; 

Barberi et al., 2000). The differences in pollen content and Poaceae frequencies (lower at 

LFB1) can be attributed to the different pollen deposition sites (lake versus swamp). 

Two lacustrine pollen records located in the north western Cerrado (Lake 

Confusão; Behling, 2002) and northern Cerrado (Lake Caço; Ledru et al., 2006) (Fig. 1a) 

suggest that the woody cerrado and the gallery forest were established earlier there than 

in central Brazil, at ~6000 and 8500 a BP, respectively. Cerrado tree taxa are mainly 

characterized by Byrsonima (5 10%) and Poaceae (<50%), but with differences in other 

pollen indicators, such as a lower frequency of Curatella (<5%) at Lake Confusão and of 

Mimosa (10 20%) at Lake Caço. However, the low resolution analysis at Lake Confusão 

(~2000 years between samples) and at Caço (~200 years between samples), and the 

absence of a record after 3000 cal a BP at Caço, makes further detailed comparison 

impossible. 

To the west, in the Amazonia Cerrado ecotone, the Lake Saci record (Fig. 1a) 

initially shows a decrease (from 38 to 20%) in the woody cerrado at 7500 cal a BP, with 

Byrsonima (4%), Curatella (~1%), Poaceae (~18 43%) and Anadenanthera (5%), 

followed by expansion of the rainforest after 5000 cal a BP (69 95%) (Fontes et al., 

2017). A swamp record from the eastern Amazonia Cerrado ecotone (Carajás) shows an 

open cerrado, with Poaceae (85%), Byrsonima ( 2%) and Mimosa (0 10%) and the dry 

forest taxa Anacardiaceae ( 10%) and Bignoniaceae and Zanthoxylum (<2%) from 10 

200 to 3400 cal a BP, after which they are replaced by the rainforest taxa Alchornea 

(30%), Celtis (15%), Melatomataceae Combretaceae (14%), Moraceae Urticaceae 

(19%) and Trema (<5%) (Hermanowski et al., 2012). 

In the south eastern Cerrado, the pollen record at Lagoa Santa (Parizzi et al., 1998) 

(Fig. 1a) covers the last 5300 cal a BP and shows the presence of the cerrado pollen taxa 

Poaceae (50%) and Styphnodendron (2 4%). Small changes in humidity have occurred 

during the last 3000 years, and in the Cerrado Atlantic Forest ecotone (Horák Terra et 
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al., 2020) a record from Pinheiro mire (located at 1240 m asl and spanning the last 6000 

years) indicates an open cerrado, with Amaranthus and Borreria (5 10%) present until 

3100 cal a BP. The frequency of cerrado tree pollen then increased between 3100 and 740 

cal a BP, with Byrsonima, Tabebuia and Smilax (<2%), and grassland has become 

dominant in the last 740 years (Horák Terra et al., 2020) at this elevation of the Espinhaço 

mountain range. 

In the north east, in the Cerrado Caatinga ecotone, the São José swamp record (at 

680 m asl) (Cassino et al., 2018) shows wetter climatic conditions and the expansion of 

palm swamp until 4400 cal a BP, with Mauritia flexuosa (40%), Poaceae (24 60%), and 

Ericaceae, Plenkia and Roupala (<3%) present, and an increase in the gallery forest tree 

taxa Cecropia and Hedyosmum (>20%). After 3500 cal a BP, the expansion of a drier 

open cerrado is characterized by a regression of the tree pollen taxa and the palm swamp 

Mauritia flexuosa (<7%), and the expansion of grassland pollen (Poaceae 20%) (Cassino 

et al., 2018). The Pandeiros wetland record (at 460 m asl) (Sabino et al., 2021) shows the 

presence of a woody cerrado [mainly Astronium (~5%)] until 2890 cal a BP, when it was 

replaced by a more open cerrado landscape (Poaceae 18%), with the presence of 

Asteraceae (5 35%), Euphorbia (5 40%) and Gomphrena (2 25%), during the last part 

of the Holocene (Sabino et al., 2021). 

Notwithstanding the differences in resolution and chronological controls, our 

review of published Cerrado pollen records reveals a general trend characterized by the 

expansion of open cerrado until ~5000 a BP and woody cerrado after 5000 a BP, 

interrupted by a drier episode at ~3500 cal a BP in both central and north eastern regions. 

An inverse pattern is seen in the south eastern and southern regions, with more humid 

forest being replaced by a drier and more open cerrado physiognomy between 4000 and 

3000 cal a BP and a woody cerrado between ~3100 and ~800 cal a BP. 
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Figure 5. The last 19 000 years in the central Cerrado, as represented by the Lake 

Feia sediment cores (Cassino et al., 2020; present study). From left to right, a synthetic 

pollen diagram showing arboreal pollen/non arboreal pollen frequencies (AP and NAP, 

respectively), 13 selected pollen taxa, with AP cerrado taxa shown in yellow and gallery 

forest taxa in green, and water level related (aquatics) taxa in blue, plus the charcoal 

influx 

disappearance of Lake Feia during dry episodes (from Cassino et al., 2020). [Color figure 

can be viewed at wileyonlinelibrary.com] 

 

Climatic drivers of vegetation changes in central Brazil 

The Lake Feia pollen record suggests continuous wet conditions, interrupted by 

three drier intervals, from 3340 to 2760, 2070 to 1690, and 1330 to 1150 cal a BP (Fig. 

4). Speleothem records in central Brazil (Fig. 4) show apparently stable climatic 

conditions during the last 6000 years (Deininger et al., 2019; Wong et al., 2021), 

compared with southern and northern regions of Brazil at the margins of the monsoon 

domain, where the establishment of a SW NE dipole (Novello et al., 2012 and 2019; 

Deininger et al., 2019) led to abrupt changes in the extent of the monsoon and 

consequently in seasonality and precipitation (Campos et al., 2019). At Lake Feia, regular 
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sedimentation and the establishment of the Cerrado started around 6000 cal a BP, 

suggesting regular regional precipitation. Rainfall stability has also been reported at 7000 

a BP in south eastern Brazil (27°S, 49°W) (Bernal et al., 2016), at 6800 a BP in central 

Brazil (13°S, 46°W) (Wong et al., 2021) and since the mid Holocene in northern Brazil 

(4°S, 55°W) (Wang et al., 2017), as a response to the increase in insolation (Deininger et 

al., 2019). However, regional differences in the expression of drivers have also been 

observed, such as the strengthening of the SASM system in the south, which increased 

rainfall, while in the north the increased rainfall was not directly linked to the SASM but 

driven by humid convection from the eastern Amazonia (Wong et al., 2021). In central 

Brazil, both speleothem and pollen records suggest that the SACZ has remained stable, 

thus allowing a regular SASM trajectory between central and eastern Brazil (Figs. 6 and 

7). However, pollen records indicating to a more open landscape between 6000 and 4800 

cal a BP suggest lower precipitation levels and a weaker SASM than today, decoupled 

from the SASM core, while stronger rainfall has prevailed at the northernmost boundary 

of the SASM zone of influence (Figs. 6 and 7). The location of Lake Feia (15°S, 47°W) 

was probably too far from the wetter north east area to be influenced during this period 

(Fig. 6a). Conditions changed after 4800 cal a BP, with the installation of a dipole 

between southern and northern Brazil, and the south became wetter and the northeast drier 

(Bernal et al., 2016; Wang et al., 2017) (Figs 4 and 6b). At Lake Feia the full expansion 

of the woody cerrado, the abrupt increase in water level related pollen taxa and the 

coarse sediment deposition (Ti/K) suggest that the regional wet levels were related to a 

strengthening and expansion of the SASM boundary at 15°S, and an increase in summer 

insolation in the southern tropics (Fig. 6b) (Cruz et al., 2009; Deininger et al., 2019). 

However, despite the trend toward a more stable precipitation regime created by an 

increase in insolation and the establishment of the modern monsoon regime in the central 

Cerrado, three drier episodes are indicated by the Lake Feia pollen record: from 3340 to 

2760, 2070 to 1690, and 1330 to 1150 cal a BP.We infer that changes in the hydrological 

system of Preto River, also characterized by an increase in deposition of coarser sediment, 

are probably related to a reduction of water input into the lake, and consequently in the 

amount of precipitation at a centennial scale (Figs. 4, 6, and 7). A southward shift of the 

ITCZ and SASM boundary has been observed between 3700 3400 and ~2700 a BP 

(Bernal et al., 2016; Cruz et al., 2009; Cassino et al., 2018) (Fig. 6c). The return to wetter 

conditions at Lake Feia between 2730 and 2100 cal a BP (Fig. 6d) corresponds to several 
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wet events visible in the speleothem records at Diva cave (Novello et al., 2012) and Lapa 

Grande cave (Strikis et al. 2011). During this interval, the central Cerrado region was 

wetter because of the expansion of the SASM system (Fig. 6d). Further north, at 5°S, the 

higher moisture rates observed between 2450 and 1530 cal a BP (Boqueirão lake; Utida 

et al., 2019) have been related to the northward migration of the ITCZ, which increased 

the tropical South Atlantic winds into the continent, along with more moisture (Utida et 

al., 2019). At the equator (Paraiso cave; Wang et al., 2017), convective activity was high 

and the resulting wet wind flow was driven from eastern Amazonia to the central Cerrado 

region (Figs 6 and 7). 
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Figure 6. Schematic representation of the eight climate episodes observed during the last 

6000 years in the Cerrado biome, with their corresponding latitudinal boundaries. Site 

numbers are as in Fig. 1. Arboreal pollen/non arboreal pollen frequencies available from 

palynological sites are represented as pie diagrams. [Color figure can be viewed at 

wileyonlinelibrary.com] 

 

During the second and third drier intervals, at 2070 1690 and 1330 1150 cal a 

BP, a gradual weakening of the SASM system occurred at Lake Feia, when the ITCZ 

shifted to a more northerly position (Fig. 6e and 6G). The wetter intervals, between 1650 

and 1390 cal a BP, and from 1140 cal a BP onwards (Fig. 6f and 6H), was probably the 

result of instability in the ITCZ core area, which expanded and retracted along its northern 

edge (Utida et al., 2019). At Lake Feia, this was characterized by an abrupt change in 

erosion (Ti/K norm) at 1100 cal a BP, when conditions were mostly linked to humid wind 

flow from eastern Amazonia (Fig. 6f). 

Between 1020 and 600 a BP, during the medieval climate anomaly, the ITCZ 

remained in its northernmost position (Deininger et al., 2019). The northern edge of the 

SASM core region remained dry (Novello et al., 2012; Utida et al., 2019), while the 

southern edge received less precipitation as a result of a weaker SAMS trajectory toward 

the Atlantic Ocean (Bernal et al., 2016; Deininger et al., 2019) (Fig. 7). In the central 

region, the rainfall regime remained stable after 1140 cal a BP (as indicated at Tamboril 

cave at 16°S and 47°W; Wortham et al., 2017; Wong et al., 2021) (Fig. 4 and 7), 

suggesting that the rainfall reduction at the northern and southern boundaries of the 

SASM did not affect the core monsoon region (Fig. 6h) (Campos et al., 2019). Thus, we 

infer that, at Lake Feia, a gradual increase in rainfall was mostly linked to its closer 

position to the core SASM region, with moisture fluxes from eastern Amazonia (Fig. 6h) 

(Azevedo et al., 2019). In addition, no change in the rainfall regime has been observed at 

Lake Feia during the last 400 years (corresponding to the Little Ice Age), which is in 

agreement with a southern shift of the ITCZ, which did not impact the central region 

(Deininger et al., 2019) but enhanced SASM activity on the southern edge of the SASM 

zone of influence, and led to drier conditions in the northern region as a result of the 

establishment of the SW NE dipole (Novello et al., 2012; Azevedo et al., 2019). 

Overall, the Lake Feia pollen record shows that, during the last 6000 years, the 

floristic composition of the Cerrado has been highly sensitive to small changes in 

precipitation and seasonality, which has not been observed in neighboring speleothem 
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records (Figs 6 and S5). The increase in wet climatic conditions was the result of a 

reduced dry season, as clearly indicated in southern and central Brazil (Azevedo et al., 

2019). 

 

Figure 7. Summary of the main climate changes (wet/dry events) observed in the last 

6000 years between the paleo records shown in Fig. 6, organized according to their 

latitude and longitude. From left to right: the age scale (cal ka BP), paleo records from 

north to south, and finally a summary of the SASM intensity at 15°S, at lake Feia. The 

blue lines represent wet climate and the yellow lines represent dry climate. The number 

below each record indicates the name of the record shown in Fig. 1 (pollen records in red 

and speleothem records in blue). [Color figure can be viewed at wileyonlinelibrary.com] 

 

Fire events in central Brazil 

Three main phases of fire activity have been detected at Lake Feia during the last 

19 000 years (Fig. 4). The late Pleistocene was characterized by no fire activity, the first 

biomass burning being observed during the glacial interglacial transition from ~11 000 

to 10 500 cal a BP. Between 10 500 and 5100 cal a BP, the low charcoal influx, and the 

predominance of burned grass particles usually transported over long distances, suggests 

a weak, remote and irregular fire activity or surface fire that may leave less charcoal in 

the sediment (Cassino et al., 2020; Leys et al., 2017). From 5100 cal a BP onward, a 

higher charcoal influx and continuous fire activity was observed, with two peaks at ~3330 
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and ~1330 cal a BP (Figs 4, 5, and S4). The increase in charred woody particles (L:W 

ratio density <2.5) (Fig. S4) is in agreement with the dominance of woody cerrado pollen 

taxa, which started around 4830 cal a BP (Fig. 5). 

The Cerrado is a fire prone ecosystem where, under natural conditions, fire 

occurrence varies from 3 to 5 6 years (Pereira Júnior et al., 2014; Schmidt et al., 2017). 

However, limiting factors for fire occurrence are fuel availability and flammability, and 

heat (Glasspool et al., 2015). Thus, when a cerrado physiognomy becomes more 

arboreous, the probability of fire episodes decreases because of a reduction in grass 

biomass, which is more flammable compared to woody plants (Mistry, 1998; Pereira 

Júnior et al., 2014). Consequently, fire is more common in an open cerrado physiognomy, 

where it favors grass species germination (Oliveira et al., 2021; Fidelis and Zirondi, 

2021). At Lake Feia, before 5000 cal a BP, the drier climatic conditions and probably the 

lower temperatures (indicated by the presence of the mountain taxon Hedyosmum) do not 

appear to have facilitated biomass burning. Experimental studies have shown a positive 

correlation between charcoal particles and temperature (Leys et al., 2017), suggesting that 

a reduction in temperature reduces fire activity. 

After 5000 cal a BP, an increase in fire events was favored by both an increase in 

summer insolation and an increase in the length of the wet season (Figs 4 and 5). Natural 

fires in the modern Cerrado are frequent during the wet season or in the transition between 

seasons, promoted by lightning, with shortlived fires usually extinguished by subsequent 

rain, burning small areas and with little effect on vegetation (Ramos Neto and Pivello, 

2000). Two short episodes of intense fire activity (CHARarea 10 40 mm2 cm 2 a 1) (Figs 

4 and 5), from 3330 to 3210 cal a BP and 1330 to 1160 cal a BP, were recorded. Three 

scenarios are proposed to explain the increased charcoal influx during these time periods: 

(i) a response to drier climatic conditions and lower lake levels, (ii) the presence of fire 

closer to the study site and (iii) human activity. Regarding the first scenario, the two fire 

events were reported during the first and third dry intervals, characterized by changes in 

tree taxa and lower lake levels. A drier climate could favor an expansion of grassland and 

consequently biomass burning. However, during these two intervals the L:W ratio 

suggests mixed grass and wood charred particles, probably in response to surface fire 

where in a grassland and forest mosaic both type of physiognomies are affected. 

Moreover, if a dry climate could promote an intense fire event, the same pattern should 

be observed in the second dry interval, from 2070 to 1690 cal a BP. The second interval 



108 
 

in fact shows lower levels of charred particles and fewer changes in assemblages of 

gallery forest and woody cerrado taxa, with a recovery time of less than 30 years. 

Consequently, we suggest that drier climatic conditions cannot explain the abrupt increase 

in fire activity. 

For the second scenario, the L:W ratio density suggests that a strong biomass 

burning reflects a widely burned area, with the fire occurring near the coring site, where 

tree elements are particularly affected although grasses were also burned, increasing their 

signal during these two fire episodes. An increase in pollen influx is usually associated 

with an increase in fire intensity and a shorter distance from its source (Tinner et al., 2006; 

Duffin et al., 2008). Experimental analysis of charcoal particles has shown that the 

charcoal area increases with local fire (Leys et al., 2015, 2017), especially when charred 

wood particles are more abundant (Vachula and Rehn, 2023). From 810 to 730 cal a BP, 

a mid magnitude fire event (CHARarea <4 mm2 cm 2 a 1) with gradual increase in 

charred grass particles (Figs 4 and S4) was observed after a short dry episode, and did not 

prevent the expansion of woody cerrado and gallery forest taxa, with a recovery of about 

12 years. Thus, for this shorter drier interval, a more regional fire signal that did not 

impact the local vegetation cover is inferred. The first and second scenarios could 

represent peaks in biomass burning reflecting climatic and local fire effects. Finally, 

regarding the third scenario, human activity cannot be discounted as a cause of localized 

fire, probably on the lake margin, during drought episodes. In the tropical lowlands, the 

level of human occupation was low until 5000 a BP (Riris and Arroyo Kalin, 2019), 

when the climate was unstable and water resources were rare (Cassino et al., 2020). 

Well dated archeological studies are missing in the region of Lake Feia, despite its 

wealth of rock paintings and carvings, which are probably related to year round 

abundant freshwater resources. To the west of Lake Feia, and at the same latitude, in the 

Tocantins Araguaia river system, an increase in the human population was observed after 

4600 cal a BP, as a result of the expansion of the Itaparica civilization (Moreno de Sousa, 

2016). During the first and third drier intervals, the higher biomass burning was not 

concurrent with a gallery forest expansion toward the coring site. Moreover, there was an 

increase in the tree taxon Ternstroemia related to drier environments. After the high fire 

events, the recovery time for the expansion of gallery forest toward the coring site was 

more than 30 years. Considering that forest is less likely to burn, and that gallery forest 
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usually grows over moist and/or waterlogged soils, the presence of human activity on the 

lake margin cannot be discounted. 

Finally, during the last 4800 years, the three intervals characterized by a decrease 

in water level related taxa, at 3400 2700, 2100 1700 and 1350 1200 cal a BP, were 

associated with multi centennial drought episodes. During these three drought events, 

the two higher fire activity events, at 3330 3210 and 1330 1160 cal a BP, which were 

not associated with an expansion of the gallery forest toward the coring site, suggest both 

climatic and anthropogenic influences on vegetation cover and fire activity. No fire was 

observed during the second dry episode at 2070 1690 cal a BP, thus rejecting human 

influence during this short dry interval, and low fire activity with no evidence of drought 

suggests remote biomass burning of the Cerrado from 810 to 730 cal a BP. 

 

Conclusions 

Our results show that, since the late Pleistocene, the central Cerrado region has 

been sensitive to local hydrology and changes in regional climate, driven by latitudinal 

boundaries of the monsoon convection, with changes in the boundaries toward the 

 

expansion of woody cerrado in central Brazil was precluded by the southward shift of the 

ITCZ, forced by insolation that strengthened the monsoon system and included eastern 

Amazonia in its zone of influence. Consequently, the development of the cerrado 

vegetation started 6000 years ago in central Brazil, with the formation of a bimodal 

climate and an increase in summer insolation. Expansion of the central Cerrado was a 

 process, starting with the establishment of an open cerrado until 4800 cal a BP, 

which was then replaced by a woody cerrado, perhaps driven by changes in the length of 

the dry season. 

Superimposed on this global trend, multi centennial shortterm wet/dry episodes 

are reflected in changes in lake level, floristic composition of the gallery forest and 

biomass burning. These episodes could be related to small scale enhancement or 

weakening of the SACZ, linked to changes in the southernmost and northernmost 

positions of the ITCZ and consequently driving changes in the SASM zone of influence 

at the latitude of Lake Feia. 
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Two fire events, at 3330 3210 and 1330 1160 cal a BP, occurred during drier 

climatic intervals and could be related to anthropogenic activity near the lake. The full 

vegetation /recovery period after these events was more than 30 years. 
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Integrative discussion and final remaks

 

 This study focused on investigating the hydroclimate variability in the domain of 

the current American monsoon (TA region), across multiple spatial scales, including 

continental, regional, and local scales, along the Holocene (last ~11,000 years). TA are 

fundamental to the global climate system because they have meteorological and climatic 

aspects determined by the interaction of different environments, in a complex 

superposition of physical processes at multiple spatiotemporal scales (Palomino-Lemus 

et al., 2018). SA is an important part of the TA because it contains unique geographic 

features that contribute to the regional climate. Central America (CA) has a complex 

topography of volcanic origin that shapes a narrow isthmus located between the two 

dynamic ocean systems of the Pacific and Atlantic Oceans (Pérez-Briceño et al., 2016). 

The migration of the Intertropical Convergence Zone (ITCZ) and associated changes in 

the strength of the trade winds determine the rhythm of the seasons, the distinct 

seasonality in precipitation over much of the area, and the sensitivity to climate change 

(Hidalgo et al., 2015; Maldonado et al., 2018). This is a region particularly vulnerable to 

the climate disruptions expected due to global warming, with Honduras, Nicaragua, and 

Guatemala among the 10 countries considered most at risk (Kreft et al., 2013). 

The southern United States (US) is a unique region in that it frequently experiences 

multi-year and multi-annual episodes of severe droughts, as well as frequent flooding 

(Garfin et al., 2013). This region also experiences changes in the magnitude, timing, and 

frequency of precipitation (Higgins et al., 1998; Luong et al., 2017; Zhang et al., 2021), 

which have been associated with changes in soil health (Renard and Simanton, 1975), 

ecosystem processes (Forzieri et al., 2014), and vegetation in the southwest desert 

(Khatri-Chhetri et al., 2021). Regional precipitation patterns in the southwestern US are 

also of great importance, as agricultural exports and livestock production in the region 

are heavily dependent on them (Garfin et al., 2013). 

The SA contains the largest tropical forest in the world, the Amazon rainforest, and 

the driest desert, the Atacama Desert in Chile, in addition to the central plateau region, 

where the Cerrado is located, which contains the headwaters of major rivers flowing into 

the Amazon, La Plata and São Francisco Basins. Those basins contain major agricultural 

areas and provide most of Brazil's hydroelectric energy production (Silva & Kousky, 

2012). A deeper understanding of hydroclimatic variations in the TA across different 
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scales can improve extreme event predictability, enhance water resource management, 

and provide valuable support for decision-making. 

The continental-scale study Precipitation patterns and variability in Tropical 

Americas during the Holocene Bianchini et al. (2025) investigates precipitation 

patterns and variability in the TA region throughout the Holocene. It uses paleoclimate 

records, such as lake sediments and speleothems, observational and reanalysis data of the 

current climate, and simulations from the TraCE-21ka experiment. The analysis allows 

us to identify changes relative to the current climate that allowed the delimitation of five 

key areas for a detailed regional analysis of precipitation variability. 

The results show that despite the general agreement in moisture trends, regional 

discrepancies arise due to differences in the temporal resolution of the proxies and the 

spatial limitation of the models. The analysis of precipitation in key areas reveals a 

significant change in anomalies around 9,000 8,000 years, with a strong influence of 

high-energy climate events around 7,710 years. These events are linked to the collapse of 

the North American ice sheets and the weakening of the Atlantic Meridional Overturning 

Circulation  (AMOC), caused by the input of freshwater from the North Atlantic (M. 

Walker et al., 2018; M. J. C. Walker et al., 2012) which, associated with changes in the 

insolation pattern in that period, contributed to the displacement of the ITCZ and South 

Atlantic Convergence Zone (SACZ) to the south, weakening the North American 

Monsoon System (NAMS) and strengthening the South American Monsoon System 

(SAMS) (Custódio et al., 2024; Strikis et al., 2011). This caused a reorganization of the 

monsoon system and changes in precipitation patterns in the TA throughout the Holocene. 

The regional-scale study A fully calibrated and updated mid-Holocene climate 

reconstruction for Eastern South America  by (Gorenstein et al., 2022) presents a climate 

reconstruction for eastern SA during the Middle Holocene (MH). It uses paleoclimate 

records, such as speleothems, lacustrine, marine and terrestrial sediment cores, soil 

samples, as well as fully calibrated age models. Proxies from the Amazon and southern 

SA indicate a drier climate during the MH, aligning with previous climate models 

(Maksic et al., 2019; Smith & Mayle, 2018; Tabor et al., 2020). Precipitation variability 

in these regions is influenced by the SASM, which also influences vegetation (Smith & 

Mayle, 2018). In Northeastern Brazil (NEB), conflicting climate data are clarified by 

regional divides, with ITCZ incursions and trade winds making coastal areas wetter(Prado 

et al., 2013; Wainer et al., 2014), while another hypothesis suggests a reversal of the 
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precipitation dipole, with the Amazon dry and the coast wetter in the MH (Smith & 

Mayle, 2018). 

The Northeast/Southern boundary of South America (NSF), located at the core of 

the SASM, has its rainy season controlled by the SACZ and by moisturizing transport 

from the Amazon (de Mahiques et al., 2009; Smith & Mayle, 2018; Wong et al., 2021). 

Two hypotheses explain the observed variability: one suggests a weaker and northward-

shifted SACZ during the MH (Raczka et al., 2013), while the other points to the stability 

of South Atlantic temperatures, keeping the SACZ constant (Wong et al., 2021). Both 

agree with climate models that indicate a contraction of the SAMS in the MH (Brierley 

et al., 2020; Shimizu et al., 2020). 

During the MH, the Northeast/Southern boundary of SA was cooler, while the 

south of the region had a warmer and drier climate, with a contracted SAMS (Maksic et 

al., 2019; Tabor et al., 2020). The lack of temperature indicators in the Amazon limits the 

analysis, but precipitation records and lake levels indicate drier conditions. 

Sea Surface Temperature (SST) reconstructions show a dipolar pattern off the coast 

of SA during the MH relative to the Late Holocene (LH), with warmer than present waters 

north of 15°S and cooler than present waters south of 15°S due to a strong ITCZ and 

reduced summer insolation in the Southern Hemisphere (SH). Sea Suface Salinity (SSS) 

studies indicate a saltier oceanic mixed layer in the western South Atlantic, with one 

exception. Lower lake levels and river discharges suggest drier and warmer than present 

conditions in the coastal region during this period. 

Although there is divergence in local responses from regions with conflicting 

proxies, the highest quality proxies agree at a regional scale. High levels of the quality 

index are achieved by sediments containing biological analysis, but they are scarcer in 

biological proxy analyses of sediments than in isotopic fractions analysis obtained from 

speleothems. Nevertheless, the new quality indices, as defined here, give perspective to 

climate reconstruction. 

Comparison between the paleorecords and the model outputs shows that analyzing 

different paleorecords in the same region did not always produce similar results, which 

can be solved with a multiproxy approach associated with differentiating the registration 

of large-scale events from local events. The multimodel approach is another way of 

solving these inconsistencies. Furthermore, this study makes it clear that the comparison 

between different paleorecords and climate model data does not always produce similar 

results for the same region, which can be resolved with a multiproxy approach associated 
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with the differentiation of the record of large-scale events from local events, and with the 

multimodel approach. 

The local-scale study Long- and short-term vegetation change and inferred 

climate dynamics and anthropogenic activity in central Cerrado during the Holocene

by , investigates the relationship between vegetation, fire and 

climate in the Central Cerrado region throughout the Holocene. It uses pollen grains, 

macrocharcoal and trace elements from a lake sediment core located in Lagoa Feia, Goiás 

State, Brazil. The results show that since the end of the Pleistocene, the central Cerrado 

region has responded to hydrological and climatic changes driven by variability in 

monsoon system. The long-term expansion of woody cerrado in central Brazil was 

prevented by the southward shift of the ITCZ, forced by insolation that strengthened the 

monsoon system and included eastern Amazonia in its zone of influence. Therefore, the 

Cerrado vegetation began to develop around 6,000 years, with a bimodal climate and 

greater insolation. 

Its expansion occurred in two phases: first with open cerrado until 4,800 years, 

and then with wooded cerrado, possibly due to the reduction of the dry season. In addition 

to these long-term trends, short-term drought and rain events influenced lake level, 

riparian vegetation and biomass burning. These episodes reflect variations in the intensity 

of the SACZ and the positioning of the ITCZ. As a result, there were changes in the 

influence of SAMS in the Lago Feia region. Two fire events, between 3,330 3,210 and 

1,330 1,160 calibrated years before present, coincided with drier periods and possibly 

human activity. Full vegetation recovery took more than 30 years after each event. 

During the Holocene, the southward displacement of the ITCZ and SACZ, the 

weakening of the NAMS and the strengthening of the SAMS in the TA on a continental 

scale were observed. Regionally, the ITCZ showed weaker and fewer incursions into SA, 

resulting in a drier and warmer Amazon in the MH. Southern SA was also drier, due to 

lower SAMS activity and reduced El Niño Southern Oscillation (ENSO) variability. NEB 

showed transitional behavior, with irregular rainfall and wetter periods than the current 

one, probably influenced by changes in the ITCZ. Locally, in the Lagoa Feia region in 

the Brazilian Cerrado, variations in the SACZ and ITCZ positioning and the the 

strengthening of the SAMS were recorded. 

In this thesis it was shown that the general trends in precipitation variation in TA 

region observed during the Holocene - including the shift of the ITCZ and SACZ, the 
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weakening of the NAMS, and the strengthening of the SAMS - were recorded by data 

from the TracE-21ka simulation, by different paleorecords, such as speleothems and 

sediment cores analyzed in previously published studies, as well as by several proxies 

extracted from the sediment core from Lagoa Feia. These variations were observed at 

different scales: continental (in the TA), regional (in the SA, except for isolated records 

of SAMS weakening, associated with lower ENSO variability), and local (in the Brazilian 

Cerrado). These changes are associated with the collapse of the North American ice 

sheets, the weakening of the AMOC, and changes in the insolation pattern throughout the 

period. 

The reconstruction of past global climate change relies on a variety of evidence 

and many well-distributed records. However, there are few comprehensive databases of 

continuous proxy records (time series rather than time slices) for different climate 

variables (Kaufman, 2017). Furthermore, a large proportion of studies on these records 

are published but not made available through public repositories, which makes their 

access restricted (Kaufman et al., 2020). All these aspects make the study of past climate 

through paleorecords challenging. In this context, global and public databases with 

evidence-based compilations of a wide variety of proxy types, including ecological, 

geochemical, and biophysical evidence from marine and terrestrial archives, are needed. 

Comparing paleorecords and climate model data is a way to reconstruct past 

climates more robustly. However, the choice and use of each proxy requires prior 

assessment, considering the entire environmental context, in addition to the pros and cons 

associated with each proxy (Nowacki et al., 2019). In this context, using a multiproxy and 

multimodel approach is the best option to expand geographic coverage and avoid the 

biases inherent to each type of proxy and model. In addition, only data from calibrated 

age models should be used, since the uncertainties from a sample's age are responsible 

for attributing or not specific characteristic or climate change to a geologic period (Lowe 

& Walker, 2014). 

Despite recent advances, more detailed studies on climate variability in the TA 

during the Holocene are needed. Understanding how the climate system varied during the 

Holocene period and how it varies today allows for better projections of future climate. 

Studying climate variations at different scales provides complementary insights that are 

essential for better predictability of extreme events, better management of water 

resources, and for providing support to decision-makers 
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Appendix I

 

Supplementary Material 

Precipitation patterns and variability in Tropical Americas during the Holocene 

Paula R. Bianchini a, *, Luciana F. Prado b, Elder Yokoyama a, Ilana Wainer c, Iuri Gorenstein c, Francesco 

S. R. Pausata d 

a Laboratório de Estudos Magnéticos em Geociências (LEMAG), Instituto de Geociências, Universidade 

de Brasília, Brasília, Brazil 

b Faculdade de Oceanografia, Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil 

c Instituto Oceanográfico, Universidade de São Paulo, São Paulo, Brazil 

on the Dynamics of the Earth System), Department of Earth and Atmospheric Sciences, University of 

Quebec in Montreal, Montreal, QC, Canada 

 

Table S.1. Complete proxy compilation with the record name, proxy type, coordinates, 

registered subseries and reference study. 

Record name Proxy type Lat (°) Long (°) EH MH LH Reference 

Botuverá cave Speleothem -27.22 -49.15 x x x Bernal et al., 2016 

Lapa Grande cave Speleothem -14.42 -44.36 x x x Strikis et al., 2011 

Majaguas-Cantera Cave Speleothem 22.38 -83.96 x x x Ait Brahim et al., 2022 

El Condor Speleothem -5.93 -77.3 x x x Cheng et al., 2013 

Cueva del Diamante Speleothem -5.73 -77.5 x x x Cheng et al., 2013 

Venado Cave Speleothem 10.6 -84.8 x   Lachniet et al., 2004 

Leviathan Cave Speleothem 37.89 -115.58 x x x Lachniet et al., 2004 

Santiago Cave Speleothem -2.7 -78.3 x x  Mosblech et al., 2012 

Grutas del Rey Marcos Speleothem 15.43 -90.28 x x x Winter et al., 2020 

Natural Bridge Caverns Speleothem 29.69 -98.34 x x x Wong et al., 2015 

Santana Cave Speleothem -24.53 -48.73 x x x Cruz et al., 2006 

Rainha Cave Speleothem -5.6 -37.73  x x Cruz et al., 2009 

Macal Chasm Speleothem 16.883 -89.108  x x Akers et al., 2016  
Huagapo Cave Speleothem -11.27 -75.79  x x Kanner et al., 2013 

 Speleothem 28.60 -82.44  x  Pollock et al., 2017  
Chen Ha Cave Speleothem 17 89  x  Pollock et al., 2017 

Palestina cave Speleothem -5.92 -77.35   x Apaéstegui et al., 2014 
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Bat Cave Speleothem 32.137 -104.54 x Asmerom et al., 2013 

Cueva Bonita  Speleothem 23 -99   x Wright et al., 2023 

Laguna La Gaiba Lake Sediment -17.75 -57.58 x x x Whitney et al., 2011 

Carajas Serra Norte 
Lake Lake Sediment -6.30 -50.20 x x x Turcq et al., 2002 

Caracarana Lake Lake Sediment -3.84 -59.78 x x x Turcq et al., 2002 

Água Preta de Baixo 
Lake Lake Sediment -18.42 -41.83 x x x Turcq et al., 2002 

Dom Helvecio Lake Lake Sediment -19.68 -42.59 x x x Turcq et al., 2002 

Feia Lake Lake Sediment -15.57 -47.30 x x x Turcq et al., 2002 

Lagoa do Caçó Lake Sediment -2.96 -43.42 x x x Pessenda et al., 2005 

Serra do tabuleiro Lake Sediment -27.9 -48.87 x x x 

Jeske-Pieruschka et al., 
2013 

RdCa Lake Sediment -29.48 -50.57 x x x 

Jeske-Pieruschka & 
Behling, 2012 

Acará Lake Lake Sediment -3.4 62.4 x x x Horbe et al., 2011 

Coari Lake Lake Sediment -4.3 -63.2 x x x Horbe et al., 2011 

Lake Santa Rosa Lake Sediment -14.48 -67.88 x x x Urrego et al., 2013 

Pantano de Monica Lake Sediment -0.42 -72 x x x Behling et al., 1999 

Lagoa Da Cachoeira Lake Sediment -6.21 -50.23 x x x Hermanowski et al., 2015 

Pantano da Mauritia Lake Sediment -6.21 -50.24 x x x Hermanowski et al., 2012 

Huanchaca Lake Sediment -14.32 -60.43 x x x Maezumi et al., 2015 

Vereda Juquinha Lake Sediment -17.56 -44.15 x x x Pires et al., 2016 

Alpes de São Francisco Lake Sediment -29.29 -50.37 x x x 

Leonhardt & Lorscheitter, 
2010 

Lagoa Feia Lake Sediment -15.34 -47.18 x x  

Cassino et al., 2020 
 

Lago do Saci Lake Sediment -9.7 -56.16 x x x Fontes et al., 2017 

Lake Peten-Itza Lake Sediment 16.92 -89.83 x x x Curtis et al., 1998 

El Junco Lake Sediment -0.895 -89.479 x x x Conroy et al., 2008 

Laguna de Los Anteojos Lake Sediment 12.723 -71.073 x x x Stansell et al., 2010 

Laguna Queshquecocha Lake Sediment -9.8 -77.3 x x x Stansell et al., 2013 

Laguna Jahuacocha Lake Sediment -10.23 -76.93 x x x Stansell et al., 2013 

Laguna Lutacocha Lake Sediment -10.55 -76.72 x x x Stansell et al., 2013 

Yanacocha Lake Sediment -13.94 -70.87 x x x Beal et al., 2014 

Lake Titicaca Lake Sediment -15.85 -69.140 x x x Fornace et al., 2014 

Lago Puerto Arturo Lake Sediment 17.533 -90.183 x x x Wahl et al., 2014 

Laguna Yanacocha Lake Sediment -10.56  -75.93 x x x Stansell et al., 2015 
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Laguna La Gaiba Lake Sediment -17.75 -57.58 x x x Fornace et al., 2016 

Laguna del Maule Lake Sediment -36.05 -70.5 x x x 

Frugone-Álvarez et al., 
2020 

Lake Elsinore Lake Sediment 33.66 -117.35 x x x Kirby et al., 2010 

Bison Lake Lake Sediment 39.76 -107.34 x x x Anderson, 2011 

Yellow Lake Lake Sediment 36.66 -107.36 x x x Anderson, 2012 

Lower Bear Lake Lake Sediment 34.24 -119.97 x x x Kirby et al., 2012 

San Luis Lake Lake Sediment 37.67 -105.72 x x x Yuan et al., 2013 

Emerald Lake Lake Sediment 40.30 -105.66 x x x Shuman et al., 2014 

Pyramid Lake Lake Sediment 40.06 -119.6 x x x Benson et al., 2002 

Lakes Marcio /Tapera Lake Sediment -0.13 -51.08  x x De Toledo & Bush, 2007 

Lago Aleixo Lake Sediment -17.99 -42.12  x x Enters et al., 2010 

Lake Comprida Lake Sediment -1.86 -53.98  x  Bush et al., 2000 

Lake Santa Maria Lake Sediment -1.58 -53.60  x  Bush et al., 2007 

Lake Saracuri Lake Sediment -1.68 -53.57  x  Bush et al., 2007 

Lake Geral Lake Sediment -1.65 -53.59  x  Bush et al., 2007 

Carajás Lake Sediment -6.58 -49.50  x x Sifeddine et al., 2001 

Lago Rogaguado Lake Sediment -12.6 -65.6  x x Brugger et al., 2016 

Laguna Orícore Lake Sediment -13.2 -63.31  x x Carson et al., 2014 

Laguna Granja Lake Sediment -13.15 -63.42  x x Carson et al., 2014; 2015 

La Luna Lake Sediment -13.35 -63.34  x x Carson et al., 2016 

Lagoa Olhos D'água Lake Sediment -19.38 -43.54  x x Raczka et al., 2013 

Lagoa dos Mares Lake Sediment -19.39 -43.59  x x Raczka et al., 2013 

Cerro Llamoca Lake Sediment -14.16 -74.73  x x Schittek et al., 2015 

Laguna de Montos Lake Sediment 8.512 -71.086  x x Stansell et al., 2014 

Laguna de Mucubají Lake Sediment 8.797 -70.828  x x Stansell et al., 2014 

Laguna de Ubaque Lake Sediment 4.5 -73.9  x x Bird et al., 2018 

La Alberca maar lake Lake Sediment 19.21 -101.46  x x Wogau et al., 2019 

Lake Pata Lake Sediment -0.29 -66.68  x x Nogueira et al., 2021 

Laguna Pallcacocha Lake Sediment -9.39 -77.37  x x Mark et al., 2022 

Lago Crispim Lake Sediment -0.59 -47.65   x 

Behling & Lima da Costa, 
2001 

Lago Tapajós Lake Sediment -2.79 -55.08   x Irion et al., 2006 

Lake Chichancanab Lake Sediment 19.86 -88.76   x Hodell et al., 2005 

Laguna Castilla Lake Sediment 18.79 -70.87   x Lane et al., 2009 

Laguna de Salvador Lake Sediment 18.795 -70.887   x Lane et al., 2009 

Laguna de Juanacatlán Lake Sediment 20.62 -104.73   x Metcalfe et al., 2010 
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Laguna Pumacocha Lake Sediment -10.70 -76.06 x Bird et al., 2011 

Laguna Chepical  Lake Sediment -32.27 -70.5   x Jong et al., 2013 

Lago El Gancho Lake Sediment 11.906 -85.918   x Stansell et al., 2013 

Genovesa Crater Lake Lake Sediment 0.328 -89.96   x Conroy et al., 2014 

maar lake Aljojuca Lake Sediment 19.533 -97.533   x Bhattacharya et al., 2015 

Cerro Tuzgle peatland Lake Sediment -24.15 -66.4   x Schittek et al., 2016 

Lake Kail Lake Sediment 16 -91.554   x Stansell et al., 2020 

Bainbridge Crater Lake Lake Sediment -0.35 -90.57   x Thompson et al., 2017 

Lake Chichancanab Lake Sediment 19.86 -88.76   x Evans et al., 2018 

Lake Limón Lake Sediment -6.71 -76.21   x Parsons et al., 2018 

Lagunillas Lake Sediment -27.2 -69.283   x Kock et al., 2019 

Cerro Tuzgle Lake Sediment -24.15 -66.4   x Kock et al., 2019 

Lake Petén Itzá Lake Sediment -16.92 -89.93   x 

Obrist-Farner & Rice, 
2019 

Jequitinhonha Lake Sediment -15.28 -38.91   x Bahr et al., 2021 

Celestun Lagoon Lake Sediment 20.90 -90.35   x Hardage et al., 2022 

Walker Lake Lake Sediment 38.7 -118.72   x Yuan et al., 2004 

Abbott Lake Lake Sediment 39.02 -121.61   x Hiner et al., 2016 

Zaca Lake Lake Sediment 34.78 -120.04   x Kirby et al., 2014 

 

 North America Central America South America Total 
EH 10 5 35 50 
MH 12 9 53 74 
LH 25 9 59 93 

Total 47 23 147 217 
Table S.2. Number of compiled records according to subcontinent and subseries. 
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Figure S.1. DJF mean precipitation (mm/month), represented by observational and 

reanalysis datasets. a) CMAP, b) GPCC, c) GPCP-CDR, d) PRECL, e) NOAA_CIRES_V2, 

and f) NOAA_CIRES_V3. Reference period for anomalies: 1982 - 2012. 

 

 

Figure S.2. JJA mean precipitation (mm/month), represented by observational and 

reanalysis datasets. a) CMAP, b) GPCC, c) GPCP-CDR, d) PRECL, e) NOAA_CIRES_V2, 

and f) NOAA_CIRES_V3. Reference period for anomalies: 1982  2012. 
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Figure S.3. DJF precipitation variability (SD) (mm/month), represented by observational 

and reanalysis datasets. a) CMAP, b) GPCC, c) GPCP-CDR, d) PRECL, e) 

NOAA_CIRES_V2, and f) NOAA_CIRES_V3. Reference period for anomalies: 1982  

2012. 

 

Figure S.4. JJA precipitation variability (SD) (mm/month), represented by observational 

and reanalysis datasets. a) CMAP, b) GPCC, c) GPCP-CDR, d) PRECL, e) 

NOAA_CIRES_V2, and f) NOAA_CIRES_V3. Reference period for anomalies: 1982  

2012. 
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Figure S.5. Summer insolation in the Northern (blue line) (15°N) and Southern (red line) 

(15°S) Hemispheres of the last 12000 years. Data from Berger & Loutre (1991) and 

available at https://www.ncdc.noaa.gov/paleo-search/study/577. 

 

More detailed analysis of Section 3.2.2 

 

Results from the NA are shown in Figure 4 (the reader is referred to Section 2.2.3. 

between 0 and 65 mm/month in this region throughout the Holocene. DJF is more humid 

during EH (~61 mm/month) and this humidity decreases continuously during MH (~55 

mm/month) and LH (~53 mm/month). JJA is also more humid during the EH (~29 

mm/month) and this humidity decreases during the MH and LH, being very similar in 

these periods (~27 mm/month) (Figure 4. a). While this annual cycle shows a wet season 

between September and February, the annual cycle observed today shows the wet season 

occurring between June and October, with a precipitation increase during boreal summer 

(Comrie & Glenn, 1998; Mo & Schemm, 2008). 

Precipitation anomaly in the NA varies approximately from -18 to 25 mm/month in 

DJF and from -4 to 18 mm/month in JJA. In DJF the EH has higher average values (~5 

mm/month) that decreases along the MH until the end of this period, around 5,000 years 

(~0 mm/month). From that period on there is an increase in these values (~3 mm/month), 

which decreases again at the beginning of the LH, around 4,200 years, reaching negative 

values (~-3 mm/month) (Figure 4. b).  
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In JJA the EH has higher average values (~8 mm/month) that decreases with time, 

around 9,000 years there is an increase in these average values (~9 mm/month) followed 

by another decrease trend that prevails until the end of the MH (~4 mm/month). The LH 

has a trend of increasing mean values (up to 5 mm/month) with an abrupt decrease at the 

end of this period, reaching negative values (~-4 mm/month) (Figure 4. c.).  

Results from the CA are shown in Figure 5. The annual cycle shows that 

precipitation varies between 0 and 140 mm/month in this region throughout the Holocene. 

DJF initiates the EH with lower precipitation (~18 mm/month) that increases during the 

MH (~90 mm/month), which is the wettest period in this region, dropping the LH (~15 

mm/month) to values even lower than those of the beginning of the Holocene period. JJA 

initiates the EH with higher precipitation (~101 mm/month), when compared to DJF, 

which increases during the MH and LH being very similar in these periods (~135 

mm/month) (Figure 5. a). This annual cycle has the same behavior as the annual cycle 

observed today for this region, with the wet season occurring between May and October, 

with a more pronounced increase in precipitation during boreal summer (Gamble & 

Curtis, 2008; Herrera et al., 2020; Singh, 1997). 

Precipitation anomaly in the CA varies approximately from 0 to 17 mm/month in 

DJF and from -40 to 30 mm/month in JJA. In DJF the EH has an oscillation in the average 

values of the precipitation anomaly, which tends to decrease until the end of that period 

around 8000 years (8 to 2 mm/month). During the MH there is also an oscillation in the 

average of these values, which starts lower and tends to increase until approximately 5000 

years (2 to 6 mm/month). Thereafter, there is a downward trend in the mean values of the 

precipitation anomaly for the rest of the MH and for most of the LH (6 to 2 mm/month), 

with even greater decrease at the end of this period (~0 mm/month) (Figure 5. b).  

In JJA the EH has an oscillation in the average values of the precipitation anomaly, 

which starts with lower average values increase until the end of this period (-30 to -15 

mm/month), around 9,000 years, when there is a decrease in these average values (~ -30 

mm/month). During the MH there is also an oscillation in the average of these values, 

which starts lower and increase until about 6,000 years (increasing from -30 to 5 

mm/month). Thereafter, there is a slight upward trend in mean values during the rest of 

MH and throughout LH (~10 mm/month) (Figure 5. c). At both seasons it is possible to 

observe abrupt changes in the precipitation anomaly related to the Younger Dryas (YD) 

at the beginning of the EH and the 8,200 years event.  
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Results from the NSA are shown in Figure 6. The annual cycle shows that 

precipitation varies between 0 and 160 mm/month in this region throughout the Holocene. 

DJF has more precipitation during EH (~90 mm/month) and precipitation decreases 

during MH (~88 mm/month) and continues to decrease during LH (~75 mm/month), 

being lower in this period when compared to the other two periods. JJA also has more 

precipitation during the EH (~135 mm/month) and this precipitation continues to decrease 

during MH (~126 mm/month) and LH (~117 mm/month) (Figure 6. a). While this annual 

cycle shows a wet season between March and August, the annual cycle observed today 

shows the wet season occurring between December and April, with a precipitation 

increase during DJF (Zeng, 1999). 

Precipitation anomaly in the NSA varies approximately from -10 to 42 mm/month 

in DJF and from -18 to 32 mm/month in JJA. In DJF the EH has an oscillation in the 

average values of the precipitation anomaly, which starts to increase around 11,000 years 

until about 9,000 years (from 18 to 30 mm/month), when they decrease until the end of 

that period (~18 mm/month). The MH starts with these lower values that increase until 

about 7,000 years (~30 mm/month). Thereafter, there is a negative trend in the average 

values of the precipitation anomaly for the rest of the MH (~15 mm/month) and for the 

entire LH (until ~ -10 mm/month) (Figure 6. b).  

In JJA the EH has higher average values that decreases around 10,000 years (from 

18 to 8 mm/month) and increases again at the end of that period (~18 mm/month). The 

MH starts with these lower values until around 8,000 years, when there is a tendency for 

the average values of the precipitation anomaly to decrease throughout the rest of the MH 

(~0 mm/month) and throughout the LH (until ~ -18 mm/month) (Figure 6. c). At both 

seasons it is possible to observe abrupt changes in the precipitation anomaly related to the 

YD at the beginning of the EH and the 8,200 years event.  

Results from the NESA are shown in Figure 7. The annual cycle shows that 

precipitation varies between 0 and 210 mm/month in this region throughout the Holocene. 

DJF has more precipitation during EH (~208 mm/month), that precipitation decreases a 

little during MH (~183 mm/month) and continues to decrease during LH (~169 

mm/month). JJA has little variation in precipitation during the Holocene period when 

compared to the variation observed during DJF, however it was possible to observe that 

there is a small increase in humidity during the LH (~11 mm/month) when compared to 

the other periods (~10 mm/month) (Figure 7. a). This annual cycle has the same behavior 
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as the annual cycle observed today for this region, with the wet season occurring between 

January and May, with a precipitation increase during DJF (Hastenrath, 2006). 

Precipitation anomaly in the NSA varies approximately from -40 to 75 mm/month 

in DJF and from -2.8 to 0 mm/month in JJA. In DJF the EH has an oscillation in the 

average values of the precipitation anomaly, which starts to decrease around 11,000 years 

until about 9,000 years (from 50 to 13 mm/month), when they increase until the end of 

that period (~60 mm/month). The MH starts with these highest values that decreases 

around 8,000 years (~10 mm/month) to increase again until about 7,000 years (~25 

mm/month). Thereafter, there is a downward trend in the mean values of the precipitation 

anomaly for the rest of the MH and most of the LH (~ -5 mm/month), with a decrease at 

the end of this period (~ -25 mm/month) (Figure 7. b).  

In JJA the EH also has an oscillation in the average values of the precipitation 

anomaly that decreases at the beginning of that period until around 11,500 years (from 0 

to -1 mm/month) to increase again until around 11,000 years (~ -0.4 mm/month). After 

this period there is a tendency for these values to decrease until around 9,000 years (~ -

1.6 mm/month), when these values increase again until the end of this period (~ -0.5 

mm/month). The MH starts with these highest values which tend to decrease until about 

6,000 years (~ 1.8 mm/month), when there is a tendency for these values to increase 

during the rest of the MH (~ -1 mm/month) and LH (~ -0.2 mm/month) (Figure 7. c). At 

both seasons it is possible to observe abrupt changes in the precipitation anomaly related 

to the YD at the beginning of the EH and the 8,200 years event.  

Results from the CSA are shown in Figure 8. The annual cycle shows that 

precipitation varies between 0 and 245 mm/month in this region throughout the Holocene. 

DJF initiates the EH with precipitation ~240 mm/month, that decreases during the MH 

(~229 mm/month) and increases again during the LH (~242 mm/month). JJA has the same 

behavior, initiates the EH with a certain precipitation (~1.8 mm/month), that decreases 

during the MH (~1.7 mm/month) and increases again during the LH (~1.95 mm/month). 

In this region it can be observed that JJA is the wettest period in this region in all 

considered periods, and that during JJA this region has much lower precipitation than in 

any other season (-1.95 to 1.7 mm/month) (Figure 8. a). This annual cycle has the same 

behavior as the annual cycle observed today for this region, with the wet season occurring 

between October and March, with a precipitation increase during DJF (Butler et al., 2012; 

Gan et al., 2004; Prado et al., 2021).  
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Precipitation anomaly in the CSA varies approximately from -75 to 15 mm/month 

in DJF and from -1 to 0.75 mm/month in JJA. In DJF the EH has a tendency for the 

average values of the precipitation anomaly to decrease until around 9,000 years 

(decreasing from 0.25 to  0.5 mm/month), when these values increase until the end of 

that period (~ -0.1 mm/month). The MH starts with these highest values which tend to 

decrease until about 6,000 years (~ -31 mm/month). From there, there is a tendency for 

the average values of the precipitation anomaly to increase for the rest of the MH (~ -29 

mm/month) and for most of the LH (~ 5 mm/month), with a decrease at the end of this 

period (from -5 to -15 mm/month) (Figure 8. b).  

In JJA the EH has a tendency for the average values of the precipitation anomaly to 

decrease until around 9,000 years (from 0.25 to -0.5 mm/month), when these values 

increase until the end of that period (~ -0.25 mm/month). The MH starts with these highest 

values which tend to decrease until about 6,000 years (~ -0.6 mm/month). From there, 

there is a trend towards an increase in the mean values of the precipitation anomaly for 

the rest of the MH (~ -0.2 mm/month) and LH (~ 0.1 mm/month) (Figure 8. c). At both 

seasons it is possible to observe abrupt changes in the precipitation anomaly related to the 

8,200 years event. 
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A fully calibrated and updated mid-Holocene climate reconstruction for Eastern 
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Table S.1 - Compilation Table 

No Site Lat. 

( ) 

Long. 

( ) 

Proxy 
Type 

Qualit
y 

Reference 

103 Dom Helvecio 
Lake 

-19.68 -42.59 BI/PC 0.40 Turcq et al., 2002 

104 Feia Lake -15.57 -47.30 BI/PC 0.43 Turcq et al., 2002 
105 Lagoa do Ca¸c´o -2.96 -43.42 IF/BI 0.60 Pessenda et al., 

2005 
106 Botucatu* -22.85 -48.48 IF/BI 0.53 Scheel-Ybert et al., 

2003 
107 Jaguariu´na* -22.67 -47.17 IF/BI 0.50 Scheel-Ybert et al., 

2003 
108 Anhembi* -22.75 -47.97 IF/BI 0.37 Scheel-Ybert et al., 

2003 
109 Barreirinhas -3.00 -45.00 IF/PC 0.47 Pessenda et al., 

2004b 
110 Curucutu -23.93 -46.65 IF/BI/PC 0.43 Pessenda et al., 

2009 
11
1 

Lagoa Serra 
Negra* 

-18.95 -46.83 BI 0.10 Cassino, 1992 

112 Lagoa dos 
Olhos* 

-19.38 -43.90 BI 0.10 Cassino, 1992 

113  -17.28 -49.42 BI 0.43 Vicentini & 
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Labouriau, 1996 
114  Cave -12.63 -41.02 IF 4.00 Barreto, 2010 
115 Tamboril -16 -47 IF 0.74 Ward et al., 2019 
116  -4 -55 IF 0.96 Ward et al., 2019 
117  -4 -55 IF 0.33 Wang et al., 2017 
118  -4 -55 IF 0.73 Wang et al., 2017 
119 Jaragua -21 -56 IF 0.89 Ward et al., 2019 
120 Jaragua -21 -56 IF 0.72 Novello et al., 

2017 
121 Botuver´a Caves -27 -49 IF 1.17 Ward et al., 2019 
122 Botuver´a Caves -27 -49 IF 0.66 Bernal et al., 2016 
123 Primeiro 

Rancho 
Caparao´ 

-20.41 -41.66 BI 1.03 Pereira et al., 2012 

124 Ciama Serra do 
tabuleiro 

-27.9 -48.87 BI 0.83 Jeske-Pieruschka et 
al., 2013 

125  das 
Cabritas 

-29.48 -50.57 BI 0.65 Jeske-Pieruschka & 
Behling, 2011 

126  Paulo Bight -18.3 -43.4 IF/BI/PC 1.17 Mahiques et al., 
2009 

127 Pinheiro Mire -4.3 -63.2 IF/BI 0.43 Hora´k-Terra et al., 
2020 

128 Lago 
Rogaguado 

-12.6 -65.6 PC/IF 0.38 Horbe et al., 2011 

129 Lago 
Rogaguado 

-17 -69 BI 0.80 Brugger et al., 
2016 

130 Lake Titicaca -13.2 -63.31 IF/BI 0.40 Weide et al., 2017 
131 Laguna  -0.42 -72 IF/BI 0.41 Carson et al., 2014 
132 Pantano de 

Monica 
-0.27 76.27 IF/BI 0.49 Behling et al., 

1999 
133 Rio Yasuni -6.21 -50.23 IF/BI 0.47 Weng et al., 2002 
134 Lagoa Da 

Cachoeira 
-6.21 -50.24 IF/BI 0.44 Hermanowski et 

al., 2015 
135 Pantano da 

Mauritia 
-6.21 -50.24 IF/BI 0.52 Hermanowski et 

al., 2012 
136 Porto Velho -8.46 -63.56 IF/BI 0.40 Cohen et al., 2014 
137 Laguna Granja -13.15 -63.42 IF/BI 0.38 Carson et al., 2015 
138 La Luna -13.35 -63.34 IF/BI 0.55 Carson et al., 2016 
139 Huanchaca -14.32 -60.43 IF/BI/PC 1.18 Maezumi et al., 

2015 
140 Vereda Juquinha -17.56 -44.15 IBI 1.30 Pires et al., 2016 
141 Lagoa Olhos 

 
-19.38 -43.54 BI 0.56 Raczka et al., 2013 

142 Lagoa dos 
Mares 

-19.39 -43.59 BI 0.50 Raczka et al., 2013 

143 Colonia Crater -23.52 -46.42 IF/BI 0.63 Ledru et al., 2009 
144 Alpes de  

Francisco 
-29.29 -50.37 IF/BI 0.46 Leonhardt & 

Lorscheitter, 2010 
145 Flona -7.2 -39.25 IF/BI 0.93 Pessenda et al., 

2010 
146 Parna -4.1 -41.37 IF/BI 0.73 Pessenda et al., 

2010 
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147 Porto Velho - 
Humaita* 

-8 -63.3 IF/BI 0.27 Freitas et al., 2001 

148 Ariquemes* -10.1 -62.49 IF/BI 0.10 Pessenda et al., 
1998 

149  - 
Pimenta Bueno* 

-11.49 -61.1 IF/BI 0.17 Pessenda et al., 
1998 

150 Vilhena* -12.42 -66.07 IF/BI 0.10 Pessenda et al., 
1998 

151 Laguna Sucuara -16.49 -62.2 IF/BI/PC 0.47 Zech et al., 2009 
152 Pau-de-fruta -18.15 -43.4 BI 0.45 Hora´k-Terra et al., 

2015 
153 Machado soil 

core 
-21.4 -45.55 BI 0.45 Calegari et al., 

2013 
154 CPCN -29.28 -50.1 IF/BI 0.43 Du¨mig et al., 2008 
155 Pampean Region -38.0 -60.0 IF/BI 0.33 Prado & Alberdi, 

1999 
156 Cariaco Basin 10 -65 PC 3.00 Haug et al., 2001 
157 Tobago Basin 11 61 IF/BI 0.58 Reißig et al., 2019 
158 Tobago Basin 11 61 IF/PC 0.73 Hoffmann et al., 

2014 
159 Mid Atlantic 

Ridge 
-44 -14 IF/BI 0.59 Skinner et al., 2010 

160 Sao Jos´e palm 
swamp 

-17.04 -45.06 IF/BI 0.60 Cassino et al., 2018 

161 Lagoa Feia -15.34 -47.18 IF/BI 0.51 Cassino et al., 2020 
162 P´e-de-Pato 

palm swamp* 
-16.2 -49.3 PC 1.35 Ribeiro et al., 2003 

163 Lago do Saci -9.7 -56.16 IF/BI 0.10 Fontes et al., 2017 
164 Santa ninha -2.07 -55.49 IF/BI/PC 0.80 Moreira et al., 

2012 
165  Lake -6.20 -50.25 IF/BI 0.73  et al., 

2021 
166 Serra Sul -6.23 -50.22 IF/BI 0.46  et al., 

2021 
167 Serra do Tarzan -6.19 -50.08 IF/BI 0.43  et al., 

2021 
168  -7.55 -63.04 IF/BI 0.40 Cohen et al., 2014 
169 Cerro do Touro* -26.25 -49.25 IF/BI/PC 0.54 Oliveira et al., 

2008a 
170 Lago do 

Aquiri* 
-3.17 -44.98 BI/PC 0.43 Behling & Costa, 

1997 
171 Tamandua´ 

River* 
-21.45 -47.60 PC 0.43 Turcq et al., 1997 

172 Campo Alegre* -26.25 -49.25 IF/BI/PC 0.43 Oliveira et al., 
2008b 

173 Ang´elica Cave -13.40 -46.23 IF 1.81 Wong et al., 2021 

Table S1: Complete proxy compilation with the number, study site, coordinates, proxy 

type and reference study. The paleo records that were calibrated in this study appear with 

an aster- isk next to the study site name. 
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Figure S.1 - Calibrated age-models from excluded data. 

 

Figure S1. Calibrated 14C age models of the data excluded. Upper panels depict the 

Markov Chain Monte Carlo iterations (left panel), the prior (green curves) and posterior 

(grey histograms) distributions for the accumulation rate (middle panel) and memory 

(right panel). Bottom panel shows the calibrated 14C dates (transparent blue) and the age-

depth model (Blaauw & Christen, 2013). It is possible to observe that the adjustment 

made to generate these age models present a certain discrepancy in relation to the 

uncalibrated ages of each age model. 
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Figure S.2 - Calibrated Data Locations. 

Figure S2. 
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Figure S.3 - All Data Locations. 

 

Figure S3. Locations from the compilation proxies in South America s map, numbers 

refer to the proxies exemplified in Table 2. a) Amazonia region. b) NE Brazil region. b) 

Southern SA region. 
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Supplementary Material 

Long-and shor-term vegetation change and inferred climate dynamics and 

anthropogenic activity in the central Cerrado during the Holocene 
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Table S1. Ecological classification of the pollen taxa identified in the LFB1 core based 

on phytosociological surveys (Araújo et al., 2002, 2011; Assunção and Felfili, 2004; 

Bridgewater et al., 2004; Bueno et al. 2013, 2018; Carvalho and Martins, 2009; Felfili, 

1995, 1997; Felfili et al, 2004; Rossi et al, 1998; Silva Junior et al, 1998, Silva and Felfili, 

1998).  

Family Taxon Life form 
Ecological 
classification 

Acanthaceae Justicia Herb cerrado 
Amaranthaceae Gomphrena Herb cerrado 
Amaranthaceae Althernantera Herb cerrado 
Amaranthaceae Am/Cheno Herb cerrado 
Anacardiaceae Astronium  Tree cerrado (cerradão) 
Anacardiaceae Cyrtocarpa  Tree cerrado (cerradão) 
Anacardiaceae Tapirira  Tree gallery forest 
Anacardiaceae Thyrsodium type Tree gallery forest/cerradão 
Apiaceae Apium  Herb gallery forest 
Apocynaceae Aspidosperma  Tree gallery forest/cerradão 
Aquifoliaceae Ilex Tree gallery forest 
Araceae Spatiphyllum Herb gallery forest 
Araliaceae Schefflera Tree cerrado (cerradão) 
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Arecaceae Euterpe type Treepalm 
gallery forest/lake 
margin 

Asteraceae Baccharis Herb/shrub cerrado 
Asteraceae Vernonia  Herb cerrado 
Bignoniaceae Jacaranda Tree cerrado (cerradão) 
Bignoniaceae Tabebuia Tree cerrado (cerradão) 
Boraginaceae Cordia Herb gallery forest/cerradão 
Boraginaceae Echium  Herb cerrado 
Boraginaceae Heliotrophium Herb cerrado/antropic 
Burseraceae Protium Tree gallery forest/cerradão 
Cannabaceae Celtis Tree gallery forest 

Cannabaceae Trema Tree 
gallery forest/lake 
margin 

Caryocaraceae Caryocar Tree cerrado 
Celasteraceae Plenckia Tree cerrado 
Celasteraceae Celasteraceae Tree gallery forest/cerradão 
Chrysobalanaceae Licania type Tree gallery forest/cerradão 
Cleomaceae Cleome Herb cerrado 
Clethraceae Clethra  Tree gallery forest 
Connaraceae Connarus  Tree gallery forest/cerradão 
Convolvulaceae Evolvulus  Herb cerrado 
Cunnoniaceae Lamanonia  Tree gallery forest 
Dillenaceae Curatella Tree cerrado 
Elaeocarpaceae Sloanea  Tree gallery forest 

Ericaceae Ericaceae Shrub 
gallery forest/lake 
margin 

Erythroxilaceae Erythroxylum Tree cerrado (cerradão) 
Euphorbiaceae Chamaesyce Shrub cerrado 
Euphorbiaceae Euphorbia Shrub cerrado 
Euphorbiaceae Sapium Shrub cerrado 
Euphorbiaceae Sebastiana  Shrub cerrado 
Euphorbiaceae Acalypha  Herb gallery forest/cerradão 
Euphorbiaceae Alchornea Tree gallery forest 
Euphorbiaceae Euphorbiaceae  All various 
Fabaceae Fabaceae All various 
Fabaceae 
(caesalpiniaceae) Ateleia Tree cerrado (cerradão) 
Fabaceae 
(caesalpiniaceae) Diplotropis Tree cerrado (cerradão) 
Fabaceae 
(caesalpiniaceae) Caesalpinea type Tree cerrado (cerradão) 
Fabaceae 
(caesalpiniaceae) Cassia type Tree Gallery forest 
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Fabaceae 
(caesalpiniaceae) Copaifera Tree cerrado (cerradão) 
Fabaceae 
(caesalpiniaceae) Crotalaria  Shrub cerrado 
Fabaceae 
(caesalpiniaceae) Senna  Tree gallery forest/cerradão 
Fabaceae 
(caesalpiniaceae) Peltogyne Tree cerrado 
Fabaceae 
(caesalpiniaceae) Pterogyne  Tree cerrado (cerradão) 
Fabaceae (mimosaceae) Anadenanthera  Tree gallery forest 
Fabaceae (mimosaceae) Mimosa  Shrub cerrado 
Fabaceae (mimosaceae) Piptadenia Tree gallery forest 
Fabaceae 
(papilonaceae) Andira  Tree gallery forest/cerradão 
Fabaceae 
(papilonaceae) Apuleia Tree gallery forest 
Fabaceae 
(papilonaceae) Cratylia type  Shrub cerrado 
Fabaceae 
(papilonaceae) Dalbergia  Tree cerrado 
Fabaceae 
(papilonaceae) Dipteryx type Tree cerrado (cerradão) 
Fabaceae 
(papilonaceae) Erythrina Tree cerrado (cerradão) 
Fabaceae 
(papilonaceae) Glyzyrrhiza type 

Subshrub/shr
ub cerrado (cerradão) 

Fabaceae 
(papilonaceae) Machaerium  Tree cerrado (cerradão) 
Fabaceae 
(papilonaceae) Macroptilium Herb cerrado 
Fabaceae 
(papilonaceae) Pterodon Tree cerrado 
Fabaceae 
(papilonaceae) Papilonaceae All various 
Fabaceae Rhynchosia  Herb cerrado 
Humiricacae Vantanea Tree gallery forest 
Icacinaceae Villarezia  Tree gallery forest 
Lamiaceae Aegiphila Tree gallery forest/cerradão 
Lamiaceae Hyptis Herb cerrado 
Loranthaceae Psittacanthus Herb cerrado 
Lythraceae Cuphea Herb cerrado/lake margin 
Lythraceae Lafoensia Tree cerrado 
Malvaceae Apeiba Tree gallery forest 
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Malphigiaceae Banisteriopsis Vine gallery forest 
Malphigiaceae Byrsonima Tree cerrado 
Malphigiaceae Malpighia type  Herb/vine gallery forest 

Malvaceae 
Ceiba speciosa 
type  Herb cerrado 

Malvaceae Byttneria 
Herb/subshru
b cerrado 

Malvaceae Helicteres type Shrub cerrado 
Malvaceae Eriotheca Tree cerrado (cerradão) 
Melastomataceae Melastomataceae  Tree various 
Meliaceae Cedrela Tree gallery forest 

Meliaceae Guarea type Tree 
gallery forest/lake 
margin 

Menispermaceae Abuta type Shrub cerrado 
Moraceae Moraceae  Tree gallery forest 
Myrtaceae Myrtaceae Tree various 
Nyctaginaceae Pisonia Tree gallery forest/cerradão 
Ochnaceae Ouratea  Tree cerrado (cerradão) 
Ochnaceae Sauvagesia  Herb cerrado/lake margin 
Pentaphylacacées Ternstroemia Tree semideciduos forest 
Phytolaccaceae Gallesia  Tree gallery forest 
Piperaceae Peperomia Herb gallery forest 

Piperaceae Piper Shrub 
gallery forest/lake 
margin 

Plumbaginaceae Plumbago type  Subshrub gallery forest 
Poaceae Poaceae Herb cerrado 
Podocarpaceae Podocarpus Tree gallery forest 
Portulacaceae Portulaca Herb cerrado 
Primulaceae Cybianthus Tree gallery forest/cerradão 

Primuliaceae Myrsine Tree 
gallery forest/lake 
margin 

Rhamnaceae Ziziphus  Tree gallery forest 
Rhamnaceae Colubrina Tree gallery forest 
Rubiaceae Borreria  Herb cerrado 
Rubiaceae Didymaea type Herb cerrado 
Rubiaceae Alibertia Shrub cerrado (cerradão) 
Rubiaceae Sabiceae Shrub/herb cerrado (cerradão) 
Rubiaceae Citrus Tree cerrado 
Rubiaceae Psychotria  Shrub gallery forest 
Rubiaceae Amaiuoa Tree gallery forest 
Rubiaceae Coussarea Tree gallery forest/cerradão 
Rubiaceae Guettarda Tree gallery forest/cerradão 
Rubiaceae Rubiaceae type All various 
Rutaceae Esenbenckia Shrub cerrado 
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Rutaceae Zanthoxylum  Tree  cerrado (cerradão) 
Salicaceae Casearia  Tree cerrado (cerradão) 
Sapindaceae Diatenopterix  Shrub cerrado/gallery forest 
Salicaceae Neosprucea  Tree cerrado 
Sapindaceae Paullinia Herb gallery forest 
Sapindaceae Matayba Tree gallery forest/cerradão 
Sapotaceae Chrysophyllum Treelet cerrado (cerradão) 
Sapotaceae Diploon Tree gallery forest/cerradão 
Sapotaceae Pouteria  Tree gallery forest/cerradão 
Simaroubaceae Simaruba Tree gallery forest/cerradão 
Smilaceae Smilax Herb gallery forest 
Solanaceae Solanum Shrub cerrado/gallery forest 

Urticaceae Cecropia Tree 
gallery forest/lake 
margin 

Verbenaceae Lantana Shrub cerrado/gallery forest 
Verbenaceae Lippia  Shrub cerrado/lake margin 
Vochysiaceae Vochysia Tree cerrado/cerradão 
Winteraceae Drimys Tree gallery forest 
Xyridaceae Xyris Herb cerrado/lake margin 

    
Cyperaceae Cyperaceae Herb various 

    
Alismataceae Echinodorus Herb lake margin 
Alismataceae Sagittaria Herb lake margin 
Arecaceae Mauritia type Treepalm lake margin/aquatic 
Cabombaceae Cabomba Herb lake margin/aquatic 
Eriocaulaceae Eriocaulon Herb lake margin 
Haloragaceae Myriophyllum Herb aquatic 
Lentibulariaceae Utricularia Herb lake margin 
Lythraceae Crenea Herb lake margin/aquatic 
Nymphaeaceae Nymphaea Herb aquatic 
Onagraceae Ludwigia Shrub lake margin 
Plantaginaceae Stemodia type Herb lake margin 
Polygalaceae Polygalaceae Herb lake margin 
Polygonaceae Polygonum Herb lake margin 
Pontederiaceae Eichornia  Herb aquatic 
Potamogetaceae Potamogeton Herb aquatic 
Rubiaceae Diodella Herb lake margin 
Scrophulariaceae Bacopa  Herb lake margin 
Typhaceae Typha Herb aquatic 
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Table S2. Principal Component Analysis (PCA) of the pollen taxa and their contribution 

to the temporal variability. 

Taxon PC1 PC2 PC3 PC4 PC5 
Myrtaceae 0.0016 4.18E+00 1.53E+01 3.71E-01 1.06E-01 
Melastomataceae 1.179555 9.39E-01 4.80E-02 4.28E-01 6.18E+00 
Ilex 0.790575 2.14E+00 6.53E+00 4.26E-02 4.08E-01 
Trema 1.402998 1.13E-01 5.64E-01 1.94E+00 1.68E+00 
Guarea 0.008116 3.25E-01 1.39E-01 1.11E+00 4.05E+00 
Myrsine 5.787764 3.21E-01 4.36E-01 1.37E-02 1.81E-01 
Cecropia 5.454394 1.11E-01 6.56E-01 2.99E+00 7.49E-01 
Euterpe 0.741225 1.25E+00 1.46E+00 4.21E-02 3.14E+00 
Tapirira 2.838768 7.98E-02 3.29E-01 3.02E-02 2.84E-01 
Celtis 6.514203 1.90E+00 1.89E-03 9.86E-02 3.21E+00 
Clethra 0.030433 6.68E-01 3.62E-02 1.38E+00 9.27E-01 
Lamanonia 3.87372 1.02E+00 3.69E-02 1.93E+00 1.33E-03 
Sloanea 0.511929 3.26E-03 2.72E+00 2.02E-01 2.48E-03 
Alchornea 1.795179 3.66E-01 2.77E-01 1.05E-01 7.44E+00 
Apuleia 1.789067 2.63E+00 1.65E-01 1.09E+01 7.93E-01 
Anadenanthera 1.361225 2.09E-01 4.76E-02 4.27E-01 2.98E-01 
Piptadenia 1.383366 1.73E-06 1.14E-02 1.41E-01 1.90E+00 
Vantanea 1.456087 3.65E+00 5.69E-02 1.39E+01 1.37E-01 
Villarezia 0.00212 6.72E-01 1.63E-01 1.73E-01 1.03E+00 
Apeiba 0.664419 1.76E-01 6.34E-01 7.08E-02 7.95E+00 
Cedrela 0.053749 2.83E+00 7.97E+00 5.87E-01 6.90E-01 
Moraceae 5.905101 7.39E-01 1.18E-02 1.06E+00 8.53E-02 
Gallesia 0.370934 9.15E-02 6.24E-01 1.82E-03 4.11E+00 
Podocarpus 0.087041 1.09E+00 4.32E-01 1.30E+00 9.35E-03 
Rosaceae 0.001568 1.33E+00 5.42E-02 1.41E-05 7.25E-02 
Ziziphus 0.432087 3.34E+00 2.85E-01 2.02E-02 9.02E-03 
Colubrina 2.372129 7.57E-01 4.17E-03 3.11E+00 2.14E+00 
Amaiuoa 0.001871 4.38E-01 8.29E-05 1.75E-01 6.12E-01 
Drymis 0.07726 2.59E-02 1.37E-03 3.45E-02 1.55E+00 
Banisteriopsis 0.053486 2.46E+00 1.40E+01 5.23E-01 3.18E-03 
Poaceae 5.870007 3.69E-02 1.29E-01 9.43E-01 7.74E-01 
Cassia type 0.311777 7.81E-01 2.87E-01 1.54E-01 1.43E-01 
Senna 0.720932 3.90E+00 2.07E+00 2.07E+00 1.51E-02 
Andira type 0.078293 1.01E-01 7.02E-02 1.46E+01 8.68E-01 
Pisonia 0.36167 5.85E-03 7.45E-02 5.60E-01 5.23E-01 
Cybianthus 3.035126 4.22E-01 3.75E-01 6.79E-01 3.08E-01 
Rhamnaceae 0.043932 3.59E-05 1.02E-03 2.72E-02 1.10E-02 
Coussarea 0.603992 5.49E+00 1.83E+00 3.23E-02 8.98E-01 
Guettarda 3.281143 2.29E+00 6.99E-01 4.07E-01 1.63E-01 
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Matayba 2.751269 2.17E+00 2.87E+00 6.16E-01 1.33E-04
Samaba/Simaruba 0.041321 1.39E-02 1.94E-01 1.08E-02 2.03E-01 
Protium 0.74764 5.92E-01 2.75E-01 1.30E+00 6.73E-01 
Aspidosperma type 0.05617 1.43E+00 7.61E+00 6.67E-01 1.69E-02 
Thyrsodium type 0.718029 3.43E+00 6.21E-01 1.33E+00 1.37E-03 
Erythrina 0.122823 4.17E-02 4.98E-02 1.48E-01 6.34E-03 
Ternstroemia 0.145183 2.11E+00 1.11E+00 3.12E-03 8.27E+00 
Pterogyne 0.094572 2.93E+00 3.90E-01 6.00E-03 9.29E-01 
Ateleia 0.032263 1.32E-02 2.81E-01 8.44E-01 3.45E+00 
Diplotropis 0.086668 1.56E-01 1.31E-02 1.22E-01 6.45E-03 
Licania type 0.138436 1.94E+00 1.27E+01 1.58E-01 1.59E-01 
Connarus type 0.48735 4.76E-01 3.15E-01 2.35E-01 3.07E-01 
Aegiphila 0.123962 5.15E-04 4.68E-03 3.25E-03 7.77E-01 
Celasteraceae type 0.163682 3.32E+00 5.24E-01 2.77E+00 1.74E+00 
Diploon 2.40457 4.47E+00 2.20E-01 3.76E+00 2.02E-02 
Pouteria 1.792844 1.28E+00 6.30E-01 9.57E-03 2.14E+00 
Astronium 4.430871 1.88E-01 3.80E-01 4.56E-01 2.11E+00 
Schefflera 5.924555 6.70E-01 6.31E-03 2.65E-01 2.01E-01 
Copaifera 3.411755 3.25E-02 1.52E-01 9.01E-01 3.58E-01 
Eriotheca 0.966714 2.14E+00 2.56E-03 9.67E-01 2.53E+00 
Zanthoxylum 0.04248 1.12E+00 1.24E-01 6.56E-02 2.72E+00 
Casearia 1.872353 6.42E-02 1.06E+00 7.22E-03 3.45E+00 
Chrysophyllum 0.063083 3.45E-02 1.47E-01 1.68E+00 4.25E-05 
Vochysia 0.009194 2.89E-01 7.17E-01 1.12E-01 2.26E-01 
Ouratea 0.289571 1.75E-02 1.66E-02 1.33E-01 2.73E+00 
Cyrtocarpa 1.467075 5.73E-01 1.21E-01 3.76E-02 1.73E+00 
Jacaranda 0.403733 8.87E-01 2.54E+00 1.92E+00 8.58E-03 
Tabebuia 1.012926 7.05E+00 1.02E+00 2.99E-01 5.16E-01 
Erythroxilum 1.273246 4.04E+00 2.01E+00 4.01E-01 1.15E+00 
Caesalpinea type 0.186274 6.28E-01 2.04E-01 1.50E-01 5.10E-02 
Dalbergia 0.077493 3.50E-03 1.29E-01 2.71E-01 1.07E-03 
Dipteryx type 0.222771 7.62E-01 2.87E+00 5.03E-03 2.28E-01 
Machaerium 0.025338 1.29E-01 1.20E-02 1.46E-01 3.05E-01 
Byrsonima 3.848225 8.85E-01 3.68E-02 2.17E+00 2.06E-01 
Peltogyne 0.032795 5.77E+00 1.01E+00 4.48E-02 8.90E-03 
Caryocar 0.123721 4.71E-02 2.08E-01 1.67E-01 4.18E-01 
Plenckia 0.187918 7.40E-01 2.16E-01 1.20E+01 1.53E-01 
Curatella 1.665836 9.96E-01 2.36E-01 6.00E-02 2.19E+00 
Pterodon 0.112336 9.95E-04 6.79E-02 1.67E-01 1.48E+00 
Lafoensia 0.008988 9.33E-01 1.72E-02 4.36E-01 1.39E+00 
Citrus 0.655789 6.51E-02 1.85E-01 2.41E-02 3.55E+00 
Neosprucea 0.529339 6.51E-01 1.78E-01 2.60E+00 1.62E-01 
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Table S3. Results of the PCA analysis showing the eigenvalues of each component and 

the significance as a percentage, and the contribution of Poaceae, cerrado tree taxa and 

gallery forest taxa. Bold numbers show the contribution of important taxa in each 

component. 

 PC1 PC2 PC3 
Eigenvalue 4.0720421 2.2171906 1.9753245 
% of variance 20.360211 11.085953 9.876623 
Cumulative % of variance 20.360211 31.44616 41.32279 
Variable contribution    
Alchornea 0.015606 0.477148 5.833479 
Anadenanthera 3.077405 0.110325 4.029714 
Apeiba 5.513804 8.668668 7.532887 
Astronium 10.3359 1.096979 6.5464 
Banisteropsis 2.953117 14.38045 0.692803 
Byrsonima 6.169119 0.42987 0.543156 
Casearia 0.199846 14.40314 0.004718 
Cecropia 9.185715 2.078618 3.580463 
Celtis 11.24933 1.655514 3.258701 
Euterpe type 0.160955 11.48573 1.565791 
Ilex 10.70556 4.836976 0.10812 
Melastomataceae 0.200181 2.718896 25.27243 
Moraceae 10.10654 0.001396 2.318473 
Myrsine 5.923308 0.195154 13.17908 
Myrtaceae 3.90931 23.25632 0.036048 
Ouratea 0.023185 2.980759 1.503758 
Poaceae 8.930181 1.534874 8.595117 
Tapirira 2.372401 1.015388 1.806671 
Ternstroemia 3.213703 8.524285 13.55841 
Trema 5.754831 0.149508 0.033776 
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Table S4. Classification of pollen taxa according to life form (LF), pollination syndromes 

(PS), ecology (stratum = S, light exposition = L and habitat). t=tree, h=herb, 

e=entomophilous, a=anemophilous, ls=lower storey (< 10 m), ms=medium storey (~ 15 

m), us=upper storey (> 20 m), st=shade tolerant, ld=light demanding. The pollination 

syndrome was based on: Deus et al., 2014; Martins and Batalha, 2006; Pereira et al., 2022; 

Rios and Sousa-Silva, 2017. Life form and ecology are from: Rossi et al., 1998; Silva 

Junior et al., 1998; Araujo et al., 2011; Felfili et al., 2007; Oliveira-Filho and Ratter, 1995; 

Assunção and Felfili, 2004; Araujo et al., 2002; Carvalho and Martins, 2009; Felfili et al., 

2004; Bridgewater, 2004; Silva and Felfili, 1998; Bueno et al., 2013 and 2018, Durigan 

et al., 2022. 

 
Family Pollen taxa L

F 
P
S 

S-L Habitat 

Gallery forest           
Anacardiaceae Tapirira t e ms-st Commonly found in moist soils that can tolerate 

a reduction in humidity 

Aquifoliaceae Ilex t e ls-st When present and well established can support 
low humidity. Can be present in montane forest 
and in floodplain or swampy gallery forest 

Arecaceaea Euterpe t e ls-st Moist soils and/or increase in precipitation  

Cannabaceae Celtis t e ls Moist soils, when present in gallery forest can 
support periodic flooding 

Cannabaceae Trema t ae ls-ld Found in humid soils, but can growth in 
inundated areas. Pioneer tree 

Euphrobiaceae Alchornea t a us-ld Along river banks and alluvial plains 

Fabaceae 
(mim) 

Anadenanther
a 

t e md-
ld 

Fertile soils with resistance to water deficiency 

Malphigiaceae Banisteropsis t e ls-ld Inside gallery forest and dry forest 

Malvaceae Apeiba t e ms Moist soils with low resistance to water 
deficiency 

Melastomatace
ae 

Melast-Comb t e ls Fertile and moist soils. Can be found associated 
with the edge of swamps and marshes 

Moraceae Mor-Urt t ae ls Well-drained soils in moist forest, common in 
rainforest 

Myrtaceae Myrtaceae t e ls Moist soils, adapted to reduction in water 
availability. Can tolerate less humid conditions 

Primulaceae Myrsine t e us-ld Usually found in forest (gallery forest, dry forest 
and cerradão), tolerant to reduced water 
availability 

Urticaceae Cecropia t ae ls-ld Moist soils. Pioneers with rapid growth: re-
establishes woodland physiognomies 

Cerrado           
Poaceae Poaceae t a f Most species C4 plants, dominant on open 

cerrado physiognomies 
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Anacardiaceae Astronium t e ls Commonly found in rocky and dry soils, with a 
preference for fertile soils, and can tolerate 
reduction in humidity 

Dillenaceae Curatella t e ls Adapted to dry soils; drought tolerant and slow 
growth  

Fabaceae (pap) Dalbergia t e ls-st Fertile soils; adapted to dry conditions and 
reduced water availability 

Malphigiaceae Byrsonima t e ls Well-drained soils, adapted to reduced water 
availability 

Ochnaceae Ouratea t e ls, 
lm-ld 

Well-drained soils, can tolerate dry conditions. 
Found in transition zones from open to closed 
physiognomies, usually in Cerrado sensu stricto 
and cerradão 

Pentaphylacea
e 

Ternstroemia t e ls Fertile soils; when established can tolerate 
drought 

Salicaceae Casearia t e ls Found in moist soils; tolerates reduced water 
availability. Natural pioneer trees, observed 
after burn episodes. Commonly found near river 
banks, in the upper area, and in transition zones 
from grassland to arboreal vegetation 

 

 

Figure S1. Pollen diagram of core LFB1 with, from left to right, radiocarbon dates, depth 

scale, AP/NAP frequency, 28 selected pollen taxa frequency, total pollen influx (PAR) of 

the terrestrial (Tpollen) and water level-related taxa (Apollen), macrocharcoal 

concentration (mm2/cm3) and cluster diagram with the five pollen zones. The red bars 

on the left show the samples with less than 300 pollen grains in the total pollen sum. 
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Figure S2. A) PCA of selected pollen taxa representing the first and second components. 

The groups suggest a relation to water availability: high (green), intermediate (red), and 

low (yellow) dependance. B) Values of z-scores for each variable contributing in PC1, 

pollen taxa in bold have contributed >5% in the temporal changes for the first component. 

 

 

 

Figure S3. Pollen diagram of water level-related taxa (8) fern spores (6), and non-

palynomorphs (algae and fungal spores) (15) of core LFB-1 presented along a depth scale 

and showing the pollen zones. 
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Figure S4. Changes in fire activity at Lake Feia during the last 6000 years, showing, from 

left to right, the time scale (cal a BP), L:W ratio, charcoal influx (CHARarea; 

mm2/cm2/a), a summary pollen diagram for the three main ecological groups. The dashed 

vertical lines shows the division between wood (<2.5)/grass (>3.5) origin of the charcoal 

particles (from Vachula et al., 2021), the dashed horizontal line shows when the 

vegetation cover changed from an open to a woody cerrado, and the gray bands show the 

dry intervals as identified by the palynological analysis. 
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