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Societal Impact Statement

Global climate models that incorporate carbon sources and sinks usually consider that

forest uptake of carbon is in a state of equilibrium. Both historical and paleoecologi-

cal records suggest that this is commonly not the case for Amazonia. Here, the

impacts of colonial practices on Amazonian Indigenous peoples and forests are

reviewed. Human activities affect forests' successional stages, trajectories, and spe-

cies composition. By increasing the spatial coverage of paleoecological records that

focus on pre- and post-Columbian periods, the long-term interactions between

humans and Amazonian forests and their role in affecting Earth's climate may be bet-

ter understood.

Summary

Legacy effects left by the activities of Indigenous people in Amazonia are well known.

Although severe, widespread, and recently occurring, the impacts left post-1492 CE

have been less investigated. We review the impact of colonial practices on Indige-

nous peoples and Amazonian forests. We suggest that forests comprise the sum of

their past events, in a mosaic of different cumulative successional trajectories

depending on the type, frequency, intensity, and timing of human influence. In

regions with a history of minimal human influence, old-growth species sensitive to

fire would be the dominant landscape. In regions with high pre-Columbian and low

colonial influence, old-growth forests carrying pre-Columbian ecological legacies

would be prevalent. Regions occupied by Indigenous groups post-1492 CE would

also carry similar ecological legacies. In regions influenced by the Jesuits,

mid-successional forests are expected to be enriched with cacao trees. In regions of

latex extraction during the rubber boom, mid-growth forests would present high

abundances of early and mid-successional species and depletion of some species. In

deforested areas, we expect early successional forests with influence of exotic useful

species. This patchwork of history probably plays a large role in shaping today's for-

ests, and the biodiversity and carbon dynamics documented within them. Paleoeco-

logical work focusing on the last millennium, although scarce, has the potential to

detect these mosaics of past human influence, and they should be considered when

estimating forest ages and successional stages across the basin.
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1 | INTRODUCTION

Amazonian forests are some of the most biodiverse regions on earth

(Funk et al., 2012; Gentry, 1988; Jenkins et al., 2013; Mittermeier

et al., 2003; Ryder Wilkie et al., 2010) and sequester 17% of terrestrial

carbon stocks, primarily in the aboveground biomass (Feldpausch

et al., 2012; Gloor et al., 2012). Amazonia also has a diverse human

history, with over 300 Indigenous groups living in today's forests

(ISA, 2023).

Human activities have the potential to affect the successional tra-

jectory of a forest by leaving long-lasting or persistent effects on the

vegetation, commonly termed ecological legacies (Åkesson

et al., 2021; Clement, 1988b; Levis et al., 2017, 2018, 2020; Lins

et al., 2015; Maezumi et al., 2022; McMichael, 2021). Humans have

left these persistent effects on the forest through the use of fire

(Åkesson et al., 2021, Barlow & Peres, 2008, McMichael, Bush,

et al., 2023), hunting (Antunes et al., 2016; Redford, 1992), cultivation

(Åkesson et al., 2021; Brugger et al., 2016), soil modification

(De Oliveira et al., 2020; Junqueira et al., 2010, 2011), the construc-

tion of earthworks (Carson et al., 2014; Pärssinen et al., 2020; Watling

et al., 2017), and deforestation (Jakovac et al., 2021, McMichael, Vink,

et al., 2023). These legacies also result from the intentional and unin-

tentional enrichment or depletion of plant species (Åkesson

et al., 2021; McMichael, 2021) and expanding of their geographic dis-

tributions outside of their native ranges (Clement et al., 2015; Levis

et al., 2017). Examples of enrichment include fruit-producer species,

such as peach palm (Bactris gasipes), Moriche (Mauritia flexuosa), and

Brazil nut (Bertholettia excelsa) (Clement, 1988a; Clement et al., 2015;

Levis et al., 2012; Rull & Montoya, 2014). Examples of depletion

include species used for construction, such as Iriartea deltoidea, or

species that die after being harvested, such as species that produce

the palm heart (Euterpe edulis or Syagrus oleracea) (Ferreira

et al., 2019; Haynes & McLaughlin, 2000). The establishment of

reproductive populations of enriched species or the lack of recovery

of depleted species in comparison with pre-disturbance abundances

are also forms of ecological legacies (Åkesson et al., 2021,

McMichael, 2021).

Since biomass accumulation is affected by species composition

(Phillips et al., 2019; Sakschewski et al., 2016) and by the succes-

sional stage of a forest (Poorter et al., 2016), the history of land use

and the effects of ecological legacies also play an important role in

Amazonian carbon dynamics (Feldpausch et al., 2022; Heijink

et al., 2023). In the early- to mid-stages of succession, for example,

biomass gain and carbon sequestration rates are high. When a for-

est transitions from a mid-successional to a mature state due to the

loss of long-lived pioneer and mid-successional species, biomass can

decrease and carbon sequestration rates are slower (Poorter

et al., 2016). The intensity of the disturbance is similarly important

for explaining forest biomass recovery (de Avila et al., 2018). The

strength of ecological legacies and the successional stage of modern

forests are both influenced by the frequency, extent, and intensity

of the forests' past disturbance and by the time of the most recent

disturbance (Åkesson et al., 2021; Bodin et al., 2020; Jakovac

et al., 2021; McMichael, 2021). As the lifespan of most Amazonian

tree species exceeds 200 years (Chazdon, 2003), successional pro-

cesses can take centuries (Poorter et al., 2016), and forests that

were modified over the last millennia could still be in a mid-

successional state and carrying strong legacy effects.

Pre-Columbian Indigenous peoples (the people that inhabited

the land prior to European arrival to the Americas in 1492 CE)

left ecological legacies that persisted at least until the modern

day (Balée & Gély, 1989; Denevan, 2006; Levis et al., 2017).

Pre-Columbian peoples have occupied and modified Amazonia for

longer than 10,000 years (Lombardo et al., 2013; Roosevelt, 1991;

Roosevelt, 2013; Skoglund & Reich, 2016; Watling et al., 2018). The

earliest inhabitants of Amazonia began managing landscapes through

fire and plant domestication (Nascimento et al., 2022), leading to pop-

ulation growth (Goldberg et al., 2016) and eventually the development

of complex urban centers (Heckenberger et al., 2008; Prümers

et al., 2022; Rostain et al., 2024). The effects of the pre-Columbian

indigenous forest modification and the resulting ecological legacies in

Amazonia have been the focus of many recent studies (Åkesson

et al., 2021; Clement et al., 2015; Levis et al., 2017; Maezumi

et al., 2022; McMichael et al., 2017). Less focus, however, has been

placed on the periods after European arrival (McMichael, Bush,

et al., 2023).

The first European expedition along the Amazon River

occurred in 1541 CE, led by Francisco de Orellana (Medina, 1934).

Europeans began colonizing Amazonia shortly afterward

(Cleary, 2001; Reeve, 1993; Smith, 1948), disrupting the long-term

pre-Columbian human–environment relationships in some regions

(Figure 1a). Colonization brought enslavement, warfare, and novel

diseases, causing the premature mortality of 90%–95% of the

Indigenous population by the 1600s (Black, 1992; Dobyns, 1983).

The death of so many Indigenous peoples and subsequent land

abandonment is suggested to have caused a surge in carbon

uptake through forest regrowth (Dull et al., 2010; Koch

et al., 2019; Smith, 1999). After 1549 CE, the Jesuits arrived in the

Amazon and began practices of enslavement, fragmentation, and

displacement of Indigenous populations (Sá Carvalho, 2018;

Urzedo & Chatterjee, 2021), continuing to disrupt the long-term

pre-Columbian human–environment relationships in many areas of

the forest. Many lands were re-occupied by Jesuits, and new con-

structions probably resulted in large-scale deforestation that lasted

until 1767 CE, when the Jesuits were expelled from South America

(Silk & Cavalcanti, 1908).
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After the invention of the steam engine and subsequent industri-

alization by c. 1850 CE (Crutzen, 2002a, 2002b), colonial impacts on

Amazonian forests and Indigenous people grew significantly with the

extreme population increase brought by the Amazonian rubber boom

(1850 CE) (Colson, 1984). The rubber boom left a secondary wave of

colonial impacts and the establishment of many new cities and subse-

quent land abandonment on the Amazonian landscape by the time it

faded around 1920 CE (Barham & Coomes, 1994; Colson, 1984;

Fotiou, 2016; Rivero & Cooney Seisdedos, 2010). After the rubber

boom, several large-scale developmentalist strategies further

impacted Amazonian forests and Indigenous peoples. During the

Brazilian military dictatorship (1964–1985 CE), for example, displace-

ment of Indigenous groups, increase in resource exploitation, and

deforestation occurred. Between 1975 and 1978 CE, deforestation

had more than doubled, as cattle ranchers and large oil companies

were benefited by the government (Larrea-Alcázar et al., 2021;

Wood & Schmink, 1993).

Here, we review the impact of colonists on Indigenous

peoples (Figure 1a) and Amazonian forests (Figure 1b–g) during

the post-colonial period of Amazonia, covering the arrival of

Europeans in Amazonia (1541 CE), the Jesuit mission establishment

(1549–1767 CE), the rubber boom (1850–1920 CE), and the modern

developmentalist strategies (1920 CE to present). We then explore

how these waves of early European colonization, subsequent land

abandonment, changes in economic activities, and the remnant Indige-

nous land use may have resulted in various forms of ecological

impacts and legacies that are still present in modern forests

(Figure 1h–m). We discuss whether and how the impacts of human

activity after colonization were in some regions stronger than those

created in the pre-Columbian period, whether ecological legacies are

F IGURE 1 Possible impacts of European colonization on Amazonian Indigenous populations and forests. Timeline sketch illustrates relative
estimated population changes (a), land use (b–g), and predicted effects on modern forests if abandoned at each respective period (h–m).
Indigenous populations are represented by black human figures and non-indigenous by red human figures (a). Shades indicate the extent of each
period. Changes in pre-Columbian populations are based on the summed probability distribution of 14C dated Amazonian archaeological dates
(Arroyo-Kalin & Riris, 2021). Tree drawings: Nina Witteveen.
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the result of cumulative impacts from pre- and post-colonial practices,

and the possibility that pre-Columbian legacies have been overwritten

in some instances. It is important to point out that human occupation,

land use, and the resulting vegetation impacts and ecological legacies

have varied across Amazonia's massive extent throughout the last

12,000 years. The consequences of European arrival to the Americas

in 1492 CE were enormous, though probably not absolute across

Amazonia or occurring as a moment in time. The division used here to

indicate pre-Columbian and post-colonial periods are only indications

of time, not necessarily of land use or ecological change.

2 | PRE-COLUMBIAN PERIOD (EARLIER
THAN 1492 CE) AND ECOLOGICAL LEGACIES

Evidence of Indigenous people in Amazonia has been found as early

as 12,000 years ago (Lombardo et al., 2013; Roosevelt, 1991;

Roosevelt, 2013; Skoglund & Reich, 2016; Watling et al., 2018). Man-

ioc and squash cultivation and domestication in the seasonally flooded

savannas of the Bolivian Beni can be traced back to 10,400 calibrated

years before present (hereafter cal year BP) (Lombardo et al., 2020).

These cultivars, along with the cultivation of guava, beans, pequi, and

palm fruits, have been documented as early as 9000 cal year BP in

southwestern Amazonia (Watling et al., 2018), and manioc and lerén

(arrowroot) were being cultivated by 8000 years ago in Colombia

(Oliver, 2008). Maize cultivation has been documented across western

Amazonia as early as 6500 cal year BP (Brugger et al., 2016; Bush

et al., 1989; Bush et al., 2016), and domesticated forms of rice have

also been found beginning around 4000 cal year BP (Hilbert

et al., 2017). The onset of plant domestication in eastern Amazonia

seems to have occurred much later, after 4000 cal year BP

(Nascimento et al., 2022), even though this is the region with the old-

est evidence of human occurrence in Amazonia (Roosevelt

et al., 1996).

Besides cultivating and domesticating plant species during the

Holocene, pre-Columbian Indigenous people were also burning for-

ests (Figure 1c) (Behling, 2001; Behling & da Costa, 2000; Brugger

et al., 2016; Bush et al., 2008; Bush et al., 2016; Carson et al., 2014;

Cordeiro et al., 2008; De Toledo & Bush, 2008; Gosling et al., 2021;

Irion et al., 2006; Kelly et al., 2018; Maezumi et al., 2018; Mayle

et al., 2000; Urrego et al., 2013). The use of fire was less frequent in

the wetter forests of western Amazonia compared with the drier

regions of eastern and southern Amazonia (Gosling et al., 2021;

Nascimento et al., 2022). Fire rarely ignites or spreads in the absence

of humans in the wet rainforests (Bush et al., 2007; Bush et al., 2008;

Kauffman & Uhl, 1990) and occurs much less frequently in the drier

regions, including the savannas, in the absence of human activity

(Hermanowski et al., 2012). Most Amazonian plants are not evolution-

arily adapted to fire because of its natural rarity (Kauffman, 1991;

Kauffman & Uhl, 1990; Uhl & Kauffman, 1990), and when it occurs, it

can cause significant vegetation turnover (Barlow & Peres, 2008). For-

ests with long-term human-induced fires could then contain higher

abundances of species possessing traits associated with fire tolerance

and/or lower abundances of fire-sensitive species (McMichael, Bush,

et al., 2023).

Amazonian Indigenous people also made significant modifications

to the soils that have persisted for thousands of years and are still pre-

sent in the modern landscape (Lehman et al., 2003, Neves, Petersen,

Bartone, & Augusto Da Silva, 2004, Neves, Petersen, Bartone, &

Heckenberger, 2004, Sombroek, 1966). The formation of Amazonian

Dark Earth (also called terras pretas, hereafter ADE, Figure 2) began as

early as 6000 years ago in southwestern and central Amazonia and

spread in spatial extent and frequency over the last 2000 years

(Neves, Petersen, Bartone, & Augusto Da Silva, 2004, Neves,

Petersen, Bartone, & Heckenberger, 2004, Arroyo-Kalin, 2010,

Glaser & Birk, 2012, Schmidt et al., 2014, McMichael & Bush, 2019,

Iriarte et al., 2020, Maezumi et al., 2022). The increased nutrient levels

of ADE soils have persisted for centuries (Arroyo-Kalin, 2010, Glaser

F IGURE 2 Distribution of the
evidence of pre-Columbian human
occupation and lake records from
Amazonia. Letters indicate the
paleoecological records obtained from lake
sediments mentioned in the text: P = Pata,
K = Kumpaka, A = Ayauchi, S = Sauce,
R = Rogaguado. Black line indicates
Amazonia sensu strictu.
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et al., 2001, Schmidt et al., 2014), and as a result, plant assemblages

enriched with useful species in the modern forests tend to occur more

frequently on ADE soils than on non-ADE soils (De Oliveira

et al., 2020; Junqueira et al., 2010, 2011). The differences between

plant communities on ADE and nearby non-ADE soils are also distin-

guishable using satellite imagery (Palace et al., 2017).

Earthwork formations, including the geoglyphs in south and

southwestern Amazonia and the Guiana Shield, and urban centers in

northwestern Amazonia (Figure 2), also increased in extent and fre-

quency over the last 2500 years (De Souza et al., 2018;

Heckenberger & Neves, 2009; Peripato et al., 2023; Prümers

et al., 2022; Roosevelt, 1991; Rostain, 2008; Rostain et al., 2024;

Saunaluoma & Schaan, 2012; Schaan et al., 2012; Watling et al., 2017;

Whitney et al., 2013), and it is estimated that more than 10 thousand

earthwork formations are still hidden in the forest. In these regions,

the probability of occurrence and abundance of useful and domesti-

cated tree species increased, whereas for other species it decreased

(Peripato et al., 2023).

The number of archaeological sites across the entirety of South

America (Figure 2) was significantly higher between 5000 and

1000 cal year BP compared with the early Holocene (Arroyo-Kalin &

Riris, 2021; Goldberg et al., 2016), and exponential growth in the

human population of Amazonia is suggested since 1050 BCE (Arroyo-

Kalin & Riris, 2021). It is likely that this trajectory continued until

about 950 to 1300 CE when the frequency of archaeological sites

decreased, and evidence of site abandonment indicates that pre-

Columbian populations may have declined during this period

(Figure 1a) (Arroyo-Kalin & Riris, 2021). In eastern Amazonia, popula-

tions experienced expansion during this same period (De Souza

et al., 2019). We still do not know the reasons, geographic patterns,

and extent of this populational decline. Historical documents and

archaeological evidence, however, suggest that a significant popula-

tion decline of Indigenous people in the Americas happened following

the introduction of deadly European diseases (e.g., smallpox) post-

1492 CE (Black, 1992; Dobyns, 1983).

3 | POST-COLONIAL HISTORICAL
CONTEXT

3.1 | European arrival (1492 CE)

In 1492 CE, Christopher Columbus arrived in what is today known as

the Bahamas, marking the beginning of European colonization of the

Americas (Cook, 1998). The first Spanish expedition to lowland

Amazonia happened in 1541 CE, when Francisco de Orellana followed

the courses of the Coca and Napo to the Amazon River, lured by

the promise of finding gold and spices (Medina, 1934). The diarist of

Orellana's expedition, Gaspar de Carvajal, did not write about mass

disease and death of Indigenous people but instead encountered large

populations along many portions of the river. His descriptions, how-

ever, could have been changed to impress the courts in Europe

(Smith, 1999). Contrastingly, the accounts of the French surveyor

Charles Marie de La Condamine in 1743 CE recorded a much lower

density of people on the banks of the Amazon River, suggesting a par-

tially depopulated landscape (Smith, 1999).

It has been estimated that Indigenous Amazonian populations

experienced a significant decline of 90% to 95% (Figure 1a), also

known as “The Great Dying,” after the arrival of the first Europeans

(Lewis & Maslin, 2015; Wolf, 1982). After European arrival, several

population declines are recorded in the Caribbean and the Americas

due to, among other things, the spread of diseases, including smallpox,

influenza, measles, and the common cold, warfare, and slavery

(Black, 1992, Dobyns, 1983). The Great Dying probably resulted in

widespread land abandonment and forest regrowth in regions occu-

pied by Indigenous peoples (Figure 1d). For the Americas, the corre-

sponding area of land abandonment is estimated around 55 million

hectares in the first 100 years of European colonization (Koch

et al., 2019). It is suggested that this sudden forest regrowth caused a

7 to 10 ppm drop in atmospheric CO2 concentrations, a phenomenon

known as the Orbis spike (Lewis & Maslin, 2015), causing an intensifi-

cation of the cooling of the Little Ice Age, a cold period in the North

Atlantic region that lasted from 1400 to 1800 CE (Macfarling Meure

et al., 2006). The abnormality of the scale in CO2 variation forming

the Orbis spike and its linkage with Indigenous depopulation have

been questioned (Bush, Nascimento, et al., 2021, Monnin et al., 2001,

Zalasiewicz et al., 2015). Nonetheless, the influence of European

arrival would have resulted in forest regrowth from the abandoned

areas. The consequent successional trajectories of these forests were

influenced by the diverse land uses and modifications exerted by

Indigenous people (Clement et al., 2015; Levis et al., 2017;

McMichael, 2021; McMichael, Bush, et al., 2023; Watling

et al., 2018). Deforestation, however, probably occurred in the areas

newly occupied by displaced Indigenous populations and by colonists.

3.2 | Jesuit period (1549 to 1767 CE)

For at least three centuries since European arrival, Amazonia was

under colonial ruling. Europeans occupied territories, killed, enslaved

(Black, 1992, Dobyns, 1983), and forced their cultures on Indigenous

peoples, especially through religion (Block, 1994; Gangui, 2022;

Klaiber, 2004; Rothman, 2020). The process of colonization involved

various missionary expeditions, including those led by the Jesuits

(Nobre et al., 2021). The Society of Jesus, whose members were com-

monly known as the Jesuits, was a Catholic religious order founded in

1540 CE that aimed to spread Catholicism across the world through

active ministry (Klaiber, 2004). In the New World, including Amazonia,

the Jesuits spread Roman Catholicism and their idea of “civilization”
(Block, 1994; Gangui, 2022; Klaiber, 2004; Maxwell, 1968;

Vickers, 2003). Education, missionary work, and aiding the sick and

poor were among some of the main activities used by the Jesuits to

expand and protect Catholicism (Block, 1994, Gangui, 2022,

Klaiber, 2004, Rothman, 2020).

The Jesuits arrived in the Amazon in 1549 CE, less than 60 years

after Columbus first arrived in the Americas and less than 10 years

NASCIMENTO ET AL. 807
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after Orellana's expedition (Klaiber, 2004; Nelles, 2015; Smith, 1948).

They spread over the Amazon region, mainly along rivers, continuing

to bring European diseases and warfare (Maxwell, 1968). In the

Ecuadorian Amazon alone, Indigenous populations dropped from

c. 200,000 in 1550 CE to 20,000 or 30,000 by 1730 CE

(Newson, 1995; Taylor, 1999). In various Jesuit territories, the average

annual growth of the Indigenous population became negative (dos

Santos & Baptista, 2007).

The strong population decline of Indigenous people associated

with the Jesuits (Figure 1a) had major impacts on their political, social,

and ceremonial organization. The Jesuits attempted to unite various

small Indigenous communities and villages along the rivers, a practice

called reducciones (reductions in English) (Taylor, 1999; Vickers, 2003).

From Archidona in the Andean foothills to the Rio Negro in Brazil

(Figure 3), the Jesuits established a total of 74 reducciones (Tay-

lor, 1999). In the reducciones, Indigenous people “found security” from

slavery by non-Jesuit colonists (Klaiber, 2004), but they were forced

to work for the Jesuits (Rothman, 2020). The Jesuits demanded total

acculturation, and Indigenous people were forced to annul their cul-

tural identity entirely (Gangui, 2022). Reducciones could be single or

multi-ethnic, the former being typically more successful. Attempts to

form multi-ethnic reducciones commonly failed, especially among

nomadic groups (Newson, 1993). Along the Napo River and its tribu-

taries, for example, the Encabellado, a group of scattered autonomous

communities, successfully resisted the establishment of a reduccion

(Vickers, 2003).

After arriving, the Jesuits established permanent institutions

(Block, 1994). They established towns and built schools and parishes

for white Europeans (Gangui, 2022, Klaiber, 2004, Rothman, 2020).

Jesuits funded their missions and colleges by acquiring and managing

large mercantile operations commonly called haciendas

(Maxwell, 1968). The haciendas included sugar plantations, tobacco

F IGURE 3 Maps showing the Jesuit missions in Amazonia along the main rivers and locations discussed in the text. Distribution of the Jesuit
missions during the 17th and 18th centuries (a) (modified from Newson, 2020). Modified historic map from 1707 CE of the Amazon, drawn by
the Jesuit Samuel Fritz (b). Fritz traveled through Amazonia for 12 years and produced one of the first maps created by firsthand experience, as
opposed to secondhand accounts, which was more common at the time (modified from Dias, 2012). Stars show the location of the Archidona
(AR) and Rio Negro (RN), where 74 reducciones were established.
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farms, vineyards, and cattle ranches (Cushner, 1975; Klaiber, 2004;

Rothman, 2020). Haciendas and some of the colleges were often

maintained by enslaved people from African countries

(Cushner, 1975; Rothman, 2020). Haciendas had poor living condi-

tions. There were high levels of child mortality, likely as a result of dis-

ease and malnutrition, and self-inflicted abortions were commonly

reported (Cushner, 1975).

The extraction of wild cacao (Theobroma cacao) and Brazil nut

(Bertholettia excelsa) (Figure 1e) and the subsequent cacao plantations

also funded Jesuit enterprises (Leite, 1938; Walker, 2007). Between

1580 and 1640 CE, Jesuits forced native Tupí groups from Brazil to

harvest wild, forest-grown cacao (Alden, 1997; Chambouleyron &

Arenz, 2021; Leite, 1938). The first systematic cultivation of cacao

began in the late 1660s when Jesuits started plantations that

depended on exploited labor by Indigenous people and enslaved

people from African countries (Chambouleyron & Arenz, 2021;

Walker, 2007). The harvesting of wild cacao became increasingly

obsolete as plantations became more profitable. In the mid-eighteenth

century, the Jesuits deliberately forced Indigenous laborers to plant

and care for 40,000 cacao trees in the city of Óbidos alone, near

Santarem, in Brazil (Walker, 2007). Larger cacao plantations and

production centers arose in the later part of the nineteenth century

(Walker, 2007). Cacao was frequently planted alongside sugar cane,

and plantations were maintained with a mix of exploitation, forced

labor, and slavery of Indigenous people and of people from African

countries (Cushner, 1975; Klaiber, 2004; Leite, 1938; Rothman, 2020;

Walker, 2007). Many cacao plantations continued to function in

Amazonia after the expulsion of the Jesuits from South America

(Figure 4a) (Silk & Cavalcanti, 1908).

The relationship of Jesuits and slavery was complicated

(Hair, 1998; Rothman, 2020; Wasserstrom & Bustamante, 2015).

Jesuits argued that enslavement of the Indigenous people could

obstruct their purpose of evangelizing by alienating native people, but

it could also be a means to integrate the non-Christians into

Catholicism (Rothman, 2020). This contrasting view of slavery

meant that they often argued to keep Indigenous people relatively

safe from other slave owners (Rothman, 2020, Wasserstrom &

Bustamante, 2015) but also actively participated and profited from it

(Rothman, 2020). To provide manpower for plantations and fund

missions, the Jesuits even participated in the Atlantic slave trade

and became one of the biggest slaveowners in the Americas

(Cushner, 1975; Klaiber, 2004; Newson, 1995; Rothman, 2020;

Walker, 2007). Violence against Indigenous peoples also occurred

(Block, 1994; Rothman, 2020). As an illustrative example of anti-

Indigenous violence, after a Jesuit was killed in Bolivia in 1703 CE, the

Jesuits hanged a group of suspects, and around 250 Indigenous peo-

ple were taken captive and brought to Santa Cruz as slaves

(Block, 1994).

During the seventeenth and eighteenth centuries, the Society of

Jesus had become one of the main means of European expansion in

the Amazonian lowlands (Cleary, 2001). The Jesuits, however, were

deemed more loyal to the Pope than to their respective kings. In

1759 CE, King Joseph of Portugal decreed the expulsion of the Jesuits

out of Brazil. In 1767 CE, King Charles III of Spain expelled the Jesuits

F IGURE 4 Maps showing the location of production of the main products exported from Amazonia at the beginning of the 1900s.
Distribution of cacao (a) and of rubber (b) in Brazil nearing the end of the rubber boom period in 1908 CE (modified from Silk & Cavalcanti, 1908).
Important cities mentioned in the text are being shown (white circles).
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out of the rest of the Latin American territory, including the rest of

Amazonia, marking the end of the Jesuit era (Block, 1994;

Cleary, 2001; Klaiber, 2004; Wasserstrom & Bustamante, 2015). The

expulsion of the Jesuits in 1767 CE benefited the Franciscans,

another catholic order who were present in Amazonia on a much

smaller scale (Jones, 2021). By this time, the Jesuits had become the

most influential Catholic order in all of Latin America (Klaiber, 2004).

The Jesuits were so influential that some modern commercial net-

works are still descendants of the missionaries' activities, and many

cities established by Jesuits still exist, such as Trinidad and San

Joaquin Mamoré, in Bolivia, and Santarém and Itacoatiara, in Brazil

(Wasserstrom & Bustamante, 2015). The Jesuits left impacts that

are still evident in modern communities and the everyday life of

many Latin Americans (Block, 1994; Cushner, 1975; Gangui, 2022;

Newson, 1995; Newson, 1996).

3.3 | The Amazonian rubber boom (1850 to
1920 CE)

Indigenous people in South America had been using latex for

centuries to waterproof their clothing and shoes or to play games

with rubber balls before Europeans learned about its existence

(Hurley, 1981). To Europeans or Americans, rubber was not recog-

nized as a product suitable for manufacturing in industries or other

consumer products before 1850 CE because of inadequate processing

methods. In 1839 CE, Charles Goodyear developed the vulcanization

of rubber, a process of hardening, and received patent rights for it in

1844 CE (Hurley, 1981). As rubber was useful in an array of products,

demand rose suddenly and was then further stimulated by the

inflation of the US dollar during the Civil War (1861–1865 CE)

(Provost, 2022). Amazonian rainforests became a source of rubber

materials for international markets, attracting colonists from Europe,

Asia, North America, the Middle East, and other regions of Brazil

and South America (Burns, 1965; Colferai & da Cunha, 2019;

Katzman, 1978; Urzedo & Chatterjee, 2021). Roughly half a million

people came to the Amazonian rainforest to collect rubber (Table 1)

(Eakin, 1988; Gilmore, 2010; Hecht & Cockburn, 2011; Tyler, 1894).

With rubber extraction and the enlargement of cities, the patterns of

land use during this period changed again. More colonial cities were

established, including Belém, Manaus, and Iquitos, which were

composed of broad avenues, large government buildings, docks, parks,

theatres, and waterworks (Melby, 1942). From these centers, the

rubber was transported worldwide. In many regions, colonial popula-

tions increased significantly, sometimes over 500% (Antunes

et al., 2016; Barham & Coomes, 1994; Cardoso & Müller, 2008;

Hecht & Cockburn, 2011; Oliveira et al., 2012) (Table 1). In Brazil

alone, Amazonian populations reached 1.4 million people by 1910 CE

(Cardoso & Müller, 2008; Oliveira et al., 2012).

The Amazonian rubber boom and associated urbanization of the

landscape occurred primarily along the entire Amazon River and many

of its major tributaries where rubber trees (Hevea brasiliensis) were

found (Figures 1f and 4b). Steamers (boats powered by steam engines)

were a mode of transportation for the rubber itself and for the

explorers searching for rubber (Antunes et al., 2016; Barham &

Coomes, 1994; Cardoso & Müller, 2008; Dean, 2002; Hecht &

Cockburn, 2011). With a global growing demand for rubber, prices

increased, which encouraged rubber explorers to search farther into

the forest for rubber trees and to move up along the tributaries of the

main rivers (Coomes & Barham, 1994). By 1908 CE, the extent of

the rubber boom expanded over the entire length of the Amazon and

its tributaries (Figure 4b), including regions in Bolivia (Fifer, 1970; Van

Valen, 2013), Colombia (Wasserstrom, 2014), Ecuador (Tejada, 2016;

Wasserstrom, 2014), Peru (Fort, 1992; Tejada, 2016), and Venezuela

(Vallvé, 2010).

Several tree species were harvested for latex, the white,

sticky substance inside of some tree's stems that is crucial for

rubber production (Cacioli, 1997; Hecht, 2013; Hurley, 1981;

Wasserstrom, 2014; Weinstein, 1983; Yip & Cacioli, 2002). Latex was

extracted primarily from Hevea brasiliensis and H. benthamiana, but

occasionally from Sapium and Manilkara species in the lowlands

(Wasserstrom, 2014) and Castilla elastica in the Andean foothills

(Coomes & Barham, 1994; Weinstein, 1983). Harvesting latex from

H. brasiliensis can occur without felling or seriously harming the tree,

but tapping Sapium and Manilkara species or C. elastica kills the tree

(Hurley, 1981; Pádua, 2013; Wasserstrom, 2014; Weinstein, 1983).

Many rubber trees were killed, including the ones that could be har-

vested repeatedly, before proper tapping techniques were developed

(Greenleaf, 2020; Hecht, 2013; Hurley, 1981).

The rubber boom was dependent on a type of enslavement of

Indigenous people and enslaved people from African countries

(Coomes & Barham, 1994; Urzedo & Chatterjee, 2021; Vickers, 2003;

TABLE 1 Increase in population sizes for the main capitals, states, and country of the Brazilian Amazon during the rubber boom.

Location Year 1872 Year 1890 Year 1900 Year 1910 Absolute increase Increase (%)

Amazonas state 57,610 147,915 249,756 358,695 301,085 522.6

Manaus (capital) N/A 38,720 50,300 64,614 25,890 66.8

Pará state 275,237 328,455 445,356 783,845 507,608 184.7

Balém (capital) N/A 50,064 96,560 190,000 139,936 279.5

Brazil 10.112,061 14.333,915 17.318,556 23.414,177 13.3102,116 131.5

Note: Adapted from Oliveira et al. (2012).

Abbreviation: N/A, data not available.
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Wasserstrom, 2014). Elite groups occupied and monopolized lands,

but the Indigenous people were excluded from national policies that

would give them access to the same land, resulting in enslavement

and forced displacement (Almeida, 2004; Weinstein, 1983). In many

regions, a system called aviamento was established, which indebted

the native peoples with debts that could only be paid off with rubber

(Coomes & Barham, 1994; Vickers, 2003; Wasserstrom, 2018). Indige-

nous people were subjected to disease and had no free will, and work

was imposed on them through violence (Sá Carvalho, 2018). Some

groups dispersed and thousands of native people were displaced

(Melby, 1942; Wasserstrom & Bustamante, 2015; Weinstein, 1983).

The Quijos and Canelos people, originally in Archidona, Ecuador

(Figure 3a), dispersed across western Amazonia (Magalli, 1889;

Oberem, 1967; Osculati, 2003). Other western Amazonian Indigenous

communities in Avila, Concepción, Coca, and Loreto, near Archidona,

moved downriver or onto the San Miguel River (Figure 3) and effec-

tively disappeared entirely (Wasserstrom & Bustamante, 2015). Sev-

eral Indigenous groups fled and lived in more isolated forests, leading

to the colonial name of índios bravos (meaning angry Indians)

(Wasserstrom & Bustamante, 2015). Enslaved Indigenous people

often had to explore deeper into the forests to harvest rubber, which

led to fights with the Indigenous groups that had fled (Wasserstrom &

Bustamante, 2015).

Enslaved Indigenous people, including children, were exploited,

badly mistreated, and subjected to flagellation, dismemberment,

forced castration, rape, other forms of torture, and starvation, which

was also used as punishment and as a death penalty (Coomes &

Barham, 1994; Echeverri, 2010; Linton, 2010; Melby, 1942; Sá

Carvalho, 2018). Punishments were performed if workers did not

return enough rubber (Linton, 2010). The population of the Putumayo

people in Peru, Colombia, and Brazil was reduced to possibly less than

a tenth of their original numbers in the 30 years between 1900 and

1930 CE (Echeverri, 2010). Declines in the population of Indigenous

people also happened to other ethnic groups (Figure 1a). Thousands

of Machiguenga people living on the eastern flank of the Peruvian

Andes were enslaved and most of them eventually died (Davis, 1994).

Different Indigenous groups held their own concepts of land owner-

ship, and the rubber boom had a significant cultural effect on Indige-

nous communities. Echeverri (2010) describes the meaning of the

concept of territory for the Muinane people of Colombia: “it is not just
a tract of land that can be mapped or legally titled; this territory is the

inscription of life and memory on the land – and this life and this

memory has remained amputated since the times of Casa Arana [rub-

ber company]” (p. 51).
The rubber boom eventually collapsed. The idea of starting

plantations in Asia gained more interest after the Dutch success-

fully transplanted quinine trees from Peru to Java and introduced

tea into Ceylon (Hurley, 1981). Plantations in the Amazon, how-

ever, never gained any real foothold. Coomes and Barham (1994)

attribute the main reason of the lack of success of Amazonian rub-

ber plantations to three factors: the scarcity of labor (due to high

death rates), the success of extracting wild rubber (opposed to the

high opportunity cost of capital when establishing a plantation),

and the relatively long time for planted rubber to mature in the

region (12 to 15 years) (Akers, 1912). The single most important

reason why rubber plantations could not be grown in Amazonia,

however, is related to their susceptibility to local pests (Furtado

et al., 2019).

Successful rubber plantations were established in southeast Asia

after 1876 CE (Coomes & Barham, 1994), when the English explorer

Henry Alexander Wickham trafficked 70,000 seeds of H. brasiliensis

tree from Santarém to the Royal Botanic Gardens Kew in England

(Grandin, 2009). Of the 70,000 seeds exported, only 2000 germinated

in the Botanic Gardens (Suryanarayanan & Azevedo, 2023). The

seeds were sent to British Southeastern Asian colonies for cultivation.

The rubber from these plantations began to supply more than 90% of

the global requirement of rubber (Jackson, 2008), causing the sudden

collapse of the Brazilian production by 1920 CE (Barham &

Coomes, 1994; Colson, 1984; Fotiou, 2016; Rivero & Cooney

Seisdedos, 2010). In 1925 CE, Henry Ford, attracted by a concession

of close to 2.5 million acres of land free of charges, decided to estab-

lish a rubber plantation in Pará (Grandin, 2009). Ford used this enter-

prise, called Fordlandia, to start a socio-industrial experiment with the

aim of imposing his brand of Americanism. The experiment failed by

1945 CE after his plantation was devastated multiple times by fungi

contaminations (Furtado et al., 2019). In Fordlandia, deaths and riots

due to his attempts of cultural imperialism and adverse work condi-

tions were common (Grandin, 2009).

The consequences of the colonial population increase (Figure 1a),

slavery, and displacement of Indigenous people are still reflected in

today's Indigenous populations (Fotiou, 2016). The social and territo-

rial organization that existed before the rubber boom was devasted

(Cabodevilla, 2016). Some of the Indigenous groups had formed alli-

ances with the rubber barons to continue fighting wars against other

groups and enemies (Echeverri, 2010). Rubber barons often raised

and trained young Indigenous boys, who would later be ordered to

raid or act as executioners of other tribes (Echeverri, 2010). At the

end of the rubber boom, many Indigenous people remained stuck in a

feudal system (Gow, 1994). In some sites, villages were replaced by

fundos or haciendas, and life in these places was centered around the

feudal house (San Román, 1994), where Indigenous people were trea-

ted as belonging to a lower class (Fotiou, 2016).

3.4 | Developmentalist period (1920 CE onward)

At the collapse of the rubber production, the creation of military

developmentalist strategies in Brazil (also called Operação Amazonia)

aimed for appropriation of the territory, national integration, security,

and economic development (Santos & de Souza Ribeiro, 2022). These

strategies invested in the expansion of agriculture, livestock produc-

tion, and mineral extraction in Amazonia (Cardoso & Müller, 2008).

Subsistence farming, especially Brazil nut extraction, and the cultiva-

tion of black pepper and rice increased in 1940 CE. Brazil nut was fre-

quently extracted from areas where displaced Indigenous peoples

lived (Ribeiro, 1973).
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After 1960 CE, several large-scale highways were constructed in

the Brazilian Amazon (Figures 1g and 5). The BR-230, also called

Transamazônica, cuts through the forest, starting at the city of

Saboeiro (Ceará) and ending in Labrea, the southernmost municipality

of the Amazonas state (Figure 5). The BR-170/319 connects the

Pacaraima at the Venezuelan boarder in Roraima to Cáceres in Mato

Grosso. The BR-163 starts in the city of Tenente Portela, in Rio

Grande do Sul, going all the way to Santarém and Belem through Pará.

The BR-364 connects the cities of Limeira (SP) to Rio Branco

(AC) (Larrea-Alcázar et al., 2021). The growing international markets

for meat, Brazil nuts, and minerals, associated with the construction

of large highways, caused another non-Indigenous population growth

in Amazonia. People were not entering Amazonia from the northeast

of Brazil, but the southern regions, now accessible by roads

(Andrade, 2014; Fiori, 2012). In Brazil, the number of people grew

from 1.4 million in 1940 CE to 3.5 million by 1970 CE (Cardoso &

Müller, 2008).

The processes of road opening, livestock production, and the

demographic increase through migration were and still are responsible

for increases in deforestation, logging, forest fires, land grabs, malaria

outbreaks, and further displacement of Indigenous peoples

(Fearnside, 2005; Fearnside & de Alencastro Graça, 2009; Fiori, 2012;

Laurance et al., 2002; Macedo & Teixeira, 2009; Sawyer, 2001). Hunt-

ing, particularly for the fur trade, also affected forest dynamics during

episodes of population growth. From 1904 to 1969 CE, about 23.3

million wild mammals and reptiles from at least 20 species were com-

mercially hunted for their hides and pelts in the Amazon (Antunes

et al., 2016). With the increases in population, hunting for subsistence

and domestic diseases also affected animal communities (Bodmer

et al., 1997; Fragoso, 1997; Smith, 1981; Solorio, 2010;

Veríssimo, 1895). These hunting patterns may have been affected by

precipitation regimes, causing spatially- and habitat-dependent animal

population declines (Antunes et al., 2016). The resulting empty forests

and rivers affected seed predation, seed dispersal, and seedling

recruitment and even caused the decline of large tree diversity

(Bodmer, 1991; Harrison et al., 2013; Redford, 1992; Terborgh

et al., 2008), with likely effects on forest structure, composition, and

functioning.

From 1964 to 1985 CE, Brazil was under military rule (Wood &

Schmink, 1993). The military government considered extractive activi-

ties practiced by Indigenous peoples and small producers as undesir-

able, and traditional knowledge worthless (Wood & Schmink, 1993).

Because of these developmentalist strategies of the Brazilian military,

Indigenous groups were again displaced, and between 1975 and

1978 CE, deforestation had more than doubled across the basin

(Larrea-Alcázar et al., 2021). The official expropriation of the lands of

the Yanomami Indigenous people in the states of Roraima and

Amazonas along the Brazil and Venezuela border and policies that

benefit the interests of miners were established (Albert, 1992). In this

same period, the oil producer corporation Texaco discovered crude in

the territory of Ecuador's Indigenous Cofán nation. The petroleum

extraction led to the illnesses of local peoples caused by the disposal

of the toxic residue into rivers and soils in the region (Cepek, 2018).

Today, Amazonia is home to approximately 40 million people, of

which 1.5 million belonging to Indigenous groups (RAISG, 2021). Most

of the current economic activities in Amazonia supply worldwide

demands of soybean, beef, timber, and minerals, especially illegally

extracted gold. About 14% of the forest has been replaced by agricul-

tural and cattle fields (MapBiomas, 2020), and 38% has been degraded

by fire, edge effects, timber extraction, and/or extreme drought

(Lapola et al., 2023). Since 2013, deforestation has increased by

approximately 130% inside Indigenous territories, mainly by land grab-

bers raising cattle and illegal mining (Silva-Junior et al., 2023), increas-

ing the number of violent conflicts between Indigenous land owners

F IGURE 5 Map showing the location of the
main large-scale highways in Amazonia built after
1960 CE.
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and invaders. An increase in illegal mining has also resulted in the con-

tamination of wildlife and local populations by mercury (Lacerda

et al., 2020; Nyholt et al., 2022).

4 | ECOLOGICAL LEGACIES AND
PALEOECOLOGY

In this paper, we highlight how the structure, composition, and suc-

cessional stage of modern forests are the sum of the events in their

past, composing a mosaic of different cumulative successional trajec-

tories that is dependent on the timing, type, frequency, and intensity

of past forest modifications (McMichael, 2021; McMichael, Bush,

et al., 2023). The populational decline of Indigenous people (Figure 1a)

either at 950 to 1300 CE (Arroyo-Kalin & Riris, 2021, Bush,

Nascimento, et al., 2021) or after European arrival in 1492 CE

(Black, 1992; Dobyns, 1983) resulted in land abandonment. Some of

the abandoned areas could have been occupied by urban centers with

high densities of domesticated/cultivated plants and regions domi-

nated by agroforestry activities (Heckenberger et al., 2008; Maezumi

et al., 2018; Peripato et al., 2023; Prümers et al., 2022). We expect

that the abandonment of some of these regions with long-term pre-

Columbian human–environment relationships resulted the establish-

ment of long-term successional trajectories, especially in areas of

intense pre-Columbian urbanization (Figure 1i,j) (Heckenberger

et al., 2008; Prümers et al., 2022). In regions dominated by agrofor-

estry or less intense urbanization, we still expect enrichment of useful

species that can be dispersed through human use (e.g., fruitful trees)

and depletion of useful species that are not dispersed by human use

(e.g., construction or fire wood) (Maezumi et al., 2018; Peripato

et al., 2023). Today, these abandoned settings would have experi-

enced 800 (early abandonment) and 500 (European arrival) years of

succession, so while legacies may still be visible, we suggest that they

will be more significant and more easily detected in areas that had

later periods of Indigenous or non-Indigenous (re)occupation.

Colonization of Amazonia resulted in a major collapse of Indigenous

populations alongside waves of non-Indigenous population expansions

during the Jesuit, the rubber boom, and the modern developmentalist

periods (Cook, 1998; Sá Carvalho, 2018; Urzedo & Chatterjee, 2021).

These colonial waves likely also left ecological impacts that persist in

modern Amazonian forests (Figure 1), and we suggest that in areas that

were re-occupied by the colonists, these abrupt and extreme impacts

may have added to or overrun the long-term legacies left during the

pre-Columbian period. The changes in population, social structure, and

land use likely also resulted in different ecological trajectories in regions

affected by colonial activities, compared with those left or continuously

used by Indigenous people. As many Amazonian tree species live more

than 200 years (Chambers et al., 1998), fires and repeated burning at

places that were occupied may have left some Amazonian forests in

early- to mid-successional state.

Many of the areas that were intensely used by the Jesuits in

1549 CE were abandoned around 1767 CE (Figure 1e), and those for-

ests have now gone through only c. 250 years of succession.

Deforested areas can sometimes regain their biomass within 40–

50 years, but regaining species composition can take multiple centu-

ries (Chazdon et al., 2007; Chazdon et al., 2016; Poorter et al., 2016;

Poorter et al., 2021). Many areas that may appear to be old-growth

forests today may still be in recovery from disturbances during the

early colonization and Jesuit periods (Figure 1k). Cacao harvesting and

plantations during the Jesuit period may have also favored an increase

of Theobroma cacao trees in Amazonia, which could persist in today's

forests as they can live up to 200 years (Alden, 1997; Walker, 2007).

The ecological impacts of early colonists and Jesuits on Amazonian

landscapes are believed to be just as strong as those that occurred

later during the rubber boom (Cleary, 2001).

The Amazonian rubber boom (1850 to 1920 CE) led to significant

deforestation that remained unparalleled until the end of the twenti-

eth century (Greenleaf, 2020; Hecht, 2013; Pádua, 2013). Deforesta-

tion during the rubber boom probably resulted in decrease in

abundance, or depletion, of many species (Dean, 1987; Dean, 2002;

Greenleaf, 2020; Hecht, 2013; Hurley, 1981; Weinstein, 1983).

Besides the forests cleared for cities and residential areas, and the

large amount of timber needed to fuel the steamers, selective defor-

estation also occurred where rubber was being tapped (Tyler, 1894).

In the areas of latex extraction, forest canopies would have remained

largely intact, and areas with low abundances of latex-producing spe-

cies would have been targeted for timbering or burning (Hecht, 2013).

However, for every scattered H. brasiliensis tree (two to three trees

per hectare; Dean, 1987), a trail had to be made to make repeated

tapping possible, which required the clearing of 60 to 150 trees per

trail, resulting in the killing of many non-target trees (Hecht, 2013).

Because of the extreme population growth at the beginning of the

rubber room, many areas were occupied but then abandoned after its

collapse (Cardoso & Müller, 2008; Oliveira et al., 2012). These areas

would currently have gone 100–150 years of succession. We suggest

that the regions where forest canopy was maintained (Figure 1l)

would have a similar structure to old-growth forests but likely contain

higher abundances of early and mid-successional species (Laurance

et al., 2004). Regions that were deforested would look like mid-

successional forests. Forest characteristics would reflect selective log-

ging in regions rich in latex, elective deforestation for timber, and fuel

led by populational increase (Figure 1f). Thus, today, the ecological

impacts from areas that were deforested versus those that were

tapped for rubber would differ.

During the developmentalist period (1920 CE onward), large

areas were deforested, roads were built (Figure 1g), fire activity

increased, mining and pastoral activities were incentivized, and Indige-

nous communities were displaced or decreased in numbers because

of the release of toxic contaminants into soils and water

(Albert, 1992; Cepek, 2018; Larrea-Alcázar et al., 2021). As a result,

areas that were previously dominated by old-growth forests may be

currently in early-successional stages (Figure 1m) or become areas for

agriculture and livestock activities. Particularly in regions near commu-

nities, roads, or urban centers today, high densities of exotic plant and

animal species are expected to be present (Fares et al., 2020; Ferreira

et al., 2016; Pauletto et al., 2023; Salm et al., 2009).
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Though paleoecological records document ecosystem response

to past change, there are currently few records in Amazonia that have

a sufficient number of samples to detect ecological change (with reso-

lution of at least 50 years) and at least one point of age control (dat-

ing) over the last 800 years (Figure 6). We show five sites that reach

those criteria and are publicly available. Although these five sites were

not studied with the aim of finding signs of post-colonial influence,

they show interesting patterns. Only one site, Lake Pata in Brazil

(Figure 6), shows very little evidence of human activity prior to and

following European colonization (Nascimento et al., 2019) and could

be considered an example of undisturbed vegetation (Figure 1b,h).

Signs indicating early abandonment (prior to European arrival and the

Great Dying) are present at Lakes Kumpaka and Ayauchi in Ecuador

and Lake Sauce in Peru. At Lakes Kumpaka and Sauce, disruption in

maize cultivation occurs at about 1200 CE (Figure 6), resulting

in sharp increases in Cecropia (early successional taxa) pollen and for-

est regrowth (Åkesson et al., 2021; Åkesson et al., 2023; Bush

et al., 2016). At lake Ayauchi, the highest abundances of forest pollen

occurred at 1400 CE, and the intermittent occurrence of human indi-

cators (maize and charcoal) could be the result of early abandonment.

At the time of European arrival, most lakes do not show signs of

forest regrowth, which would be indicative of land abandonment and

the Great Dying (Figure 6) (Bush, Nascimento, et al., 2021). At Lakes

Pata, Kumpaka, and Ayauchi, however, cacao trees (Theobroma spp)

disappear at the time of European arrival. Maize cultivation and forest

burning also become less intense at lake Ayauchi. Interestingly, with

exception of lake Pata, the lake presenting the least human influence,

palm abundances increased in all records after European arrival

(Figure 6). Though increases in palm abundances during the pre-

Columbian period have been documented within several regions of

the Amazon (Bush & McMichael, 2016; Heijink et al., 2020; Heijink

et al., 2023), it may have also occurred during the post-colonial period.

In the post-colonial period, it may have happened as a result of land

abandonment by Indigenous peoples, by intentional enrichment, or

unintentionally because of intensive hunting and the reduction of

seed dispersers and seed predators (Levis et al., 2012, McMichael,

Bush, et al., 2023, McMichael, Vink, et al., 2023, Silman et al., 2003,

Wright & Duber, 2001, Wyatt & Silman, 2004).

During the Jesuit period, there is little sign of forest disturbance

in most lakes and no sign of enrichment of cacao trees (Figure 6).

Theobroma maintains low abundances at Lake Kumpaka and is absent

during the Jesuit and rubber boom periods (Figure 6). Lake

Rogaguado, in the Bolivian savannas, shows higher levels of human

disturbances during both periods of colonial use than in the preceding

several hundred years (Brugger et al., 2016). The sediment record at

Lake Rogaguado contained increases in charcoal and plants associated

with the new economies of the post-colonial period (the colonization

indicators Rumex and Avena; Figure 6). Lake Rogaguado may be a case

where the post-colonial activities overwrote pre-Columbian Indige-

nous legacies. After intense post-colonial land use, the vegetation

around Lake Rogaguado became disturbance-adapted and less diverse

(Brugger et al., 2016). It is still unknown if the accumulation or over-

writing of Indigenous legacies by colonial activity is a pattern mostly

seen in savanna regions, for sites located in southwest Amazonia, or if

it is common in other regions. Evidence of early successional taxa

(Cecropia) also increases around Lake Sauce in the last 130 years,

F IGURE 6 Highlights from the five vegetation, fire, and cultivar paleoecological reconstructions with a sufficient number of samples to detect
ecological change (resolution of at least 50 years) over the last 600 years in Amazonia. Unless absent in the record, we show the summed pollen
abundance of forest taxa (excluding Poaceae and Cecropia), Cecropia (early successional taxa), palms, Theobroma, presence of maize or other
indicators of human occupation (Rumex, pink circle; Avena, blue circle), and scaled charcoal amount (McMichael et al., 2021). Red bar shows the
timing of European arrival in South America. Grey bar indicates the period of Jesuit control. Brown bar shows the rubber boom period. Green bar
shows the period in which the Brazilian military employed strategies of large-scale development in Amazonia.
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coinciding with the rubber boom period. The lake sediment record

shows, however, that evidence of forest clearing and cultivation was

stronger in the pre-Columbian era than in the post-colonial periods

(Bush et al., 2016). At lake Ayauchi, maize cultivation and forest burn-

ing increase again after the rubber boom period (Åkesson et al., 2023).

Fire, forest clearing, maize cultivation, and early successional forests

abundant in Cecropia appear at lake Kumpaka in the last 80 years, cor-

responding with the large-scale developmentalist strategies of the

1960s and deforestation around the lake.

Contrary to expectation, Theobroma pollen was not found in lakes

heavily influenced by post-colonial practices (Lakes Sauce and Roga-

guado) and Hevea was not found in any of the lakes shown here

(Figure 6). It is possible that these two genera were not present, but it

is also possible that these taxa were present in the lake catchment but

did not produce enough pollen (Young, 1994) to be detected. Theo-

broma produces little pollen compared with its biomass. The sedimen-

tary record from Laguna de la Luna in the Bolivian savanna lacked

Theobroma pollen even though the tree occurred in high densities

around the lake (Carson et al., 2016). There is also a chance that Theo-

broma and Hevea taxa were only identified at family level, and thus

not considered, which is likely considering that the objectives of the

initial research on these lakes were not to find signs of post-colonial

influence. Another possibility is that the regions that experienced the

highest post-colonial influence are not represented in the available

paleorecords.

Pollen can generally only be identified to family or genus level,

which is a big challenge for the identification of culturally important

taxa for which species level identification is needed to differentiate

from wild non-domesticated sister species. Methods that improve the

recovery of certain domesticated species can be used with species

that were fully domesticated and are distinguished by size (e.g., maize,

manioc, and squash) (Whitney et al., 2012). Attempts of classification

and identification of regional pollen-based anthropogenic indicators,

the increase of the number of species available in tropical pollen

databases, and the microscopy techniques can increase the refine-

ment of taxonomic resolution of pollen records when separation by

size is not possible (Bush, Correa-Metrio, et al., 2021; Flantua &

Hooghiemstra, 2023). The use of a multiproxy approach can also help

tackle this issue (Mayle & Iriarte, 2014, McMichael, Levis, et al., 2023).

The addition of phytoliths to lake sedimentary analysis, for example,

can help improve the taxonomic resolution of grasses and of palms,

a widely used group of plants in Amazonia, increasing the certainty

in identifying cultivation, forest opening, and legacy effects

(Morcote-Ríos et al., 2016, Piperno, 2006, Witteveen et al., 2022,

Witteveen, Blaus, et al., 2024, Witteveen, White, et al., 2024).

It is worth mentioning that fossil pollen data used to identify colo-

nial or post-colonial past land use comes with challenges and limita-

tions. The biggest and most important challenge is getting a robust

and reliable chronology and sufficient temporal resolution. Both

periods occurred at the upper limit of effective 14C dating and can be

unreliable (Bradley, 1999). Bioturbation of surface sediments, espe-

cially in lakes with low sedimentation rates, can potentially obscure

age–depth relationships for the last two centuries, especially when

considering the rubber boom that only ended just over a century ago.

This age uncertainty could potentially affect the interpretation of the

most recent 200 years of vegetation changes in the studies shown

here. The use of 210Pb dating could complement 14C dating by provid-

ing chronological control for these youngest sediments if sedimenta-

tion rates are high enough to capture this period (Swarzenski, 2014).

5 | CONCLUSIONS

We suggest that the structure, composition, and successional stage of

modern forests are the sum of the events in their past, in a mosaic

of different cumulative successional trajectories depending on the

type, frequency, timing, and intensity of human influence. In regions

with a history of minimal human influence, old-growth forest species

sensitive to fire would be the dominant landscape. In regions with

high pre-Columbian and low colonial influence, old-growth forests

carrying ecological legacies (e.g., enrichment or depletion of useful

species) would be prevalent. Regions that continued to be occupied

by Indigenous peoples after colonization would also carry ecological

legacies. These legacies could possibly be stronger than in regions that

were only occupied during pre-Columbian periods. The successional

stage of the forest, however, would depend on the size of the popula-

tion inhabiting the region, the land use strategy of that Indigenous

group, and if and when forced land abandonment occurred. In regions

influenced by the Jesuit, mid-successional forests are likely to be

enriched with cacao and Brazil nut trees. In regions of intense latex

extraction, old-growth forests would present high abundances of early

and mid-successional species and depletion of some rubber species

and species used for construction and by the steamers. In significantly

deforested areas close to cities and roads, we expect early succes-

sional forests with influence of exotic useful species.

For this paper, we only show vegetation trends in five palaeoeco-

logical sites, all from western and southwestern Amazonia (Figure 2),

with the majority of Amazonia missing representation. These data,

although limited in number and without the appropriated age control,

show that paleoecological reconstructions are able to detect land use

and land use changes in regions influenced by pre-Columbian and

post-colonial activities and that if there were more data, these could

be used to estimate forest ecological states across the basin. There is

a possibility that the Amazonian landscape consists of mosaic of for-

ests that vary in stages of succession from thousands of years to

decades (Heijink et al., 2023). This patchwork of history would play a

large role in shaping today's forests, and the biodiversity and carbon

dynamics documented within them. Modern biodiversity assessments

attribute gradients to primarily environmental factors, but the human

history and influence may help explain much of the variation seen in

observed patterns. If human influence is considered, vegetation

changes occurring during the post-colonial period are often over-

looked, and most legacies are attributed to pre-Columbian activities.

Although recent work has shown that secondary forest carbon uptake

is highly variable and lower than previously estimated (Elias

et al., 2022), the noted decline in the Amazonian carbon sink (Brienen
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et al., 2015) could potentially be a combined result of deforestation

and many forests transitioning from early- to mid- to late-successional

forests, as they grow slower and hence carbon uptake slows.
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