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Fire has a historical role in tropical forests related to past climate and ancient land use
spanning the Holocene; however, it is unclear from charcoal records how fire varied at
different spatiotemporal scales and what sampling strategies are required to determine
fire history and their effects. We evaluated fire variation in structurally intact, terra-firme
Amazon forests, by intensive soil charcoal sampling from three replicate soil pits in sites
in Guyana and northern and southern Peru. We used radiocarbon (14C) measurement
to assess (1) locally, how the timing of fires represented in our sample varied across the
surface of forest plots and with soil depth, (2) basin-wide, how the age of fires varies
across climate and environmental gradients, and (3) how many samples are appropriate
when applying the 14C approach to assess the date of last fire. Considering all 14C
dates (n = 33), the most recent fires occurred at a similar time at each of the three sites
(median ages: 728–851 cal years BP), indicating that in terms of fire disturbance at least,
these forests could be considered old-growth. The number of unique fire events ranged
from 1 to 4 per pit and from 4 to 6 per site. Based upon our sampling strategy, the
N-Peru site—with the highest annual precipitation—had the most fire events. Median fire
return intervals varied from 455 to 2,950 cal years BP among sites. Based on available
dates, at least three samples (1 from the top of each of 3 pits) are required for the
sampling to have a reasonable likelihood of capturing the most recent fire for forests
with no history of a recent fire. The maximum fire return interval for two sites was shorter
than the time since the last fire, suggesting that over the past ∼800 years these forests
have undergone a longer fire-free period than the past 2,000–3,500 years. Our analysis
from terra-firme forest soils helps to improve understanding of changes in fire regime,
information necessary to evaluate post-fire legacies on modern vegetation and soil and
to calibrate models to predict forest response to fire under climate change.

Keywords: tropical forest, terra firme, charcoal samples, fire, soil, radiocabon dating, pre-Columbian, Holocene

Frontiers in Forests and Global Change | www.frontiersin.org 1 May 2022 | Volume 5 | Article 815438

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2022.815438
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ffgc.2022.815438
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2022.815438&domain=pdf&date_stamp=2022-05-03
https://www.frontiersin.org/articles/10.3389/ffgc.2022.815438/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-05-815438 April 29, 2022 Time: 14:1 # 2

Feldpausch et al. Forest Fire History in Amazonia

INTRODUCTION

Fire is one of the oldest drivers of change in tropical biomes
since the rise of sufficient atmospheric oxygen, plant biomass,
and ignition sources. The earliest fires that charred stomata-
bearing plants date back to the Silurian (440 mya) (Glasspool
et al., 2004). Since at least the rise of flammable C4 grasses over
the past 4–10 million years (Simon et al., 2009), fire has been a
reoccurring feature of tropical savannas (Pivello, 2011), which
occur in the most seasonal regions of Amazonia, and where
plants have developed growth and anatomical adaptations to fire
(Simon and Pennington, 2012). For humid tropical forests, fire
history and its impact on biodiversity and carbon storage are
less clear. With high annual precipitation and low intra-annual
variability, continuous closed canopies that shade understories,
rapid decomposition, and few sources of ignition, humid tropical
forests have limited conditions for fire ignition and spread.
Therefore, they have historically been considered mostly fire-free
or fire-resistant systems (Sanford et al., 1985; Hammond and ter
Steege, 1998). Understanding fire history and long-term impacts
of fire on vegetation and soil are important to estimate drivers of
changes in carbon stocks and forest composition, and response to
changing climate and fire regimes.

Fires over the past several decades in Amazonia have been
widespread and increasing in frequency due to a combination
of deforestation, fragmentation, recurrent drought, and human
ignition (Aragão et al., 2007). During the 2015/2016 El Niño
event with record-breaking drought and temperature anomalies,
wet forests in central Amazonia burned (Pontes-Lopes et al.,
2021), highlighting how changing climate and land use are
interacting to allow forests once considered fire-resistant to
burn. Over the past decade, deforestation and burning have
resulted in a loss of 71,000 km2 of forest in Amazonia
(INPE, 2020). Fire associated with deforestation often spreads
into surrounding forests, especially fragmented forests already
degraded by selective logging (Cochrane and Laurance, 2002).
With fire now widespread in many humid tropical forests, it
is unclear how current fire occurrence compares to historical
fire regimes and what sampling approaches can be used to
understand variability in fire in time and space.

Understanding the fire history of Amazon forests is crucial
to estimate how fire has affected soil organic carbon (SOC)
pools and forest composition and rates of biomass accumulation
following fire. During fire, pyrogenic carbon (PyC) is formed
by the incomplete combustion of plant biomass (Bird et al.,
2015). Unlike more available SOC such as particulate and humic
fractions, PyC is highly resistant to decomposition, with turnover
times of centuries to millennia (Glaser et al., 2002; Bird et al.,
2015). The most extreme case of PyC enrichment in soil can
be found in Anthropogenic Dark Earth (Anthrosols, terra preta)
formed by charcoal additions to small-scale agricultural plots
from 20 to 350 ha by native Americans in Amazonia (Glaser
et al., 2001). In addition to charcoal inputs into terra preta areas,
pre-Columbian use of fire may have been associated with other
small-scale swidden management and from local campfires. In
non-terra preta forests in Amazonia, ancient fires have led to
the development of PyC stocks of 2.76 Pg over 0–100 cm soil

depth (Koele et al., 2017). Modern conditions are likely to have
led to larger and more intense fires in Amazonia than in pre-
Columbian times due to interactions between large-scale forest
fragmentation through mechanized tree-felling and drought
(Aragão et al., 2007).

Following fire, humid Amazon forests can remain a net
C source of above-ground C for decades (Silva et al., 2020)
and in southeastern Amazonia, the response of forest to fire
varies among terra firme and riparian forests (Nogueira et al.,
2019). Whether fire can continue to have residual effects on
forests over much longer time scales is unclear (Massi et al.,
2017). Structurally mature African and Amazon Basin tropical
forests have provided a substantial C sink since at least the
late twentieth century (Phillips et al., 1998; Lewis et al., 2009;
Feldpausch et al., 2016), but the net uptake of C by some
Amazon forests has been declining (Brienen et al., 2015;
Hubau et al., 2020). Changes in climate and CO2 fertilization
could change the rate of C uptake. There is also debate as
to whether apparently old-growth forests are recovering from
past disturbances such as blow-downs, drought, fire, and pre-
Colombian land-use (Gloor et al., 2009; Dull et al., 2010;
Espirito-Santo et al., 2014; McMichael et al., 2017; Oliveira
et al., 2020; Bush et al., 2021). If apparently old-growth forests
are regrowing from fire or other potentially stand-initiating
disturbances, then the estimated effects of other drivers such as
CO2 fertilization or changes in temperature on forests may be
incorrect. Therefore, determining the drivers of change in forest
C, including potential regrowth from past fire, is important to
predict the longevity of the C sink.

To improve estimates of PyC turnover times and to estimate
legacies of ancient fire on contemporary vegetation, a prerequisite
is better understanding of time lapsed since the last fire
locally, and the fire return interval. Uncertainty in successfully
identifying the date of the last fire will have varying levels of
importance depending upon the temporal scales over which
processes act; e.g., incorrectly identifying the date of the last fire
by 100 years could have large effects on estimates of vegetation
response to fire since above ground biomass C turnover times
average ∼50 years (Galbraith et al., 2013), but would be relatively
minor for estimates of PyC turnover since turnover times are
orders of magnitude higher.

Long-term fire history and its relation to climate change,
vegetation, and soils can be assessed by stratigraphy,
anthracology, and radiocarbon dating of charcoal from soil,
peat, and lake sediment. Peat and lake sediment samples can be
used to develop well-constrained depth-age profiles for those
systems but locations with long-term records are not uniformly
distributed across Amazonia and so they do not fully represent
fire history of forests on terra firme soil in regions where lakes and
peat are uncommon (Bush et al., 2007). Charcoal radiocarbon
(14C) dating from terra-firme soils provides more extensive
opportunities to estimate fire history (Trumbore, 2009) and to
link data to vegetation in permanent forest plots to understand
potential legacy effects of historical fire on modern forests.
However, the lack of well-preserved stratification and the effect
of bioturbation makes it difficult to develop fire history records,
such as the date of last fire and the fire return interval for an area.
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Reported 14C dates of fire vary widely among sites and regions
of Amazonia, with few assessments of charcoal in terra firme
soils (Piperno and Becker, 1996; Hammond and ter Steege, 1998;
McMichael et al., 2012). Understanding this variation and its
impacts upon the record that is reflected in Amazonian soil
stratigraphies is important for developing sampling and analysis
strategies. The earliest fire regime analyses originate from lake
cores (e.g., Bush et al., 2007). Many of the lakes in Amazonia,
which are more frequent in western Amazonia, are ancient oxbow
lakes. The stratigraphies of oxbow lakes can be affected by inputs
of minerals and charcoal from distant sources (Clark, 1988),
transported fluvially during seasonal flooding. This introduction
of material that is not representative of local burning events can
obscure the local charcoal record and complicate interpretations.
Only recently has soil sampling combined with 14C dating
of charcoal shown that tropical humid forests considered old-
growth have a long and variable history of fire, with some forests
considered old-growth having burned within the last 250 years
(Sanford et al., 1985; Goulart et al., 2017; McMichael and Bush,
2019). In a recent compilation of > 850 14C dates for the Amazon
region, 25% were sampled from charcoal in soil, with the rest
from other sources (e.g., lakes, peat) (McMichael and Bush,
2019). Lowland terra firme soils are the main substrate for the
Amazon Basin (Quesada et al., 2011), so the paucity of 14C dates
from these soils limits our understanding of fire history and its
effects on the forests that represent the majority of Amazonia.
Intensively sampling and 14C dating macro charcoal (e.g., ∼ > 1
mm diameter) at the local scale (e.g., 1-hectare) for charcoal
from the soil surface and distributed from mineral soil using
a terrestrial macro-charcoal approach may be a useful tool to
evaluate long-term variation in fire regime (Payette et al., 2012).

Here we use intensive locally replicated 14C dating of soil
charcoal to study spatial and temporal variation in fire events in
terra firme forests at local scales and across the Amazon Basin and
to inform sampling and analytical approaches to determine fire
history. Our study had the following main research questions: (1)
Locally, how the timing of fires represented in our sample varied
across the surface of forest plots and with soil depth (a potential
proxy for time), (2) basin-wide, how the age of fires varies across
climate and environmental gradients, and (3) how many samples
are appropriate when applying the 14C approach to assess the date
of last fire and fire chronology. Improving this understanding
is essential to conserve and manage tropical forests. The results
can inform future sampling and analyses strategies and determine
long-term fire histories to better understand the legacy of fire in
global tropical forests.

MATERIALS AND METHODS

Study Sites
Charcoal was sampled from soil from three regions spanning
Amazonia in Guyana, northern Peru (N-Peru) and southern
Peru (S-Peru) in permanent forest plots with structurally intact
vegetation (Feldpausch et al., 2012; Brienen et al., 2015; Figure 1).
The sites are all terra-firme, non-seasonally flooded forests and
are part of the RAINFOR network, with soil and vegetation

data managed at ForestPlots.net (Lopez-Gonzalez et al., 2011;
ForestPlots.net et al., 2021). The sites span a climatic and edaphic
gradient with annual precipitation and soil fertility increasing
in an east to west direction (Quesada et al., 2012; Feldpausch
et al., 2016). None of the sites had Anthropogenic Dark Earth
(terra preta).

Guyana
The site in Guyana, coded in the RAINFOR network as plot
PIB-05, is located at 5.02 latitude, –58.62 longitude in the upper
Demerara-Barbice region in closed-canopy humid rainforest
dominated by Chlorocardium rodiei (Lauraceae). The site is a
control plot for a study assessing the effects of different levels
of logging under reduced impact logging. Annual precipitation
and temperature are 2,365 mm and 26.5◦C, respectively, and
the site has a mean annual maximum climatological water
deficit (MCWD) of –92.6 mm (Feldpausch et al., 2016; Fick and
Hijmans, 2017). The site is located on old, weathered soil from
the Tertiary-Quaternary with a maximum geological age of 65
M years and elevation of 103 m above sea level (a.s.l.). Soils are
nutrient-poor with low pH (4.03) and clay content (20%) and
high sand content (76%) (Quesada et al., 2012).

Northern Peru
The N-Peru site, JEN-11 in RAINFOR, is located at –4.88 latitude
and –73.63 longitude in a closed-canopy humid rainforest in
the Loreto department. Vegetation is dominated by large trees
of the families Lecythidaceae, Sapotaceae, and Chrysobalanaceae
(Honorio Coronado et al., 2009). Large anthropogenic fires in
the wider region have occurred since the mid-1960s when a
colonization project of Peruvian Amazonia opened extended
areas of terra firme forest for pastures and cattle raising but the
site was not deforested nor affected by these. Annual precipitation
and temperature are 2,584 mm and 26.5◦C, respectively, and
the site has a mean annual MCWD of –30.2 mm. The site is
located on old, weathered soil from the Neogene with a maximum
geological age of 23.5 M years and elevation of 136 m a.s.l. Soils
are nutrient poor with low pH (3.98) and clay content (22%) and
44% sand content.

Southern Peru
The S-Peru site, BAR-01 in RAINFOR, is located at –11.90
latitude and –71.42 longitude in closed-canopy humid rainforest
in the Manú National Park in the Madre de Dios department.
Vegetation is dominated by Iriartea deltoidea (Arecaceae), one of
the hyperdominant species found in Amazonia (ter Steege et al.,
2013). The site is remote and uncontacted indigenous nomadic
people sporadically access these areas. Annual precipitation and
temperature are 2,562 mm and 25.4◦C, respectively, and the site
has a mean annual MCWD of –194 mm. The site is at an elevation
of 345 m a.s.l. and is located on soils from the Quaternary
(Dumont et al., 1990).

Charcoal Sampling and 14C Dating
Charcoal fragments were collected at each site in soil profiles
from each of three replicate pits separated by 100 m. The pits
were located just outside of the boundary of the 1 ha permanent
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FIGURE 1 | (A) Map showing locations of charcoal samples in Amazonia, and (B) charcoal sampling from terra firme soil pits in southern Peru, northern Peru, and
Guyana (clockwise from top left; photo credit: L. Carvalho).

forest plots. To sample macrocharcoal (∼ ≥ 1 mm), soil was
carefully excavated in 1 cm depth increments from the pit wall
up to 70 cm depth. Macroscopic charcoal was separated from
the soil in the field, air-dried and stored in plastic Eppendorf
tubes. This size class represents charcoal that would have been
produced in situ by local fires (i.e., over hundreds of meters)

and not transported to the site as aerosols (e.g., < 10 µm)
(Echalar et al., 1998). Convective columns produced by fires
could transport charcoal ≤ 200 µm for distances of up to
∼10 km, while larger particles are unlikely to be uplifted and
transported (Clark, 1988). We applied the following criteria for
14C dating of four charcoal pieces from each pit by: (i) analyzing
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the sample nearest the surface from each pit, and (ii) splitting the
soil profile into 5 cm depth increments and selecting the next
three samples from progressively deeper depth intervals. This
resulted in 3–4 samples per pit for a total of 11 samples from
three replicate pits for each site. The N-Peru site includes one
additional date from 46 cm depth from a fourth soil pit that
represents the next depth increment of pit 3 to provide the same
sample size across all sites. Samples were prepared for analysis
at the Radiocarbon Facility at Universidade Federal Fluminense,
Brazil by scraping soil from the surface of charcoal and were 14C
dated using Accelerator Mass Spectroscopy (AMS) at the NERC
Radiocarbon Facility. Samples were pre-treated at the NERC
Facility, United Kingdom using standard acid-base-acid methods
(0.5 M HCl at 80◦C for 2 h, followed by 0.5 M KOH at 80◦C for 2 h,
then 0.5 M HCl at 80◦C for 2 h). Samples were then combusted
to CO2 in sealed quartz tubes before cryogenic purification and
conversion to graphite using the Fe/Zn reduction method (Slota
et al., 1987). The measured 14C ages (in 14C years BP) were
calibrated to calendar years before present (cal yrs BP) using
a mixing model of the SHCal20 (for the southern hemisphere;
Hogg et al., 2020) and IntCal20 (for the northern hemisphere;
Reimer et al., 2020) calibration curves using the OxCal statistical
package, ver. 4.4 (Bronk Ramsey, 2009), allowing for tree growth
to record anywhere between the two extremes of 100% NH
air mass influence and 100% SH air mass influence. Whilst
slightly decreasing precision, such an approach should increase
the accuracy of the calibrated ages of samples that have grown
in equatorial regions and which can experience the influence of
both NH and SH air masses at different times throughout the year
(Marsh et al., 2018).

Most Recent Fire, Unique Fire Events,
and Age-Depth Relationships
To evaluate how 14C dates varied within and between sites,
we evaluated differences in 14C dates: (i) By depth within a
profile, (ii) among the three pits within a site, and (iii) between
sites by region. Differences in 14C dates were assessed using a
Chi-square test (χ2) with critical values for a p-value of 0.05
(95% confidence).

Determining the date of the last (most recent) fire is crucial to
study fire legacies on modern forest dynamics and composition.
We evaluated two hypothetical sample selection scenarios for
radiocarbon dating from the 11 14C dated samples per site to
assess 14C variability within and among soil pits and how sample
selection could be optimized to reduce the number of samples
and soil pits required and to minimize costs:

Sampling Strategy 1—Vertical– > Lateral: sampling first
down a pit profile within the 5 cm depth intervals and then
repeating for each pit for a total of three pits.
Sample Strategy 1—Lateral– > Vertical: sampling first
surface samples across three pits and then repeating for the
subsequent 5 cm depth interval.

To evaluate the effect of pit selection, we used a resampling
approach for each of these strategies to simulate randomly
starting sample selection from each of the three pits, i.e., sampling

pit 1-->2-->3, 2-->3-->1, 3-->1-->2 progressing from the
surface to deepest samples for each subsequent pit sampled. We
then evaluated which approach required the fewest samples to
identify the most recent fire (i.e., the sample that did not differ
statistically from the overall most recent fire for the site). We
assessed how many samples (sampling effort) were required to
identify, from available dates, the total unique fire events in
each site using a bootstrap approach with 500 random resamples
selected for each site (Huang et al., 2019). Events were considered
unique if they differed based on a Chi-square test (χ2). For the
purposes of this analysis, we assume that at least one of our
11 samples from each site represents the most recent fire and
acknowledge that it is always possible that additional sampling
may reveal a more recent fire.

We compared our 14C dates to published values (Goulart
et al., 2017; McMichael and Bush, 2019) to evaluate basin-
scale trends in fire. These datasets separate charcoal sampled
from soil vs. charcoal sampled from other substrates such as
peat and lake cores. Age-depth relationships are important to
understand bioturbation and to estimate the potential dates of
fires represented in undated charcoal. For each pit, site, and
among regions, we evaluated the age-depth relationships using
linear regression. Calibrated dates were plotted using the rcarbon
package (Crema and Bevan, 2021) and statistical analyses were
performed using the R statistical platform (R Core Team, 2021).

RESULTS

Amazon Basin-Scale Variation in 14C
Dates
Across all pits in sites in Guyana, S-Peru and N-Peru crossing
Amazon Basin-scale climate and environmental gradients, the
33 dates for fires spanned 11,513 years for the soil depths
where charcoal was found (minimum = 15 cm; max = 70 cm,
median = 30 cm depth) (Table 1). The probability distribution
of all calibrated ages showed the two largest peaks occurred at
∼1,000 and 2,600 cal yrs BP (Figure 2). Older fires occurred at
∼7,000 and 11,500 cal years BP. The most recent fires occurred
at a similar time across the three regions, at 728, 842, and 851 cal
years BP for S-Peru, N-Peru, and Guyana, respectively.

Local Lateral and Vertical Variation in 14C
Dates
The dates of fire for the three pits at the Guyana site varied
between 11,513 and 851 cal years BP, with all three pits exhibiting
no statistically significant difference in the 14C date of the most
recent fire (p < 0.05; Table 2 and Figure 2). The oldest dates were
statistically indistinguishable for two pits, with the oldest date for
the third pit ∼4,500 cal years older.

The S-Peru site had dates that varied between 1,944 and 728 cal
yrs BP among the three pits. As with the Guyana site, the three
S-Peru pits all had statistically indistinguishable dates for the
most recent fire. The oldest pit date varied between 1,944 and
858 cal years BP (p < 0.05).
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TABLE 1 | Radiocarbon dates for charcoal sampled from terra firme soil in
structurally intact forest permanent plots in Guyana, southern Peru,
and northern Peru.

Site Soil Pit Depth
(cm)

C-14
Age

C-14
Age
error

Lab number

Guyana 1 20 1,052# 35 SUERC-83478

1 25 1,267 35 SUERC-83481

1 30 2,531 35 SUERC-83484

1 35 6,152 36 SUERC-83490

2 20 1,048# 37 SUERC-83479

2 25 10,045 42 SUERC-83482

2 30 968# 35 SUERC-83489

2 35 983# 35 SUERC-83491

3 20 1,160 35 SUERC-83480

3 25 1,189 35 SUERC-83483

3 35 6,106 38 SUERC-83492

1 15 1,403 35 SUERC-83493

Southern Peru 1 30 2,018 37 SUERC-83494

1 60 873# 37 SUERC-83498

1 70 846# 37 SUERC-83499

2 20 918# 37 SUERC-83500

2 40 848# 37 SUERC-83501

2 50 900# 40 SUERC-83502

2 70 992# 37 SUERC-83503

4 25 1,496 37 SUERC-83504

4 30 915# 37 SUERC-83510

4 50 1,015 37 SUERC-83511

Northern Peru 1 17 948# 37 SUERC-83478

1 30 1,054# 37 SUERC-83481

1 38 3,333 35 SUERC-83484

1 46 1,064# 37 SUERC-83490

2 27 1,038# 37 SUERC-83479

2 41 2,528 37 SUERC-83482

2 43 2,467 37 SUERC-83489

3 39 1,539 35 SUERC-83491

3 41 2,798 35 SUERC-83480

3 44 2,259 37 SUERC-83483

4 46 3,391 37 SUERC-83492

The date of the most recent fire is in bold, with “#” indicating no statistical difference
in dates within sites based on χ2-tests (p < 0.05).

The 14C dates of fire at the N-Peru site varied between 3,606
and 842 cal years BP among the three pits. Two of the pits
gave statistically indistinguishable dates for the most recent fire
(p < 0.05), but the most recent fire in the third pit was ∼500 years
older. The oldest date was statistically indistinguishable for two
pits and ∼1,000 years younger in the third pit.

Unique Fire Events
Across all sites and based on the three to four 14C dates in n = 3
replicate pits, the minimum number of unique fire events ranged
from one to four per pit and four to six per site (χ2 analysis,
Table 2). Within our dataset and sampling depth, the number
of cumulative fire events increased slowly with the number of
samples (sampling effort) for Guyana and S-Peru. For N-Peru,
there was a greater increase in unique fire events with the number

of samples (Figure 3). Given the available evidence (14C data),
we cannot prove that sites had more fires than this minimum
number, and so our subsequent analyses are based upon the
quantification that this is only the minimum number of unique
fire events. The site from N-Peru, which apparently had the most
fire events, also has the highest annual precipitation. The S-Peru
site, which had the fewest unique fire events, has only slightly
lower annual precipitation but is more seasonal, with greater
climatological water deficits during the dry season.

Number of Dates to Estimate the Date of
Last Fire
We evaluated two sampling and analysis strategies to evaluate
the likelihood of estimating the date of the most recent fire for
each site: Strategy (1) Vertical–Lateral: sampling first down a pit
profile and then repeating for each pit and Strategy (2) Lateral-
Vertical: sampling first surface samples across pits and then
repeating for the subsequent sample depth across pits, and for
both resampling by starting from each of pits 1, 2, and 3. Under
Strategy 1, considering all dates from individual pits from sites,
from 3–5 samples (variation representing random resampling
from different pits) were required to estimate the most recent fire,
i.e., the most recent 14C date not being statistically different from
the overall most recent date for the site based on X2 tests. Under
Strategy 2, only 2–3 samples were required to estimate the most
recent fire, showing this strategy to be most effective by requiring
fewer samples and therefore a lower cost.

From the available dates, we also consider the probability for
each site of observing the most recent fire, from available dates for
each site, based on the number of samples. Under Strategy 1 for
Guyana, the probability was 67% when randomly sampling just
1 sample from the available set of measurements and 100% with
4 samples, i.e., up to 4 samples would need to be taken from the
depth intervals down the vertical profile (Strategy 1) from any
of the 3 pits to sample the most recent fire (100% probability)
while if only 1 sample were taken from any of the pits, 2 of the 3
of the samples (67%) would represent the most recent fire. For
S-Peru the probability was 67% for 1 sample and 100% for 3
samples. For N-Peru, the probability was 67% for 1 sample and
100% for 5 samples. The probability of observing the most recent
fire under Strategy 2 was 67% when randomly sampling just 1
sample and 100% with 2 samples at both Guyana and N-Peru.
The probability was 33% for 1 sample and 100% for 3 samples
for S-Peru. Therefore, based on available dates, under Strategy 2
at least 3 samples (1 from the top of each of 3 pits) is required if
the sampling is to have a reasonable likelihood of capturing the
most recent fire for intact forests with no history of a recent fire
(or 5 samples under Strategy 1). This analysis assumes that at least
one of the dates from each site represents the most recent fire. We
acknowledge that additional sampling may result in a more recent
date, while also noting that the number of unique fire events is
leveling off with increased sampling effort (Figure 3).

Fire Return Interval
Based on the unique fire events for each site, the median fire
return interval among sites ranged from 455 cal years for S-Peru
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FIGURE 2 | (A) Density distribution for dates (n = 33; cal years BP) by region for charcoal sampled in soil pits in Guyana, N-Peru and S-Peru. Dashed lines indicate
median dates among all dates per region. Calibrated 14C dates (cal years BP) for (B) Guyana, (C) northern Peru, and (D) southern Peru; each curve represents a
charcoal sample.

TABLE 2 | Summary of calibrated radiocarbon dates, maximum fire return interval, and the minimum number of unique fire events by pit based on X2 tests for sites in
Guyana, northern Peru, and southern Peru.

Calibrated dates (cal years BP) Fire return interval (cal years BP) No. of unique fire events

Site Minimum Maximum Mean Median Minimum Maximum Pit 1 Pit 2 Pit 3 Total

Guyana 851 11,513 2,655 2,950 208 4,510 4 2 2 5

N-Peru 842 3,606 529 484 299 838 2 2 4 6

S-Peru 728 1,944 397 455 115 621 3 1 3 4

to 2,950 cal years for Guyana (Table 1). The shortest return
interval was found in S-Peru (115 cal years) and the longest
return interval was found at the Guyana site (4,510 cal years).
Given that we cannot prove that we have captured all fires at
each site, based on our present dataset, these values represent
the maximum return period for fires at each site, and could
potentially be over-estimates of the time between fires.

Age—Depth Relationships and
Macrocharcoal Presence/Absence
Among regions, there was no significant relationship between
dates of fire and soil depth. Within sites, only Pit 1 from
Guyana and Pit 2 from N-Peru had weak significant age-
depth relationships (p < 0.1; Figures 4A,B). Some pits had

little variation in dates across deeper (i.e., > 40 cm) portions
of the profile (e.g., S-Peru Pit 2). Dates were inverted in
profiles, with 4/9 pits having older dates above younger dates.
Some dates near the surface were up to 9,000 years older
than dates from deeper depths (e.g., Guyana Pit 2, N-Peru
Pit 1), demonstrating substantial mixing across the soil profile.
Macrocharcoal presence/absence data by soil depth, pit, and site
are shown in Figure 4.

DISCUSSION

Humid Amazonian forests were long considered mostly fire-free
systems (Sanford et al., 1985; Pontes-Lopes et al., 2021). Here we
show, in one of the most intensively local sampled radiocarbon
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FIGURE 3 | Cumulative number of minimum unique fire events and the
number of samples (sampling effort) based on a bootstrap resampling
approach from samples from the three pits for each site. The curve represents
log-transformed fits and shading represents 95% confidence intervals.

studies to date of fire in terra-firme forest soils, that fire was
rare but recurrent in these systems, with maximum return
times of hundreds rather than thousands of years. Our study
provides novel information about regional patterns in fire history
spanning 11,500 cal yrs BP and, in line with other studies, shows
a peak in the number of fire records preceding the Columbian
Encounter (Nevle and Bird, 2008). While the sites exhibited 4–6
unique fires, none of the structurally intact forests had fire events
more recent than ∼730 cal years BP (1,220 cal AD), indicating
that in terms of fire disturbance at least, these forests could be
considered old-growth (Willis et al., 2004). Our results add to
the growing body of evidence of ancient disturbance by fire and
native inhabitants that affected past Amazonian forests (Levis
et al., 2017; McMichael and Bush, 2019; Oliveira et al., 2020; Bush
et al., 2021).

Amazon Basin Fire Frequency: Regional
Patterns, Great Dying, Past Climate
Our results are consistent with other studies from Amazonia
showing a higher frequency of dates 500–2,000 cal years BP
followed by a decline until modern times (Figure 5). The decline
in fire may have been due to the Great Dying caused by the
introduction of Old World diseases, where 95% of the native
population died (Dull et al., 2010), and which was followed by the
Little Ice Age (LIA) global thermal anomaly of about ∼ −0.1◦C
from 1,550 to 1,750 A.D (Nevle and Bird, 2008). Nearly half of our
dates occurred 500–1,000 cal years BP, with 18% 1,000–1,500 cal
years BP (Figure 5). Non-soil charcoal had a greater fraction
occurring earlier in the record, between 2,000 and 3,000 years cal
BP, than soil charcoal (McMichael and Bush, 2019). Soil charcoal
samples spanning southern, eastern, and northwestern Amazonia
showed peaks 500–2,000 cal years BP (Goulart et al., 2017).
Other studies reported a decline in the number of fires prior to

the Columbian Encounter (Dull et al., 2010; Bush et al., 2021),
suggesting events besides the Great Dying may have contributed
to an earlier decline in fire, e.g., a wetter climate that reduced fire
ignition and spread.

Surprisingly, our wettest site from northern Peru, with
2,584 mm precipitation per year and no dry season (months
with < 100 mm precipitation), had the highest number of unique
fires. Such closed canopy forests maintain high below-canopy
moisture levels that prevent fine fuels such as dead leaves and
small branches that carry a fire from reaching flammability levels
(e.g., leaf moisture content ≤ 23%) (Ray et al., 2005). An analysis
of fire history based on lake cores found that charcoal was less
abundant in northwestern Amazonia compared to other regions
of Amazonia, with an elevated period of charcoal deposition
2,500–2,000 years ago (Gosling et al., 2021). Based on analyses
from modern fires, the northwestern sites are considered too wet
to burn in normal years, so that past fires would be associated
with severe drought (Aragão et al., 2007; Pontes-Lopes et al.,
2021) and ignition by past humans. Although we found no
archeological artifacts in the soil or terra preta on the site, the
high number of fires in this wet region may be indicative of past
human influence in the region (McMichael and Bush, 2019). The
charcoal found could have been formed from different types and
scales of fire. Seasonally flooded forests have more fertile soil
due to nutrient deposition during flooding (Salo et al., 1986),
making these areas more suitable for agriculture than terra firme
soils. Pre-Columbian land use in the adjacent seasonally flooded
areas may have been a source of fire that spread into the higher
elevation terra firme forests during drought and may explain
the high number of fire events at the N-Peru site. The charcoal
may have also been formed by small-scale sub-canopy campfires
from hunting parties, i.e., fires that do not necessarily represent
burning of live trees.

Fire Chronology and Date of Last Fire
Fire Return Interval
The mean fire return interval for two sites (Table 2) was shorter
than the time since the last fire, suggesting that over the past
∼800 years, these forests have undergone a longer fire-free
period than over the past 2,000–3,500 years. Where the fire
return interval was longer at the Guyana site, the estimate was
greater due to several very old dates (e.g., 11,513 cal yrs BP).
These data represent the maximum fire return interval and
additional sampling may reveal additional fires and shorter fire
return intervals.

Date of Last Fire
Three 14C dates per site were sufficient to consistently assess the
most recent fire from samples available for a given site. Although
the most superficial samples are not always the most recent,
within the samples from the same profiles from Peru and Guyana,
our intensive sampling suggests ages around 800 cal years BP
were the youngest and most likely related to the last fire since
no new unique fire events were found after 10 dates for all pits.
Strategy 2 that samples first surface soil across the pits and then
by depth was most effective to capture the most recent fire;
however, this strategy provides less information about fire history
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FIGURE 4 | Regional maps of site location (black squares) and elevation (m a.s.l., SRTM DEM). Shaded boxes in the table show macrocharcoal presence/absence
by pit and soil depth (see the legend). No macrocharcoal was found above the first reported depth in each table. Bivariate plots of calibrated date (cal yrs BP) and
sample soil depth (cm) for (A) Guyana, (B) northern Peru, and (C) southern Peru. Lines represent significant relationships for individual pits (Guyana Pit 1; N-Peru Pit
2; p < 0.1) and shading 95% confidence intervals.

compared to Strategy 1. Under Strategy 1, by sampling down the
depth profile rather than taking samples first from the surface,
there is a greater opportunity to also capture younger dates that
were randomly inverted in the soil and key information about
fire chronology.

Sampling effort has traditionally focused on radiocarbon
dating non-soil charcoal and non-charred material from
archeological sites. In one of the largest compilations to date

including > 850 14C dates for the Amazon region, 25% of
the dates were sampled from charcoal in soil, 40% were from
charcoal from other sources (e.g., lakes and peat or not identified
as being from soil), and the remaining dates came from a
variety of non-charred material such as unburned wood, bone,
shell, etc., or from unknown sources (McMichael and Bush,
2019). Of the 540 charcoal and soil charcoal samples, 53% were
from lowland (< 1,000 m a.s.l.), with the rest from upland
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FIGURE 5 | Frequency of dates from charcoal and soil charcoal by years calibrated before present (BP) in fraction of total dates per study from Goulart et al. (2017),
compilations by McMichael and Bush, 2019, and this study.

Andean sites (Figure 1). This limits understanding of fire regime
(return time, number of fires) for lowland terra firme forests,
which represent the majority of Amazonia forests, to allow
us to evaluate the role of past fire on forest composition,
structure, dynamics.

At the local site scale, there was synchrony in fire events.
For example, within a given site each of the 3 pits (separated
by 100 m each) generally had the same date of the last fire.
While our data and paleo-fire 14C databases provide a greater
understanding of fire history, these datasets provide information
only for individual sites and therefore have limited capacity
to understand fire regime at larger local and regional scales.
An analysis of fire history based on lake cores in southwestern
Amazonia showed high sub-regional (e.g., 100 km) variability in
the charcoal dataset, with a near absence of fire at some sites,
while charcoal and vegetation histories indicate other sites were a
regional settlement hub for pre-Columbian people (Gosling et al.,
2021). To further understand fire regime, we need additional
information about the fire area per unit of time to assess fire
regime at different spatiotemporal scales (Payette et al., 2012),
which requires wider sampling.

Of the several hundred surveyed permanent forest plots across
Amazonia used to evaluate biodiversity and forest dynamics
(e.g., Brienen et al., 2015; Sullivan et al., 2017), time since the
last fire was published for only four plots (McMichael, 2021).
Comparison to compiled 14C values (McMichael and Bush, 2019)
that were near to our sites allows for assessment of wider-scale
local variation. The nearest study in Guyana that sampled soil
charcoal, ∼ 30 km north of our site, reported dates of the last
fire that were more recent (∼390 cal years BP) than the dates
we found (∼850 cal yrs BP). The nearest value for N-Peru,
∼65 km from our site, was slightly older (∼980 cal years BP)
than the most recent fire we encountered (∼840 cal years BP).
The nearest values for S-Peru, ∼2 km from our site, spanned
(∼605–1,388 cal years BP) the most recent fire we encountered
(∼725 cal years BP). Considering this regional variation at scales

of 2–65 km in the most recent fires, care should be taken when
making assumptions about fire history for permanent forest
without radiocarbon dates based on plots with radiocarbon dates
from the region.

Uncertainty in Estimates
Age Distributions
An aim was to estimate the date of the most recent fire, with
sampling focussing on 0–70 cm depth (median 30 cm depth),
which would have resulted in a larger number of more recent
dates and underrepresented older dates (Figure 2) than sampling
deeper depths. Factors such as preservation bias could influence
the distribution of dates encountered, e.g., if there is poorer
preservation of older charcoal or greater translocation of this
material, then more charcoal from younger intervals (i.e., greater
frequency of younger char) would be found. Despite this, the
oldest dates of the entire dataset were found at 25–35 cm depth
and one of the most recent dates at 70 cm depth.

Date Inversion and Age-Depth Relationships
The weak age-depth relationship and date inversion indicate
limited utility to develop depth-age relationships from dates
from soil pits. Date inversion and weak age-depth relationships
can complicate interpretation of the data and require additional
sample analysis. In two of the nine pits, the most recent fire event
in each pit was found amongst the deeper charcoal fragments.
Both of these cases occurred at the S-Peru site, with charcoal
representing the most recent fire at 30–60 cm depth and older
charcoal found at 15 cm depth. Unlike peat and lake sediment
cores, which generally show intact stratigraphies (Swindles et al.,
2018), bioturbation in terra firme soils is probably responsible for
the lack of correlation between ages and depth.

Date of Last Fire
Our study provides strong evidence that our approach captured
the most recent local fire at a given site. In estimating the
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date of the last fire for these sites, we conclude that 11 dates
were sufficient to capture the date of the last fire based on no
additional unique fire events encountered after 10 samples for all
pits. This assumption could be tested with additional sampling
and 14C analysis. We acknowledge that there may have been
more recent unsampled fires in these sites. To our knowledge,
no other study has sampled at the local intensity for terra-
firme forest soils of our study. Therefore, within the limitations
of our study, the current results provide the best evidence to
date on sample numbers required to determine the local date
of the last fire.

In-Built Age
The 14C date of charcoal is related to the year of growth of
each tree ring. All 14C dates from charcoal, therefore, contain a
bias toward an in-built age when estimating the date of the fire,
with the bias larger for older trees. For fires in Amazonia, where
fire preferentially kills younger trees, and fires are dominated by
surface burning that consumes coarse woody debris and char
tree stems rather than crown fires (Cochrane, 2003; Brando
et al., 2012), in-built ages would be small and dates probably
relate closely to the fire episode. In-built age could be reduced
by selecting charred material with a short lifespan such as
twigs and seeds.

Fire Legacy on Forests
Fire was an ancient event in our study sites with the most recent
dates ∼800 cal years BP, which is well beyond the lifespan of
most tropical trees (Laurance et al., 2004). While trees have
been estimated using 14C to live to be 1,400 years (Chambers
et al., 1998), age determinations using direct measurements of
Amazon tree rings result in maximum ages between 400 and
500 years (Worbes and Junk, 1999). At the stand level, the median
biomass carbon residence time is much less, ∼50 years (range 23–
129 years) for mature tropical forests (Galbraith et al., 2013), since
shorter-lived trees overwhelmingly dominate C cycling. This
suggests that the ancient fires > 800 cal years BP encountered
in our study sites may have had a minimal impact on modern
C cycling. While these forests have been considered structurally
intact or old-growth, the legacy effects of pre-Colombian land-
use of these forests continue to be debated (Levis et al., 2017;
McMichael and Bush, 2019; Oliveira et al., 2020; Bush et al., 2021;
Gosling et al., 2021). Understanding of current forest C storage
and diversity is based on several hundred plots across Amazonia
(e.g., Sullivan et al., 2017); however, many forest inventory plots
in Amazonia may be disproportionately located in areas having
ancient human impacts (McMichael et al., 2017). It may be that
ancient fire and historical land use has a greater legacy effect on
forest composition (dos Prestes et al., 2020; Oliveira et al., 2020)
than C storage and dynamics. Regardless, our study provides
an important step toward understanding fire legacy effects on
contemporary forests and provides key new radiocarbon datasets
for long-term ecological study sites.

Charcoal and Environment
The very old dates (∼7,000 and 11,400 cal years BP) at the
Guyana site, relative to the other sites, were at shallower depths

than the oldest dates (although significantly younger) at the
western Amazonia sites, suggesting environmental and substrate-
related factors may have affected the position of charcoal in the
soil profile. The Guiana Shield is characterized by a substrate
with a geological age at least 42 million years older than
western Amazonia (Quesada et al., 2010). These large differences
affect the underlying physicochemical properties of the soil,
which can affect charcoal protection and persistence (Czimczik
and Masiello, 2007). The Guyana site also had a higher sand
content (76%) (Quesada et al., 2012) than the other sites, which
can improve aeration, reduce water holding capacity, and is
associated with lower pyrogenic carbon storage (Koele et al.,
2017). There is little information in the literature about the
types of fires in tropical forests that produce material that enters
the record or whether certain types of charcoal survive intact
for longer. In forests in Guyana today, areas with sandy soil
burn more, have more dead biomass and up to 10 times more
standing litter due to slower decomposition (Hammond and ter
Steege, 1998), which may affect the production and quantity
of charcoal formed. Following cutting and burning of a forest
in central Amazonia, around 2% of pre-burn aboveground C
stocks were converted to charcoal (Fearnside et al., 1999). If
conversion efficiencies remain consistent for less severe fire
(e.g., understory), charcoal production would be small, but the
charcoal could persist for millennia (Bird et al., 2015). The terra
firme sites from our study are mostly flat and non-seasonally
flooded, so that lateral movement and erosion (Bassini and
Becker, 1990; Rumpel et al., 2006) of charcoal would be small.
The larger charcoal size-class (≥ 1 mm) that we sampled would
be unlikely to be uplifted and transported by convection from
fires (Clark, 1988). Therefore, the macro charcoal we sampled
should be of local origin (hundreds of meters) and represent
in situ fires.

It is unlikely that all the charcoal found at our sites is due
to lightning-induced fires. In Gabon, a single hollow tree was
struck by lightning and burned, with charcoal formed by the
burning trunk covering an area of 20 m diameter and by the
burning fallen crown an area of 15 × 25 m (Tutin et al., 1996).
However, studies from Amazonia, Panama, and Sarawak found
that lightning rarely chars trees or results in fires in humid forests
(Anderson, 1964; Magnusson et al., 1996; Yanoviak et al., 2020).
It is difficult to determine the scale and synchronicity of fire
events due to the large uncertainty around radiocarbon dates and
without additional sampling around the sites. The synchronized
dates of the fires at our sites in pits each separated by 100 m could
indicate larger fires beyond single trees or a series of small fires
that occurred within the uncertainty range of the radiocarbon
dates. Lightning may be a greater source of fire and charcoal in
seasonally dry forests where trees suffer greater water stress.

Future Opportunities
Fire history and drivers of its variation across the vast Amazon
Basin is still uncertain. Over the coming decades, the Amazon
region will likely undergo an increase in temperature, fire,
and the extent and frequency of drought (Betts et al., 2015).
Our study, with a focus on understanding the age of the
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most recent fire, provides new understanding for three regions
and presents opportunities for future research. This work
adds to a growing 14C dataset and extends the record for
terra firme soil beyond the work on peat and lakes that are
predominately spatially restricted to western Amazonia. Deeper
sampling could help to assess more robustly the long-term
fire record and the pre-Columbian fire return interval. There
are also opportunities to use charcoal to understand changes
in vegetation, e.g., anthracological analysis of several charcoal
fragments from the same position and depth has revealed
different families of trees with similar ages of 14C soil charcoal
(Goulart et al., 2017).

CONCLUSION

Our analysis shows that fire impacted these systems in
pre-Columbian times, with a variable fire record spanning
the Holocene, marked by a decline in fire leading up to
modern times. Ancient fire was occasional but recurrent in
these forests, which have been considered too wet to burn
naturally. The median values of fire return intervals were a
maximum of 450 years, with little variation locally among
pits in fire dates. Similar fire events today may have different
consequences for forests as climatic conditions are changing.
Based on the available dates, there is a high likelihood of
estimating the date of the last fire with as few as three
dates. The historical fire return interval of hundreds of
years, and the absence of fire over the past ∼800 years
in these forests, indicates these forests have undergone a
longer fire-free period than in the past. In terms of fire
disturbance at least, these forests could be considered old-
growth, which has important implications for the composition,
dynamics, and structure of these forests today and how they
respond to future fire.
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