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Charcoal abundance has been used as a fire proxy to reconstruct human settlement and climate records,
but analyses of pyrogenic carbon (PyC) have become more widespread. To compare these proxies, fire
records spanning the past 3000 y of Western Amazon Lakes Ayauch’, Gentry and Parker region soil and
sediments were determined by visually identified charcoal, chemical-thermal oxidation (CTO) and
benzene polycarboxylic acid (BPCA) markers. Charcoal represented the smallest portion of PyC and, with
its irregular distribution, it likely indicated only local or large fires. PyC via CTO concentrations were
highest and most uniform, suggesting lower sensitivity in detecting fire. BPCA-derived PyC distributions
in soils were consistent with more human occupation and higher temperature fires in the Lake Ayauch!
region and, in lake sediments, BPCA-derived PyC bore the closest resemblance to patterns of climate and
human influence. Thus, BPCAs were more sensitive indicators of fire over regional scales. The combined
information from multiple fire proxies revealed a history of frequent fires in western Amazon. Lake
Ayauch' region had greater fire frequency and higher temperature fires than the Gentry/Parker region,
suggesting greater human occupation. The greater fire frequency in wetter periods and regions of
western Amazon, suggest a major influence of human activity on PyC production over the past 3000
years. Each fire proxy examined in this study had strengths and weaknesses and the use of a combination
of fire proxies can provide a fuller picture of fire history than any single approach.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Fire has been present on Earth for at least 325 million years
(Bird, 1995). It alters the biogeochemical cycling of important ele-
ments including carbon and nitrogen, thus shaping global climate
and the structure of biological communities. Fire frequency is
largely controlled by climate and vegetation characteristics, but
also through passive or active human intervention. Fire frequency
and geographic distribution most likely increased with the
appearance of humans and their need to create land suitable for
hunting and agriculture (Caldararo, 2002). All these elements
combine to create global and regional fire histories (Conedera et al.,
2009).
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Records of fire occurrence have been particularly important in
reconstructing the pattern of human settlement and climate of the
Amazon Basin (Barlow and Peres, 2004; Bush et al., 2008). Forest
fires in much of the Amazon basin are the result of a combination of
drought and human activity. In the Central Amazon, true natural
fires are rare (Cochrane et al., 2002), and some paleoecological
records spanning thousands of years show no evidence of fire (Bush
et al., 2007a, 2007b). Cochrane and Laurance, 2002 showed that in
moderately seasonal forests, large fires almost always extinguish
themselves within a few hundred meters and do not spread to form
large wildfires. However, during droughts, fires started by human
activities can spread as wildfires. A long-standing question is the
extent to which the Amazon landscape we see today is natural,
versus shaped by humans (Tollefson, 2013). The silviculture of Pre-
Columbian peoples and the more recent increase in human defor-
estation for agriculture and wood harvesting may have changed the
closed-canopy forest structure of the Amazon forest and led to
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decreases in precipitation (Cook et al., 2012). Structural changes in
forests also have important impacts on carbon cycling, as Amazon
forests are currently the largest terrestrial carbon sink globally
(Phillips and Brienen, 2017).

Human populations may have arrived in the Amazon Basin in
the early Holocene (Roosevelt et al., 1991) and the earliest known
agriculture is marked by the occurrence of maize pollen in Llanos
de Moxos, Bolivia, sediments at least 6000 years ago (Bush et al.,
2016; Lombardo et al., 2020). Alterations of plant distributions
may have begun as early as 8000—10,000 year ago (Lombardo et al.,
2020). In the soil of mature rainforests, 1*C ages of soil charcoal
fragments indicate the occurrence of human fires since the middle
Holocene (McMichael et al., 2012a, 2012b, 2012c). Lake sedimen-
tary records provide more continuous charcoal histories with bet-
ter chronological control than soils, and these too indicate mid-
Holocene fire activity across many sites (Gosling et al., 2021).
Both lake-based and soil charcoal records document a substantial
increase in the frequency of fire in the Amazon Basin over the past
2500 years (McMichael and Bush, 2019), coincident with the basin-
wide transition to more sedentary cultivation practices (Piperno,
2011).

Reconstructions of the history of fire, vegetation, and soil
modification in the Western Amazon basin using charcoal, phyto-
lith, and geochemical data from soil cores suggests that terra firme
(upland found in most of the Amazon basin) forests were settled by
relatively small and shifting human populations during the pre-
Columbian era (Bush et al., 2007b, 2008; McMichael et al., 2012c;
Rodriguez and Behling, 2011). Fire history reconstructed from soil
cores collected from 55 sites within the 3 million km? western
Amazon suggest that pre-Columbian fires in the Western Amazon
may have been concentrated on the forest floor, as opposed to
crown fires, as changes in the forest structure were caused by tree
species replacements rather than transitions to open settings
(McMichael et al., 2012c). Accelerated human population growth
and expansion since 1500 cal Yr BP in Amazonia may have resulted
in increased combustion activity and the production of Amazonian
dark earths or ‘terra preta’, a charcoal-rich black or dark brown soil
containing pottery fragments, weathered bones, organic residues,
and other archaeological relics (Glaser and Birk, 2012). The full
extent of terra preta has yet to be mapped, but to date, these
modified soils are usually found along major rivers in central and
eastern Amazonia (Landa, 2014). In western Amazonia true terra
preta sites are rare, but less developed ‘terra mulata’ deposits (dark
brown in color and near absent of artifacts) have been recorded
along some rivers (McMichael et al., 2014). After 1750 cal Yr BP,
there was a significant increase in fire events, which is consistent
with archaeological data indicating an increase in agriculture, and a
peak in the formation of terra preta soils between 1200 cal Yr BP
and 800 cal Yr BP (Bush et al., 2008).

There is also some evidence of climate influence on fire fre-
quency in the Amazon Basin. The El Nino phenomenon is associated
with some of the strongest periods of fire activity in the past de-
cades as warmer Eastern Pacific water displaces the ITCZ north-
ward, leading to drought in Amazonia (Souza and Ambrizzi, 2002).
An unusually warm northern tropical Atlantic also leads to drought
in Brazil (Jimenez-Munoz et al., 2016) and more fires (Saldarriaga
and West, 1986; Santos et al., 2000). While humans cause almost
all fires in Amazonia (Bush et al., 2007b), during drought periods,
the increased flammability of the forest can cause accidently or
deliberately set fires to become wildfires (Aragao et al., 2018).

Most of this record of fire in the Amazon Basin was constructed
using age-distributions of charcoal, and charcoal is by far the most
commonly used fire paleoproxy globally. For example, the ‘Reading
Palaeofire Database’, used to reconstruct regional changes in fire
regimes globally, has more than 1600 charcoal records (Harrison
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et al., 2022). Many other reviews have been published on the use
of charcoal analysis as a fire paleoproxy (e.g., Conedera et al., 2009;
Power et al., 2010). While charcoal analyses of sediments and soils
provide detailed semi-quantitative fire histories, like all proxies,
they have their limitations. Several studies have shown that the
transport area of large charcoal particles (>120—150 pm) is less
than that of small particles (Clark et al., 1998; Lynch et al., 2004).
Thus, charcoal particle size has been used to indicate distance of a
sample location from fire events (Ohlson and Tryterud, 2000;
Sanford and Horn, 2000). In tropical settings, dense forest canopies
and low wind speeds within the canopy commonly result in mac-
rocharcoal transport distances of only 1-5 km from fire event lo-
cations (Vleminckx et al., 2014), thus can provide direct evidence
for local fires (Ohlson and Tryterud, 2000). The identification of
charcoal particles, even by microscopy, is usually limited to a
minimum size of 180 pm (Scott, 2010), and will inevitably be biased
toward detection of particles of larger sizes (Masiello, 2004). In
addition, the use of oxidants to concentrate deposited charcoal may
bias the record toward high intensity or severity of fire, as particles
charred at low temperatures may be lost in this processing
(Constantine IV and Mooney, 2022; Constantine IV et al., 2023).

Analyses of pyrogenic carbon (PyC) through chemical means
offers a path to assess the stored pool of fire-altered carbon, which
is an essential pre-requisite to understanding the vulnerability of
tropical soil carbon to oxidative loss and the effect of fire on global C
cycling, and thus, climate change (Kurth, 2005). Thus, additional
paleofire proxies are needed that can complement traditional an-
alyses based on identifying charcoal visually. There are a variety of
PyC quantification methods such as thermal and chemical oxidative
and molecular biomarker approaches (Hammes et al., 2007).
Thermal and chemical methods are relatively straightforward and
widely used. They rely on the assumption that PyC is the most
recalcitrant fraction of organic C. Therefore, these methods remove
relatively labile OM, and the residual carbon is assumed to be PyC
(Kuhlbusch and Crutzen, 1995; Kurth et al., 2006). However, PyC
can be incorrectly identified as non-PyC and vice versa, and some
portion of PyC may be destroyed in the severe thermal and
chemical oxidation steps used (Zimmerman and Mitra, 2017).
Another approach that has been gaining in usage is that of benzene
polycarboxylic acid (BPCA) analysis which targets the condensed
aromatic portion of pyrogenic OM (Brodowski et al., 2005). The use
of condensed aromatic C as a marker for PyC is a reasonable
approximation, as only a few plants, fungi and pigments have been
shown to yield significant amounts of BPCA (Brodowski et al.,
2005). However, there are great uncertainties related to the quan-
titative conversion of measured BPCA contents to PyC quantities
(Zimmerman and Mitra, 2017). It is likely that different methods
target different portions of the so-called ‘combustion continuum’
(Hedges et al., 2000), i.e., the products of the incomplete combus-
tion of biomass, which range from slightly charred material to
highly condensed and refractory soot (Hammes et al., 2007).
Consequently, different fire proxies may provide complementary
information regarding the history of fire and its causes at a
particular location.

Here, a multi-proxy approach was used to examine the fire
history recorded in both soils and lake sediments collected in the
Western Amazon Basin. The spatial and temporal distributions of
charcoal particles, previously reported in McMichael et al. (2012b)
and Bush et al. (2007a), were compared with those of PyC as
determined by two chemical thermal oxidation (CTO) methods
(‘Kuhlbusch’ and ‘Kurth’) and BPCA molecular markers. We hy-
pothesize that records of fire history will vary among the fire
proxies. Those derived from visually-identified charcoal will reflect
local factors, whereas PyC, as measured by chemical means may
better reflect changes in both local and regional factors. The overall
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objectives of this study were to 1) understand the differences in the
information provided by various paleofire proxies, and 2) to un-
derstand the record of fire and its relationship to human and
climate history of the Amazon Basin.

2. Methods
2.1. Study sites and field methods

This study examined soils surrounding Lake Ayauch!
(3°2'42.93"S, 78°2'4.32"W) in southeastern Ecuador, and Lakes
Gentry (12°10'41.06”S, 69°5'54.91”"W) and Parker (12°8'31.47"S,
69°116.64"W) in southeastern Peru (Fig. 1). Detailed site de-
scriptions can be found in Bush and Colinvaux (1988) for Ayauchl,
and Bush et al. (2007b) for Gentry and Parker (GP). Lake Ayauch' is
located at the foot of the Andes just above the floodplain of Rio
Santiago. It is within a moist lowland rain forest at an elevation of
about 500 m and with a lake area of about 0.04 km?. Lake Ayauch! is
within an enclosed basin with narrow margins, and has a small
hydrological catchment, steep sides, and consists of two sub-basins
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of 45 and 25 m depths. Its annual precipitation is between 2000
and 3000 mm and average temperature about 23 °C (Bush and
Colinvaux, 1988). Lake Gentry, with a lake area of about 0.35 km?,
and Lake Parker, with a lake area of about 0.33 km?, are at an
altitude of 200—300 m and lie more than 20 km from the Madre de
Dios River. The distance between Lakes Gentry and Parker is 9.5 km
and both lie in a region of typical upper Amazonian forest and are
not influenced by rivers input. Although the regions of Lakes
Ayauch' and GP have a similar annual precipitation of about
2000 mm, rainfall is more seasonal at GP, with a dry season usually
lasting 2—4 months (i.e., <100 mm of rain, Bush et al., 2007a).
Soil cores from around Lake Ayauch! (Ay) were collected using a
10 cm diameter AMS soil sampling hand auger and were sub-
sectioned into 3—20 cm intervals in 2007 (Fig. 2). A lake sedi-
ment core was also collected using a Colinvaux-Vohnout piston-
corer. Soil cores from the GP region (GP) were collected at distances
of 100 m to 12 km from either one or both lakes and sub-sectioned
at 10—30 cm intervals in 2008. Phytoliths were extracted from soils
using standard laboratory techniques (Piperno, 2006), and burned
phytoliths were counted for each soil core depth interval. Detailed

+ |[number of
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Fig. 1. Map of Amazon precipitation seasonality, modified from Bush et al. (2007a). Red labels indicate sample site locations Lake Ayauch' (Ay), Lakes Gentry & Parker (GP) and
locations of climate data used: (1) Upano Valley (Rostain, 2012), (2) Lake Kumpak?® (Liu and Colinvaux, 1988), (3) Podocarpus National Park (Rodriguez and Behling, 2011), (4) Lake

Pacucha (Hillyer et al., 2009).
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Fig. 2. Soil core locations (white squares with site numbers) in a) Lake Ayauch'’ and b) Lake Gentry and Parker regions, shown in relation to modern land usage. Locations of lakes are
indicated with white circles (A, G, or P for Ayauch', Gentry, and Parker, respectively). Agricultural land (dark grey), pastures (light grey), farmhouses (black squares), community
houses (black circles), and roads (black lines) are shown. Modified from McMichael et al., 2012b).
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coring and site descriptions can be found in McMichael et al.
(2012b).

2.2. Laboratory methods

Four methods were employed to quantify PyC in the soils and
sediments collected.

Charcoal abundance via visual identification - The charcoal
analysis methods and data for soils and sediments from Ay and GP
were previously published (Bush et al., 2007b; McMichael et al.,
2012c¢). Briefly, sediment samples were deflocculated with 10%
KOH and Na pyrophosphate, sieved to 180 pm, and was used to
obtain charcoal surface area on an Olympus SZX12 (at 100x
magnification). Soil samples were volumetrically measured in wa-
ter, deflocculated with detergent, wet sieved to 0.5 mm. Surface
area of charcoal particles was calculated with Image ] software,
which was then converted to charcoal volume to down-weight
smaller fragments following Weng (2005). This is because char-
coal fragments can be broken down into smaller pieces during
laboratory processing, resulting in an increase in both number and
apparent area. Identification of charcoal was based on color (black
and opaque), shape (angular), brittleness, luster, and streak (when
rubbed).

To compare all the fire proxies on the same basis (i.e. PyC con-
tent), concentrations of carbon in particles identified optically as
charcoal (PyCchar) Were approximated as:

mg Cchar mm?har i g\
PyCepar (7) = Char Vol. (— x Bulk Density | =
g soil 3 cm3

using mean literature values as follows. A bulk density of 1.18 g/
cm? is the mean of Brazilian Amazon soils published by Bernoux
et al. (1998). A value of 0.43 g/cm> was used as the charcoal den-
sity, which was previously determined as the mean density of
charcoal from a range of Amazon biomass types (de Alencastro
Graca et al.,, 1999) and is within the range of envelope densities of
biochar from grass (0.25—0.30 g/cm®) and wood biomass
(0.47—0.60 g/cm?>) measured by Brewer et al. (2014).

The carbon content of charcoal ranges widely, from roughly
50—90% by weight (Kuhlbusch and Crutzen, 1995) and increases
with combustion temperatures (Zimmerman, 2010). Given that the
charcoal formed at higher temperatures are those most likely to
survive long-term degradation in the environment (Zimmerman,
2010), and charcoal fragments analyzed via Fourier Transformed
Infrared Spectroscopy (FTIR) indicate a 600—700 °C formation
temperature range for Ayauch' -region chars (Gosling et al., 2019),
we assumed a C content of 713 mg/g, the mean of oak and grass
chars pyrolyzed in the laboratory at 650 °C (Zimmerman, 2010).

Pyrogenic C via chemothermal oxidation (CTO) - Two CTO
methods, referred to here as ‘Kuhlbusch’ (after Kuhlbusch, 1995)
and ‘Kurth’ (after Kurth et al., 2006), were employed to quantify
pyrogenic C, both by removing presumably non-pyrogenic C via
oxidative digestion and measuring C in the remaining material.
Kuhlbusch uses a more aggressive strong base and acid
digestion + combustion, and ‘Kurth’, a less-aggressive peroxide/
weak nitric acid-peroxide digestion, similar to a chemical charcoal
analysis assay proposed by Winkler (1985). Both methods rely on
the assumption that all non-pyrogenic C and only non-pyrogenic C
is consumed in the digestion process.
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Following Kuhlbusch and Crutzen (1995), with modification, 4 g
finely ground dried soil or sediment samples were treated with two
additions of 8 ml 1 M NaOH, followed each time by 15 min soni-
cation to ensure complete reaction, centrifugation, and then
removal of supernatant by pipetting. Next, similar treatments with
70% HNO3,1 M NaOH (5 times), 1% HCI, and finally MilliQ Nanopure
water (DI, 18.1 M Q) (2 times) were applied. After drying, ~0.4 g
residues were heated at 340 °C for 60 min in 5 ml glass beakers
under pure flowing O, atmosphere (500 ml min~!) in a tubular
furnace.

Following Kurth et al. (2006), soil or sediment samples were
ground to <0.76 um and 20 ml of 30% H,0, and 10 ml of 1 M HNO3
was added to about 1 g of each sample in glass beakers. The mix-
tures were swirled at room temperature and then heated to 100 °C
on a heating plate for 16 h with periodic stirring. After complete
digestion (no observation of further effervescence), samples were
filtered through Whatman #2 filter paper, after which, the
sediment-laden filters were dried at 60 °C. Samples were carefully
scraped from the filters, weighed, and analyzed for C content.

Total organic carbon (TOC) contents of the original sample after
HCI acidification and in the digested samples were analyzed in
duplicate (or additional times until <5% relative error) on a Carlo-
Erba NA-1500 CHS Elemental Analyzer.

PyC contents via Kuhlbusch and Kurth methods were designated
as PyCyq and PyCyo, respectively, and calculated as:

mg C cm?

. g =
x Char Density (W) x Char C(M) x 0.001 (mm3) (1)

mECN _ (yc, Mpostagesion | (M8
Pka <g SOil) = (AcdlgeStEd) X (mpr edigemon> ( g ) (2)

where % Cgigested i the C concentration measured after CTO
digestion, Mpre_digestion aNd Mpost_digestion 1S the sample mass before
and after CTO digestion, respectively.

Pyrogenic C via BPCA Analysis - The BPCA analysis of soil and
sediment samples followed the methods established by Brodowski
etal.(2005) and Dittmar (2008), with modification. Briefly, samples
were first pretreated with 4 M trifluoroacetic acid (TFA) at 105 °C
for 4 h to remove Fe and Al. After drying in an oven at 50 °C and
rinsing with distilled water, the TFA-pretreated samples of
30—130 mg were oxidized in 1 ml sealed ampoules with 1 ml nitric
acid at 170 °C for 9 h. Next, samples were blown to dryness under a
N, gas, dissolved in DI water, and filtered through 2 pm nylon sy-
ringe filters. The filtrate of each sample was cleaned by passing
through a glass column packed with Dowex 50x ion exchange resin
and then eluted with DI water. The eluate was freeze-dried and was
finally dissolved in methanol.

BPCA compounds in these extracts were detected using high
performance liquid chromatograph (HPLC, Shimadzu LC-20 Prom-
inence Series) equipped with a C18 column (3.5 pm, 2.1 x 150 mm,
Waters Sunfire) and a diode array detector (DAD) (Surveyor,
Thermo-Scientific, SPD-M20A) at 230 nm wavelength with a binary
gradient program as described in Bostick et al. (2018). BPCA con-
centrations were quantified using peak area curves generated from
external BPCA standards. The BPCA-derived PyC content (PyCg) in
each sample was calculated as the sum of carbon in
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benzenetricarboxylic acid (B3CA), benzenetetracarboxylic acid
(B4CA), benzenepentacarboxylic acid (B5CA), and benzenehex-
acarboxylic acid (B6CA) compounds detected. The number of car-
boxylic acid groups of BPCA compounds are directly related to the
degree of aromatic condensation (or aromatic cluster size) in PyC
(Bostick et al., 2018) as well as to the temperature at which the
pyrogenic material was formed (Schneider et al., 2013). Thus, the
proportion of B5CA and B6CA to total BPCAs, the aromatic
condensation index (ACI), was used to indicate condensation de-
gree in each sample. The ACI, has been found to increase with the
temperature and intensity of combustion (Schneider et al., 2013).

2.3. Data treatment

The age-depth model for the Ayauch' lake sediment core used
was provided by McMichael et al. (2012¢) as modified by Akesson
et al. (2023), wherein sediment charcoal particles were “C AMS-
dated and the ages were calibrated using the Intcal20 calibration
curve (Reimer et al., 2020). The age-depth model was then con-
structed by using the ‘rbacon’ package (Blaauw and Christen, 2011)
for R (R Development Core Team, 2021). Data from the upper 10 cm
of soil samples in Ay and GP were removed to avoid the effects of
modern disturbances.

The Mann-Whitney U test was used to compare the results of
the different paleofire proxies as well as to test for difference be-
tween different sample groupings. The relationships between
different paleofire proxies were examined by calculation of Spear-
man's rank correlation coefficients. The paleofire proxy records in
Ay lake sediment were compared with previously published
Amazonian climate history records. All statistical analyses were
carried out using open source R statistical software (http://www.r-
project.org).

3. Results
3.1. Spatial distribution of paleofire proxies

Pyrogenic carbon and TOC composition of soils and sediment
varied widely, both spatially (within and between Ay and GP soil
and lake sediment sites, Table 1) and temporally (down soil and
sediment cores) (Supplemental Information Table S3). Overall,
there were much higher TOC and PyC contents in Ay sediments
than Ay and GP soils. Compared with soils in the GP region, soils in
the Ay region contained about 10 times more TOC and pyrogenic C.
Soil TOC at Ay also had a larger range of variation. However, there
was much less distinction between PyC in sediments and soils of

Table 1

Quaternary Science Reviews 310 (2023) 108111

different locations when PyC content was normalized to TOC con-
tent (PyC/C).

While the amounts of PyC detected by each paleofire proxy
varied considerably, the rank order of median values and ranges
were similar in Ay and GP soils. The order of median PyC quantified
by different methods in Ay soils was PyCyq > PyCy > PyCg > PyCchar,
whereas for GP soils samples, it was PyCy > PyCiq > PyCg > PyCchar.
When normalized to TOC, the rank order (of PyC/C) was
PyCk1 > PyCkr > PyCg > PyCehar in Ay soils and
PyCyo > PyCyq > PyCg > PyCepar in GP soils.

Also of note is that there were several PyCcpa;/C % values greater
than 100%, an impossibility, and many zero values of PyC as
measured by the charcoal and BPCA proxies. This had an effect of
skewing the medians of the charcoal and BPCA data. Thus, boxplots
were used to better represent the site differences as these indicate
data skewness and outliers, defined here as outside of 1.5 x the
interquartile range (Figs. 3 and 5).

According to Mann-Whitney U testing, TOC, PyCy;, PyCyxo, PyCg
and ACI distributions were significantly greater in Ay than in GP
soils, but the PyCepar distributions were not significantly different at
the two sites (Fig. 3). On a C-normalized basis, PyC 1/C distribu-
tions were not significantly different, but PyCy,/C distributions
were significantly greater in GP soils, and PyCg/C distributions were
significantly greater in Ay soils. The degree of condensation in the
pyrogenic OM, i.e., the ACI, while not ranging widely among soil
and sediments, was significantly higher, on average, in Ay
compared with GP soils.

3.2. Temporal distribution of paleofire proxies

Records of fire occurrence from the different PyC proxies in Lake
Ayauch' lake sediments deposited between c. 2800 and 1300 cal Yr
BP were compared on a weight-normalized basis (Fig. 4), but were
also shown on a C-normalized basis in the supplementary infor-
mation provided (Fig. S5). There was a clear increase in TOC after c.
1400 cal Yr BP (25 cm depth below sediment surface). Otherwise,
TOC values in the portions of the core above and below this horizon
were relatively constant. Thus, C-normalization did not strongly
alter PyC variations in the core except in the case of PyCy;.

During the period c. 2800 - 1300 cal Yr BP, PyCchar values were
low or nil, except for two spikes occurring at c. 1600 and 1410 cal Yr
BP. The CTO proxies, PyCyx; and PyCi, showed elevated relative PyC
concentrations at c. 1450 and 1350 cal Yr BPin the upper portion of
the core corresponding to the increase in TOC. In contrast, PyCg
values were variable through the whole core and had higher values
that did not correspond to the charcoal spikes or the TOC increase.

Descriptive statistics of pyrogenic carbon proxies in sediment and soil cores examined in this study.

Proxy Lake Ayauch’ Sediments Lake Ayauch' Soils Lake Gentry and Parker Soils
Range Median Range Median Range Median

TOC (mg/g) 85—-271 102 3.3-117.8 333 1.7-13.9 34
PyCechar (Mg/g) 0-11.9 0.2 0-72.1 0 0-11.2 0
PyCy1 (mg/g) 6.9-23.6 12.8 0.1-42.6 4.1 02-3.1 0.4
PyCy, (mg/g) 14.3-106.4 29.4 0.9-8.6 3.6 03-2.2 0.7
PyCg (mg/g) 0-3.2 2.6 0-4.7 14 0-0.6 0.1
PyCehar/C (%) 0-11.8 0.2 0—-100 0.2 0-181.6 0
PyCia/C (%) 6.4—14.5 10.5 0.3-48.8 10.2 4.6—42.6 11.8
PyCi2/C (%) 16.8—62.9 28.8 5.8-22.7 10 9.8—35.9 15.7
PyCg/C (%) 0-34 2.5 0-6.5 35 0-7.7 1.2
ACl 0.6—0.9 0.8 0.7-1 0.9 0-1 0.8

Notes.

PyCchar, PyCi1, PyCia, PyCg: the PyC content obtained by C-converted visual identified charcoal counts, Kulsbusch method, Kurth method and BPCAs method, respectively.

PyCechar/C, PyCk1/C, PyCy>/C, PyCg/C: the PyC content normalized to soil TOC.
ACI: the proportion of B5CA and B6CA to total BPCAs.
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There were also several time periods that showed enrichment in
one or more of the PyC proxies, at c. 2450, 2020 and 1700 cal Yr BP,
that did not show charcoal enrichments. Overall, there was not a
strong correspondence between the temporal trends in PyC inputs
as indicated by the different PyC proxies.

4. Discussion
4.1. Comparison of paleofire proxy distribution in amazon soils

Previous studies have shown that different PyC analytical
methods may lead to widely divergent results, with some methods
yielding consistently higher or lower PyC values (Hammes et al.,
2007). For example, BPCA typically yields lower proportions of
PyC than oxidative methods because it is specific to one class of
pyrogenic compounds, i.e. condensed aromatic compounds.
However, there is still debate as to the portion of PyC represented
and artifacts associated with each PyC proxy (Zimmerman and
Mitra, 2017). Given the differences in median values and profile
variations in PyC determined in this study by the different proxies
(Table 1 and Fig. 4), it is clear that, either the different proxies
represent different portions or different sources of fire-derived
residues. The smallest amount of PyC was detected by charcoal
and may reflect only local fires, whereas the highest PyC yield was
produced by CTO methods, suggesting contributions from non-
pyrogenic C and the PyC temporal records of BPCAs appear to
coincide with some regional climate and human records. Insights
can be gained by examining the interrelationships between TOC
and the different PyC proxies and by examining the spatial and
temporal distribution of PyC detected by each method.

There was weak correlation between TOC and PyC¢par and PyCyq,
while PyCy, and especially PyCg were strongly correlated with TOC
for all soils pooled (Table 2), and within Ayauch' (Table S1, and GP
soil samples (Table S2). These correlations between PyC and TOC
indicate that production or persistence of these two materials, the
former a subset of the latter, are related. There are many studies
showing a positive correlation between PyC and TOC in soils
(Agarwal and Bucheli, 2011; Glaser and Amelung, 2003) and quite a
few reasons could account for this. First, PyC production during fire
may be positively related to the amount of biomass present, and
high biomass would also result in soils of generally higher TOC
(Alexis et al.,, 2007). Second, humans likely select soils rich in
organic carbon for agriculture, and thus human pyrogenic activities
such as cooking and slash-and-burn farming would be concen-
trated there. Third, the addition of PyC to soil may result in
enhanced TOC through adsorptive preservation mechanisms. Py-
rogenic OM can readily sorb native soil OM, protecting it from
enzymatic attack (Zimmerman et al., 2011). Finally, soil processes
such as aggregate formation, translocation, erosion and leaching
are likely to retain or remove both pyC and non-pyC similarly
(Hilscher and Knicker, 2011).

Table 2
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Other explanations for the correlation between PyC and TOC
relate to specific PyC detection methods. The weak correlation of
PyCechar with TOC may not be surprising considering that there were
many PyCchar nil values and only larger charcoal particles are
visually detected. PyC detected by both CTO methods, Kuhlbusch
(PyCik1) and Kurth (PyCy»), were significantly related to soil TOC and
to each other, suggesting similar controlling mechanisms. However,
C-normalized PyCy; and PyCy, distributions were negatively
related to TOC. This would only occur if some fairly constant portion
of TOC was registered as PyCy; or PyCy,. This, along with PyCy; and
PyCyo returning the highest values as a proportion of TOC, even up
to 63% in some lake sediments, suggests that the drivers of this
relationship might be methodological, i.e., false identification of
some non-PyC as pyrogenic, rather than indicative of a natural
covariation phenomenon.

Compared with the other chemical proxies, PyCg represented
the smallest portion of TOC and had the narrowest range of values.
The correlation between TOC and PyCg (both weight- and C-
normalized, in both pooled and site-specific data sets) was the
strongest among the PyC methods examined. This result would
occur only if the PyCg became an increasingly greater proportion of
TOC as TOC increased. That is, the effect of sorptive preservation of
TOC by pyC (or vice versa), or human preference for high TOC soils
on which to conduct activities such as burning, as discussed above,
magnified the accumulation of pyrogenic OM in high TOC soils, as
indicated by PyCg.

4.2. Comparison between ay and GP regions

With the exception of charcoal-derived PyC, on average, all the
weight-normalized paleofire proxies were significantly enriched in
Ay compared to GP soil (Fig. 3). However, only C-normalized PyCg
(PyCg/C) was also enriched in Ay soils, further suggesting that the
CTO-derived PyC markers were affected by soil TOC content, either
as a methodological artifact or due to human co-enrichment. Along
with greater PyCg and PyCg/C values, ACI was, on average, enriched
in Ay soils, indicating a greater degree of aromatic carbon
condensation which has been associated with hotter fires and
perhaps greater soot contributions (Brodowski et al., 2007; Roth
et al.,, 2012). Since the Ay region has a shorter dry season than GP
(Fig. 1), the greater, and perhaps higher temperature fire activity at
Ay was likely caused by human burning activity rather than
because of climate-related dryness. It must be acknowledged that
the soil cores at Ay versus GP may represent different timespans.
However, there was no clear difference in soil age/depth relation-
ships between the two sites from the few C dates available, and by
sampling many soil cores from each region, it is hoped that any bias
was minimized.

Previous studies have suggested that there was greater human
occupation in the Ay region (McMichael et al., 2012c). For example,
maize pollen is found in almost all samples post- 2850 cal Yr BP

Matrix of correlation coefficients (r values) relating paleofire proxy composition data from pooled Lake Ayauch' and Lake Gentry & Parker soil samples. Bold values indicate

significant relationships (p-value <0.05).

Parameters TOC PyCchar PyCiy PyCi> PyCg PyCchar/C PyCy,/C PyCy»/C PyCg/C
PyCehar 0.32

PyCiq 0.53 0.38

PyCiz 0.89 0.38 0.64

PyCg 0.92 035 048 0.79

PyCehar/C -0.05 0.89 0.17 0.05 0.01

PyCi1/C —-0.16 0.22 0.70 0.04 —0.18 0.24

PyCi/C —0.57 0.04 0.02 -0.18 —0.55 0.27 0.44

PyCg/C 045 0.29 0.19 0.31 0.73 0.15 -0.18 —0.35

ACI 0.68 0.06 0.19 048 0.63 -0.17 -0.29 —0.54 0.38
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(Akesson et al., 2023). Soil phytolith and charcoal records also
suggest more intensive human habitation of Ay compared to GP
(McMichael et al., 2012c) and lake sedimentary charcoal data
indicate 6000 years of maize agriculture and 7000 years of fire
(Bush et al., 1989). There are some possible explanations for more
human occupation in the Ay versus GP region. First, Lake Ayauch'
lies on a major tributary of the Maranon River, providing excellent
connectivity to other regions. Second, the lake sits on a high bluff
above the river, which has long been recognized as an ideal setting
for human settlement (Denevan, 1996). Whereas the GP lakes do
not share all the positive elements found at Ay (McMichael et al.,
2012c). The higher TOC, and thus likely greater productivity of
the Ay region soils, may also have accounted for greater occupation
of the Ay region. Conversely, greater occupation may have led to
greater soil TOC, as pre-Columbians of the tropics are known to
have intentionally and/or accidently enriched soils in OM over time
(McMichael et al., 2014), through such processes as kitchen waste
disposal or slash-and-burn farming, both of which have been pro-
posed as the origin of the pre-Columbian terre preta. On a more
localized scale, in support of the above inferences, Ay region soil
sites closest to the river had, on average, higher TOC and weight-
but not C-normalized PyC concentrations than those close to the
lake (Fig. S1). Also, whole soil core inventories of PyC were greater
at sites located near the river and those of current agriculture ac-
tivities than those surrounding the lake (Fig. S2, panels b and c).

4.3. Paleofire proxy indication of human activity

Today, forest fire frequency in the Amazon Basin is generally
controlled by human activity, but could be exacerbated by climate
change (Bush et al., 2008). Burned phytoliths and charcoal particles
have long been used as indicators of past fires (Inoue et al., 2016;
Wen et al., 2020). Here, the distributions of our chemical PyC
proxies in Ay soil samples that contained or did not contain
abundant burned phytoliths and charcoal are compared. Due to
sample limitation, this comparison could not be made for the GP
study site.

Soil cores with burned phytoliths particles (Ay sites 2, 5, 9, 10,
11) and abundant charcoal (>5 mm?/ml charcoal, Ay sites 7, 10, 11,
13) (data from McMichael et al., 2012c¢) were designated as ‘fire
sites’ and other soil cores (Ay sites 1, 4, 8, 12, 14) were designated as
‘non-fire sites’. Average values of PyCg and PyCg/C were signifi-
cantly greater in the ‘fire’ versus ‘non-fire’ sites in Ay soils (Fig. 5).
Importantly, there was no significant difference in the TOC of sites
of these two types, therefore providing no support for the hy-
pothesized association of fire and organic matter enrichment in
these soils. The trend of higher ACI distribution at ‘fire sites’ seems
further evidence that more condensed organic carbon was pro-
duced due to past fire activity. In contrast, mean values of weight-
and C-normalized PyCy; and PyCy, were not significantly different.
In the case of PyCk, and PyCy,/C, ‘non-fire’ sites had even higher
averages than ‘fire sites’. This further suggests that, unlike the BPCA
method, the CTO methods may not effectively detect enhanced PyC
inputs due to local fire. The distributions of paleofire proxies were
also compared in groups of Ay sites distinguished on the basis of
whether they showed evidence of human disturbance as indicated
by agriculturally-sources phytoliths. Soil cores were divided into
those containing maize or squash phytoliths (Ay sites 2, 5, 8, 9, 10,
11, ‘disturbed sites’) (data fromMcMichael et al., 2012¢) and those
without these phytoliths (sites 1, 4, 7,12, 13, 14, ‘undisturbed sites’).
Only PyCy, distributions were significantly different in ‘disturbed’
versus ‘undisturbed’ sites (Fig. S4), suggesting either that fire did
not always accompany other human activities or that fire proxies,
like BPCA particularly, do not necessarily reflect fine scale hetero-
geneities in fire presence. This supports our hypothesis that BPCA
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may reflect larger spatial and temporal scales of fire distribution.

Some of the PyC proxies also reflected the history of human
activity at Ay between c. 2800 - 1300 cal Yr BP (Fig. 4). There was
only one PyCehar peak, at c. 1600 cal Yr BP, that coincided with
evidence of human activities, such as the forest clearance and
agriculture from the pollen records of Lake Kumpak?® (Akesson et al.,
2021) and increased evidence of fire use at Podocarpus Park
(Rodriguez and Behling, 2011). The CTO proxies (PyCk; and PyCy>)
showed some variations during the period represented by the Ay
core but was most marked by a rapid increase during the period of
. 1450 - 1350 cal Yr BP. In contrast, PyCg (and ACI) showed variable
concentrations during this period of Upano cultural group occu-
pation, but was most continuously elevated between c. 2100 -
1700 cal Yr BP, the period of greatest human activity in the regions
of Lake Kumpak? Podocarpus Park and the Upano Valley, even
while other records indicated this to be a climatically wetter period
(Hillyer et al., 2009; Liu and Colinvaux, 1988). Bush et al. (2008)
found that there was a significant increase in human fire events
after 1800 cal Yr BP, and the peak period of terra preta soil forma-
tion, though not extensive in western Amazonia (McMichael et al.,
2014), was c. 1600—1100 cal Yr BP (Neves et al., 2004). Among the
pyrogenic proxies, PyCg most clearly reflects this increase in human
fire activity. In contrast, only a few samples are enriched in PyCchar,
suggesting its reflection of only local fire events, and TOC, PyCyq,
and PyCy, increase only after c. 1400 cal Yr BP, suggesting possible
preservation biases.

4.4. Paleofire proxy indication of climate variation

The influence of precipitation on the historical record of fire
products in Lake Ayauch' sediment can also be examined through
comparison with independent climate reconstructions. There was
little covariation among the PyC paleofire records of the different
proxies through the Ay sediment core (Fig. 4), nor did these clearly
reflect the record of climate variation derived from pollen and
microfossils by previous studies. However, there were some cor-
respondences. For example, the peaks in PyCchap, PyCko, PyCg and
ACI around c. 1410 cal Yr BP coincided with a dry phase recorded in
the pollen of Lake Kumpak?® (Liu and Colinvaux, 1988), and a
drought period in the Central Amazon between c. 1500 and
1300 cal Yr BP noted by others (Saldarriaga and West, 1986; Santos
et al.,, 2000). The lower values of PyC from CTO (PyCyx; and PyCy>)
during cal. 2700 -1700 yr BP coincided with the locally wetter
period from the western Amazon records of Lake Kumpak?® and
Lake Pacucha. The peaks in PyCg and ACI at c. 2500 cal Yr BP
coincided with the regional drought period from the Central
Amazon records. While CTO (PyCy; and PyCy,) and BPCAs proxies
better reflected pollen and microfossil-derived temporal climate
variations than charcoal counts, PyCg and ACI showed a larger
range of variability and many peaks corresponding to periods of
regional dryness.

The downcore correspondence between PyCg and ACI is quite
interesting because a higher ACI may be indicative of greater pro-
portions of soot (Brodowski et al., 2007; Roth et al., 2012). Soot is a
condensate of gases derived from burning and has a much smaller
particle size (submicrometer) than char (typically 10—100 um or
greater) (Ziolkowski et al., 2011). As such, soot particles are likely to
remain in the atmosphere for several days to months, depending
upon precipitation rates, and be transported over great distances
(Ogren and Charlson, 1983), whereas charcoal particles are unlikely
to be transported more than 50 km from their source (Vachula
et al., 2018). While soot would certainly be among the PyC frac-
tion isolated and quantified by the CTO method, it would only be a
small portion of PyC compared to that quantified by BPCA. Thus, as
suggested by the correspondence between PyCg and ACI in the lake
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sediment record, the BPCA proxy may better reflect a regional fire
history compared to a more local record from charcoal or CTO-
derived PyC.

4.5. Evaluation of paleofire proxies

Here, each PyC proxy is evaluated based on all results presented
on spatial and temporal distributions and their correspondence to
human activity and climate variations.

Charcoal via visual identification - Presuming that there was
greater human occupation and fire occurrence in the Ay compared
with the GP region, as several studies suggest, it is notable that
charcoal volume, and thus PyCcpar and PyCepar/C, were not enriched
in Ay compared with GP soils (Fig. 3). The charcoal distribution in
Ay sediments showed less variations than other PyC methods, thus
poorly matched other regional climate and human activity records
(Fig. 4).

The dissimilarity between PyCchar and the other PyC proxies
may be caused by methodological issues. There were many re-
cordings of nil and positive outlier PyCcha, values. In comparison, all
soil and sediment samples had at least some PyC as indicated by
each of the other three proxies. This is also the case for most soil
and sediments samples that have been examined worldwide
(Agarwal and Bucheli, 2011; Glaser and Amelung, 2003). The
discontinuous distribution PyCcphar values is likely a feature of the
analytical method, which detects only larger charcoal fragments
and the shorter transport distances of the larger particles, resulting
in detection of only local fires by this method. Thus, the fire infor-
mation provided by charcoal may represent peak inputs occurring
following single large local fire events, while the background
component representing regional information is absent (Long et al.,
1998; Whitlock and Larsen, 2001).

Given the dissimilarity between distributions of PyC¢har and the
other PyC proxies found here, chemical PyC quantification methods
should be considered to compliment charcoal in reconstructing fire
history. Many studies have demonstrated that charcoal is a reliable
indicator of fire occurrence, at least in some situations (Duffin et al.,
2008; Leys et al., 2017). Charcoal counts may, however, be more
suitable for indicating larger or local fires, for example identifying
kitchen middens or villages. Small or distant fires may not produce
amounts of charcoal particles large enough to be detected in soil.

CTO PyC methods - It seems likely that the CTO methods detected
a different PyC window than the BPCAs method and may also have
included non-pyrogenic OM. Evidence for this is in the strong
correlation between CTO-PyC data and TOC, which disappeared
when PyC was C-normalized, and the large weight- and C-
normalized PyC contents from CTO methods, with some unrea-
sonably high PyCy/C or PyCy,/C values exceeding 50% (Table 1).
These high values often appeared in the soil cores located near the
river or areas with agriculture activities that also had high TOC
(Fig. S2). Inclusion of non-pyrogenic C in PyC via CTO would reduce
its sensitivity as an indicator of fire variation and may explain its
poor ability to reflect some of the temporal variation in regional
climate (Fig. 4) or differences in human occupation and fire inputs
between sites. As a whole, these observations suggest that CTO
methods should be used with caution in reconstructing fire history.

BPCA PyC method — Overall, the BPCAs method yielded the
lowest weight- and C-normalized PyC contents in the samples
examined this study. PyCg seemed to best match expected distri-
butions of fire, in a temporal sense, with lake sediment PyCg peaks
matching some of the previously established climate changes
(Fig. 4), and in a spatial sense, reflecting the greater human activity,
and thus likely fire input, in the Ay versus GP region (Fig. 3), and at
sites within the Ay region with burned phytoliths and abundant
charcoal (Fig. 5). The BPCAs method targets the most condensed
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aromatic portions of pyrogenic OM, which includes smaller parti-
cles such as soot that can be transported longer distances. This can
certainly account for its ability to better reflect more regional fire
trends, but this study also supports its use in detecting more local
variation in pyrogenic inputs.

Another advantage of BPCA-derived PyC histories is its ability to
indicate fire temperature/severity through the distribution of BPCA
molecules. The ACI values reported in this study (B5CA/B6CA <0.8)
and B6CA > 40% of total, both suggest high fire temperatures
(>600 °C) overall (Schneider et al., 2013; Wolf et al., 2013), and fire
temperatures slightly greater in the Ay versus GP region (Fig. 3).
Previous studies suggest that typical temperatures for natural
wildfires are about 450 °C (Alexis et al., 2007) and closer to 300 °C
for forest ground fires (Wolf et al., 2013). However, domestic fires
reach temperatures of about 800 °C due to the continuous supply of
fuel (Wolf et al., 2013). Thus, the higher fire temperatures indicated
by BPCA molecules may suggest pyrogenic OM largely derived from
human burning and further support indication of greater human
occupancy of the Ay site.

Several previous method comparison studies have pointed out
the advantages of the BPCA method as a paleo-fire proxy. For
example, in a controlled charcoal addition experiment, Vachula
et al. (2018) found that BPCAs more accurately quantified varia-
tions in PyC content than visually identified charcoal, particularly
among smaller charcoal particle size classes. A study comparing
PyC in several pyrogenic and non-pyrogenic materials using BPCA,
CTO and mid-infrared spectroscopy (Roth et al., 2012) found the
BPCA method to yield the best recovery of pyrogenic reference
materials added to soils. These findings, and the above stated ad-
vantages, suggest that greater application and exploration of the
BPCA method in paleoarcheological and paleoclimatological studies
is warranted.

5. Conclusions

Lake Ayauch' and Lakes Gentry & Parker in the Western Amazon,
have a history of frequent fires. The Ayauch' region had greater
consistent use by people than GP due to a variety of factors such as
proximity to the river, and this was associated with greater fire
frequency and perhaps higher combustion temperatures. None of
the markers indicated greater fire frequency in the drier region of
the Western Amazon suggesting that, over the course of the past
3000 y and today, human activity, has had the predominant influ-
ence on PyC production.

There were large differences in the fire records produced by the
different PyC proxies examined, which likely reflect different sen-
sitivities to different PyC sources and chemical or physical fractions.
The visually identified charcoal detects the smallest fraction of the
PyC pool, and may preferentially reflect PyC produced locally or by
only large fires. The CTO methods yielded the highest soil and
sediment PyC contents and had the most uniform distributions,
suggesting possible non-PyC influence, resulting in a lower sensi-
tivity in reflecting regional fire variation. While the BPCA method
typically yielded lower PyC values, perhaps because it detected only
the condensed aromatic fraction of pyrogenic OM, this method
performed well in reflecting likely regional and temporal variations
in fire frequency, perhaps because of its association with soot and
thus longer-range transport dynamics.

Each fire proxy examined in this study has its merits, and it is
clear that the best understanding of fire history and influence on
soil/sediment chemistry will be obtained by employment of mul-
tiple fire indictors. Future studies are needed that examine the
relationship between PyC detected by different proxies in other
systems, especially those with well-known fire histories and
different climates and vegetation types. Understanding the
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differences in the information provided by various paleofire proxies
will allow for a more detailed understanding of the combustion
continuum associated with each method, and ultimately, the cause,
intensity, and distribution of past fires. This improved under-
standing of the relationship of fire to humans and climates of the
past will be needed to predict future effects of changes in fire
regime due to climate change.
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