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Tropical forest
ate Holocene biomass burning in the tropical Americas is consistent with the
expansion of fire use by Mesoamerican and Amazonian agriculturalists and a subsequent period of fire
reduction beginning ∼500 years BP. The marked reduction of biomass burning after ∼500 years BP, a unique
feature of the fire history of the tropical Americas relative to other regions of the globe, is synchronous with
the collapse of the American indigenous population during pandemics accompanying European conquest.
We predict that fire reduction contemporaneous with pandemics in the tropical Americas was associated
with massive forest regeneration on ∼5×105 km2 of land and sequestration of 5–10 Gt C into the terrestrial
biosphere, which contributed to the ∼2% global reduction in atmospheric CO2 levels and the 0.1‰ increase in
δ13C of atmospheric CO2 from 1500 to 1750 A.D. This study 1) builds upon prior fire history reconstructions
by synthesizing a substantially greater number of stratigraphic charcoal accumulation records and soil
charcoal 14C dates to resolve features of the Late Holocene biomass burning record in the tropical Americas;
and 2) corroborates the hypothesis advanced by Ruddiman [Ruddiman, W.F., 2003. The Anthropogenic Era
began thousands of years ago. Climatic Change 61, 261–293, Ruddiman, W.F., 2005. Plows, Plagues, and
Petroleum. Princeton University Press, Princeton, New Jersey] that biospheric carbon sequestration via
reforestation of cropland abandoned during pandemics contributed to changes in atmospheric CO2

concentration during the past millennium.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Numerous recent studies have sought to characterize climatic
variability during the past millennium, with a particular emphasis
on quantitative evaluation of climate forcing mechanisms of global
surface temperature operating in the absence of significant anthro-
pogenic influence (Briffa et al., 1998; Crowley, 2000; Jones et al., 2001;
Esper et al., 2002; Gerber et al., 2003; Hegerl et al., 2003; Shindell
et al., 2003; Rind et al., 2004; Zorita et al., 2004; Moberg et al., 2005). A
major feature revealed by surface temperature reconstructions of the
past thousand years is a period of cooling known as the Little Ice Age,
which was associated with a global thermal anomaly of ∼−0.1 °C and
was most pronounced from 1550 to 1750 A.D. in the Northern
Hemisphere, particularly in Northern Europe (Esper et al., 2002; Jones
and Mann, 2004; Moberg et al., 2005). The Little Ice Age coincided
with anomalies in the concentration (∼2% decrease) and δ13C (∼0.1‰
increase) of atmospheric CO2 (Etheridge et al., 1996; Francey et al.,
1999), which numerous studies have attributed to cooling-forced
redistribution of carbon among its major global reservoirs (Etheridge
l rights reserved.
et al., 1996; Francey et al., 1999; Joos et al., 1999; Trudinger et al., 1999;
Böhm et al., 2002). More recent work posits that biospheric carbon
sequestration by reforestation of croplands abandoned during major
pandemics in the Americas contributed to the decline of atmospheric
CO2 concentration between 1500 and 1750 A.D. (Ruddiman, 2003,
2005; Faust et al., 2006). Denevan (2006a,b) includes reforestation of
previously cultivated landscapes in the Americas, along with the
recovery of game species and expansion of their ranges, as part of a
major ecological transition spurred by the indigenous demographic
collapse during the centuries following European arrival. The
reforestation hypothesis implicates agricultural abandonment as a
factor in influencing atmospheric CO2 concentration for several
centuries prior to the Industrial Revolution, challenging the notion
that climate during this period can be considered in isolation from
anthropogenic activities.

Here we evaluate the reforestation hypothesis against constraints
imposed by 1) high-resolution proxy records of atmospheric CO2

concentration and carbon-isotope composition; 2) multiproxy-based
reconstructions of global surface temperature; 3) the modeled
sensitivity of temperature and atmospheric CO2 concentration to
natural solar-volcanic forcing; and 4) estimates of the magnitude of
reforestation-induced carbon sequestration likely to have resulted
from abandonment of cultivated land. In addition, we present a new
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reconstruction of the biomass burning history of the tropical Americas
during the past several millennia, which is consistent with the
expansion of fire use by Mesoamerican and Amazonian agricultural-
ists and a subsequent period of fire reduction synchronous with
European conquest. Our synthesis and analysis of proxy records of
global atmospheric CO2 and tropical American biomass burning
corroborates the reforestation hypothesis proposed by Ruddiman
(2003, 2005) and demonstrates significant pre-industrial anthropo-
genic influence on the atmospheric greenhouse gas budget.

2. Post-contact indigenous population collapse, fire reduction,
and reforestation

Recent investigation of Pre-Columbian demography in the Amer-
icas has led to 1) a reexamination of the extent to which landscapes in
once densely populated regions can be considered pristine or
humanized (Denevan, 1992a; Vale, 2002; Heckenberger et al., 2003;
Willis et al., 2004; Hayashida, 2005; Kirch; 2005); and 2) evaluation of
Fig. 1. Selected features of the Pre-Columbian American cultural landscape adapted from De
Amazonia reported by Heckenberger et al. (2003) and sites of charcoal records used to recons
references). Also noted are locations of marine sediment core (Core 2; Suman, 1991) and th
the effects of the post-contact demographic collapse on regional
ecology (Denevan, 2006a,b; Heckenberger et al., 2007) and the global
carbon cycle (Ruddiman, 2003, 2005; Ferretti et al., 2005; Faust et al.,
2006). Evidence for the habitation and modification of American
landscapes by tens of millions of Pre-Columbian agriculturalists
(Denevan, 1992b) exists in the widespread distribution of anthro-
pogenic Amazonian Dark Earth soils, raised fields, irrigated terrace
zones, roads, aqueducts, and numerous large-scale earthworks
distributed throughout Amazonia, the Andes, Central America, and
parts of North America (Fig. 1; Denevan, 2001; Benson et al., 2003;
Dalan et al., 2003; Heckenberger et al., 2003, 2007).

Pre-contact population estimates in the Americas range from 40 to
100 million (Dobyns, 1966; Henige, 1998) with the most widely
accepted figure near 60 million (Denevan, 1992b; Denevan, personal
communication, 2006). The vast majority of the pre-contact popula-
tion was concentrated in Central America and the South American
tropics (Denevan, 1992b). Hudson (1976), Thornton (1997), and
Denevan (1992a) postulate that pandemics, warfare, enslavement,
nevan (1992a). Map modified to include locations of archeological features from central
truct biomass burning history (see Tables 1 and 2 for details of geographic locations and
e Huaynaputina volcano discussed in text.



Fig. 2. a. Population in the Americas from 1000 to 1800 A.D. modified from Ruddiman
(2005). Wide, light gray vertical bar represents approximate duration of pandemics
introduced during European conquest of the Americas (1500–1750 A.D., Denevan,
1992b; Ruddiman, 2003, 2005). Dashed gray line represents eruption date of
Huaynaputina (1600 A.D.; Bullard, 1962) and dark gray bar indicates duration of
Maunder Minimum in sunspot activity (1645–1715 A.D.; Rind et al., 2004). b. Variations
in atmospheric CO2 concentration and δ13C recorded in ice cores and sponges. CO2

concentrations obtained from Law Dome (black squares) (Etheridge et al., 1996),
Dronning Maud Land (blue squares) (Siegenthaler et al., 2005), and the South Pole
(green squares) (Siegenthaler et al., 2005) plotted against their 15th-century means
(Law Dome: 281.2 ppm, n=3, range: 279.6–282.4 ppm; Dronning Maud Land
280.2 ppm, n=8, range: 278.4–284.0 ppm; South Pole: 278.4 ppm, n=2, range:
278.2–278.6 ppm). δ13C of calcium carbonate from extant Caribbean coralline sponges
sampled from present-day depths of 20–25m (open purple circles) and 125m (solid red
circles) (Böhm et al., 2002), shown relative to their respective 15th-century means of
4.90±0.06‰ (s.d.), n=66 and 4.96‰, n=16, range: 4.92–5.01‰. δ13C of CO2 from Law
Dome (Francey et al., 1999) (black filled circles) shown relative to its 13th–14th century
values (no data exist for the 15th century), all of which are 6.36‰. Weighted smoothing
spline (black line) for Law Dome δ13C reproduced from Francey et al., (1999). Analytical
uncertainties reported for each data set (represented by error bars) are as follows: CO2

concentration from South Pole and Dronning Maud Land ice cores: 0.5–2.5 ppm; CO2

concentration from Law Dome: 1.2 ppm; δ13C from Law Dome: 0.025‰; δ13C from
sponge carbonate: 0.04‰.
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forced relocation, and fertility decline reduced the indigenous American
population by ∼90% within a few centuries of European arrival. If a pre-
contact population of ∼60 million is assumed (Denevan, 1992b), this
level ofmortality equates to ∼50million deaths, which represented 10–
20% of the early 16th century global population (United Nations, 1999).
Exogenous diseases, particularly smallpox (Patterson and Runge, 2002),
produced a geographically and chronologically variable pattern of
demographic collapse over the western hemisphere. For example,
demographic reconstructions indicate that the indigenous population of
Central Mexico declined by more than 90% by the end of the 16th
century (Borah and Cook, 1960; Cook and Borah, 1960; Borah and Cook,
1963), followed several decades later by similar levels of pestilence-
induced depopulation in the Colca Valley in Peru (Cook,1982) and then,
nearly a century later, by similar depopulation in the Northeastern U.S.
(Snow,1995). Fig. 2a illustrates the scale of the indigenous demographic
collapse contemporaneous with European conquest based on findings
reported by Denevan (1992a). We do not attempt to appraise the pre-
contact population estimates of the Americas or post-contact mortality
rates summarized above beyond noting that these predictions are
near the current limits of resolution, and that over the past century,
demographic and archeological research have motivated upward
revision of population estimates by nearly two orders of magnitude.
Instead, we take the range of 40–100million for pre-contact population
in the Americas from the estimates of Dobyns (1966), Denevan (1992a),
and Henige (1998) and the 90% mortality rate suggested by Hudson
(1976) and Denevan (1992a) at face value in order to address questions
related to the synchrony of fire reduction and reforestation in the
tropical Americas with atmospheric carbon dioxide changes during
European conquest.

Reforestation represents a component of a broader pattern of eco-
logical transitions linked to cycles of human occupation and abandon-
ment. Human habitation of relatively unsettled or virgin lands, such as
by theMāori inNewZealand (Newnhamet al.,1989; Ogden et al.,1998;
Lowe et al., 2000), the Norse in Iceland and Greenland (Fredskild and
Humle, 1991; McGovern et al., 1998; Vésteinsson et al., 2002), the
Anasazi in the American Southwest (Betancourt and Van Devender,
1981), Aboriginal peoples in Australia (Kershaw et al., 1997; Lynch
et al., 2007), and Polynesians in Easter Island (Flenley et al., 1991), is
correlated with anomalous increases in charcoal accumulation and
deforestation (Pyne, 1994). Conversely, forest regeneration occurs
in response to agricultural abandonment or implementation of fire
suppressionpolicies (Whitlowet al.,1994; Houghton et al.,1999; Rudel
and Perez-Lugo, 2000; Malhi et al., 2002).

Evidence for fire reduction and reforestation synchronous with the
post-contact demographic collapse in the Americas is apparent in
proxy records of vegetation (pollen) and fire history (charcoal
particles) preserved in sediments and soils from many sites in the
tropical Americas. For example, Suman (1991) observed in a marine
sediment core obtained near the Pacific coast of Nicaragua (location as
Core 2 in Fig. 1) that charcoal accumulation has generally decreased
since the time of European arrival and was highest during the decades
just prior to it. Records of charcoal variation in sediment cores ex-
tracted from several lakes and swamps in Central America, Amazonia,
and the Andes region suggest a post-contact decline in charcoal
accumulation (e.g., Bush et al., 1992; Chepstow-Lusty et al., 1998;
Paduano et al., 2003; Bush et al., 2007). Additionally, palynological
evidence from cores of lacustrine sediments in the tropical Americas
indicates post-contact forest regeneration (Brenner et al., 1990; Bush
and Colinvaux, 1994; Curtis et al., 1998), as well as forest succession
synchronous with decreased charcoal accumulation (Bush et al., 1992;
Clement and Horn, 2001; Dull, 2004; Irion et al., 2006; Dull, 2007). An
additional line of evidence supporting post-contact land-use change
exists in the variation in δ13C of atmospheric methane between 1500
and 1750 A.D. preserved in Antarctic ice, which is consistent with a
reduction in pyrogenic methane emissions attributed to demographic
collapse in the Americas (Ferretti et al., 2005).
The evidence cited above, although provocative, should be
weighed against several considerations. The history of vegetation
and biomass burning in the tropical Americas varies temporally and
spatially, and evidence for post-contact fire reduction is not regionally
ubiquitous (Bush and Colinvaux, 1988; Liu and Colinvaux, 1988;
Northrop and Horn, 1996; Kennedy et al., 2006). Cycles of abandon-
ment and reforestation prior to that postulated during European
conquest are recorded in sediment cores sampled from some areas of
South America (Berrío et al., 2002) and also near major Mayan
population centers, where they are associated with the Classic Maya
collapse at ∼1000 A.D. (Deevey et al., 1979; Iselbe et al., 1996; Curtis
et al., 1998; Brenner et al., 2002). In some paleobotanical records from
these regions, it may not be possible to distinguish between the effects
of abandonment prior to and after European conquest on fire and
vegetation history. Moreover, many paleobotanical reconstructions
and charcoal accumulation records from lacustrine sediments lack
the geochronologic resolution necessary for a precise assessment of
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changes in vegetation and fire history relative to archeological and
historical chronologies. Finally, post-contact changes in vegetation and
fire history are not uniquely attributed in the literature to pandemic-
related population collapse. For example, Behling (2000) and Clement
and Horn (2001) implicated volcanic eruption contemporaneous with
European conquest as a potential cause of abandonment in parts of
Central America.

Regional reconstructions of the fire history of Central and South
America offer a more comprehensive basis for evaluating the re-
forestation hypothesis than the site-specific charcoal accumulation
records summarized above. A pattern in which regional charcoal
accumulation increases with the expansion of agricultural activity and
declines during syn-pandemic population collapse would support the
hypothesis of atmospheric carbon sequestration by reforestation;
whereas one that does not track the history of human–landscape
interaction in the tropical Americas offers evidence to the contrary. A
reconstruction of fire history based on charcoal data from 5 sites in
Panama, Brazil, and Ecuador by Carcaillet et al. (2002) indicates that
regional biomass burning in the tropical Americas declined during the
500-year period after contact; however, only three of the five records
incorporated in the reconstruction have geochronologic resolutions
adequate to definitively resolve the last 500 years. Reduced biomass
burning during this period is not so clearly evident in the reconstruc-
tion of Haberle and Ledru (2001), which applied a different meth-
odology to synthesize charcoal data from the same 5 sites used in the
reconstruction of Carcaillet et al. (2002). Carcaillet et al. (2002) also
reconstructed the regional biomass burning history of South America
using soil charcoal dates from 16 sites, which indicated regional fire
reduction in equatorial regions of South America (5° N–5° S) after
European arrival, but relatively little change in the region between 5°
and 24° S. Below, we build upon the reconstructions of Haberle and
Ledru (2001) and Carcaillet et al. (2002), using charcoal accumulation
records from 15 lacustrine sediment cores and from soil charcoal
obtained from a total of 35 sites (see Fig. 1), to resolve features of the
Late Holocene biomass burning record in the tropical Americas.

3. Regional reconstructions of biomass burning in the
tropical Americas

Charcoal, produced by biomass burning, provides a proxy of fire
history that is preserved in sediments and soils for tens of millennia
(Sombroek et al., 2003). The production of charcoal by fire and its
subsequent dispersal and transport to the site of deposition are
affected by biological, geographical, and climatic factors (see Clark,
1988; Cofer et al., 1997; Carcaillet et al., 2002; Peters and Higuera,
2007) which preclude absolute quantification of factors such as burn
area, burn intensity, fire frequency, scorched biomass, and carbon re-
lease to the atmosphere fromgeologic records of charcoal accumulation.
Rather, records of charcoal accumulation indicate relative changes in
amounts of biomass consumed by fire at various scales depending on
the size of the particles analyzed and area sampled (Clark, 1988; Peters
and Higuera, 2007). The synthesis of charcoal records sampled over a
broad geographic range can provide a regional perspective on biomass
burning history (Carcaillet et al., 2002).

Charcoal accumulation records are typically generated from
charcoal that is observed in pollen-slide preparations of lacustrine
sediment samples or is recovered directly from soil profiles. The size
fraction of charcoal particles available for measurement on pollen-
slide preparations used in paleobotanical studies is dominated by
particles less than b100 μm (microscopic charcoal), which records
local- (within 100s of meters of lake shores) to global-scale burning
(Clark, 1988; Tinner et al., 1996; Carcaillet et al., 2001). In contrast, the
size fraction of charcoal particles sieved or picked from soil samples is
typically N200 μm (macroscopic charcoal) and likely records stand- to
local-scale burning (within meters to hundreds of meters from the
site of deposition) (Clark et al., 1998; Bradshaw and Hannon, 1992;
Carcaillet et al., 2001) depending on the area sampled. Charcoal in
stratified lacustrine sediments preserves a temporal record of biomass
burning as a consequence of stratigraphic superposition. In soils, how-
ever, the burial and redistribution of charcoal occurs via bioturbation
(Carcaillet, 2001a,b) and geomorphologic processes (Payette and
Filion, 1993), which precludes preservation of geochronologic strati-
graphy. Consequently most published fire history reconstructions
based on charcoal obtained from soil profiles employ radiometric
dating of randomly sampled macroscopic charcoal fragments (Carcail-
let, 2001a).

Below, we synthesize charcoal accumulation records from 15
stratified lacustrine sediment cores and from soil charcoal obtained
from 35 locations, including 17 archeological sites, to reconstruct Late
Holocene fire history in the tropical Americas and evaluate anthro-
pogenic contributions to it. Fig. 1 identifies the locations of sites
sampled for soil charcoal (red circles), including archeological sites
(red squares), and locations of stratified charcoal records (red crosses).
The locations of stratified charcoal records reported in the literature
but not included in our reconstruction are identified by blue crosses.
Geographic coordinates of all charcoal record sites and original ref-
erences for charcoal data are summarized in Tables 1 and 2.

3.1. Charcoal from stratified lacustrine sediments

Published sedimentary charcoal records are available from numer-
ous sites in the Neotropics. As noted previously, not all of these records
are of sufficient sampling density and chronological resolution to
enable reconstruction of fire history for the purposes of evaluating the
hypothesis of regional fire reduction following European arrival in the
Americas. Our review of the literature identified 31 stratigraphic
charcoal records from 30 sites (identified in Fig. 1 and Table 1). Fifteen
of these records (indicated by red crosses in Fig. 1 and in bold type face
in Table 1) met our criteria for reconstructing biomass burning history
during the past 3500 years with a 500-year resolution: 1) charcoal
(b200 μm) has been measured by optical methods (point counting,
optical density, video capture); 2) counts of charcoal abundance are
available for each 500-year increment; and 3) at least one radiocarbon
date constrains the geochronologic stratigraphy during the most
recent millennium. The third criterion provides assurance that the last
500 years is represented in selected records and in the biomass
burning history reconstructed from them. Three of the five strati-
graphic charcoal records used in the reconstructions of Holocene fire
history in Central America of Haberle and Ledru (2001) and Carcaillet
et al. (2002), noted in Table 1, met these criteria. Charcoal accumula-
tion records excluded by these criteria are indicated by blue crosses in
Fig. 1 and indicated in Table 1.

We analyzed long-term variation in charcoal accumulation rates
(abbreviated here as CHAR and measured as particles/cm2/year, mm2/
cm2/year, items/cm3, etc. depending on the original data) in the
selected records by calculating charcoal indexes following methods
similar to those used by Carcaillet and Richard (2000), Haberle and
Ledru (2001), and Carcaillet et al. (2002). To calculate the charcoal
index, charcoal accumulation rate (CHAR) measurements in each
stratigraphic record are assigned ages based on linear interpolation
between radiocarbon dates (14C years BP) from material bracketing
the stratigraphic level of the CHAR measurement, with the top of the
stratigraphic sequence considered to bemodern. CHARmeasurements
in each stratigraphic record are normalized following the equation

NCHAR ¼ CHARi � AR
rR

ð1Þ

where CHARi represents the CHAR at the ith age, and μR and σR are the
mean and standard deviation, respectively, of CHAR measurements in
the record from 3500 to 0 14C years BP. In this study, charcoal indexes
were calculated as the average of normalized CHAR measurements in



Table 1
Characteristics of sites for stratified charcoal records

Site Country Latitude Longitude Measurement
technique

Size of particles
analyzed (μm)

Post-contact change Reference

Chochosa Bolivia 7°38′ S 77°28′ W Pollen slide b100; N100 Increase Bush et al. (2005)
Laguna Chaplinb Bolivia 14° 28′ S 61° 04′ W Pollen slide N12 Decrease Burbridge et al. (2004)
Saracuria Brazil 1° 30′ S 53° 30′ W Video capture b180 Decrease Bush et al. (2007)
Lago do Piresa Brazil 17° 57′ S 42°13′ W Pollen slide 5–50 Increase Behling (1995)
Cambará do Sulb Brazil 23° 03′ S 50° 06′ W Pollen slide n.a. No change Behling et al. (2004)
Lagoa da Curuça (Profile B)b, c Brazil 0° 46′ S 47° 51′ W Pollen slide N5 Increase Behling (1996)
Rio Curuáb Brazil 1° 44′ S 51° 28′ W Pollen slide 5–100 Decrease Behling and Lima da Costa (2000)
Lagoa Geralb Brazil 1° 39′ S 53o 36′ W Pollen slide N5 Decrease Bush et al. (2000)
Lagoa Compridab Brazil 1° 30′ S 53° 30′ W Pollen slide N10 Increase Bush et al. (2000)
Rio Tapajosb Brazil 2° 47′ S 55° 06′ W Pollen slide N5 Decrease Irion et al. (2006)
Quilichaob Colombia 3° 6′ N 76° 31′ W Gravimetric n.a. Increase Berrío et al. (2002)
La Tetab Colombia 3° 5′ N 76° 31′ W Gravimetric n.a. Increase Berrío et al. (2002)
Laguna Zonchoa Costa Rica 8° 49′N 82° 58′ W Pollen slide 5–24; 25–49; N50 Decrease Clement and Horn (2001)
Laguna Bonillitab Costa Rica 10° 0′ N 83° 36′ W Pollen slide ≥25 Decrease Northrop and Horn (1996)
Laguna Santa Elenab Costa Rica 8° 56′ N 82° 56′ W Pollen slide 25–125 No change Anchukaitis and Horn (2005)
Bao Bog 1a Domincan Republic 19° 04′ N 71° 02′ W Pollen slide N50 Increase Kennedy et al. (2006)
Lake Surucucho (Llaviucu)b, c Ecuador 3° 45′ S 78° 51′ W Pollen slide b25, N25 Decrease Colinvaux et al. (1997)
Laguna Llano del Espinoa El Salvador 13° 57′N 89° 52′ W Pollen slide 25–100; N100 Decrease Dull (2004)
Laguna Cuzcachapab, c El Salvador 13° 59′ N 89° 41′ W Pollen slide 25–100; N100 Decrease Dull (2007)
Laguna Pompala Mexico 18° 30′N 95° W Optical density b125 Increase Goman and Byrne (1998)
Lake Wodehousea Panama 7° 45′ N 77° 35′ W Pollen slide 5–50 Increase Piperno (1994)
La Yeguadaa, c Panama 8° 27′ N 80°51′ W Pollen slide 5–25; 25–250 Decrease Bush et al. (1992)
Lake Wodehousea Panama 7° 45′ N 77° 35′ W Pollen slide b25; N25 Decrease Bush and Colinvaux (1994)
Cana Swamp 1a, c, d Panama 7° 45′ N 77° 35′ W Pollen slide b25; N25 Decrease Bush and Colinvaux (1994)
Laguna Volcanb Panama 8° 45′ N 82° 41′ W Pollen slide n.a. Decrease Behling (2000)
Wertha Peru 12.5° S 69.0° W Video capture b180 No change Bush et al. (2007)
Parkera Peru 12.5° S 69.0° W Video capture b180 Decrease Bush et al. (2007)
Gentrya Peru 12.5° S 69.0° W Video capture b180 Decrease Bush et al. (2007)
Vargasb Peru 12° 30′ S 69° 0′ W Video capture b180 Decrease Bush et al. (2007)
Maracochaa Peru 13° 10′ S 72° 9′ W Pollen slide b10 Decrease Chepstow-Lusty et al. (1998)
Titicacae Peru/Bolivia 16° 08′ S 69° 09′ W Video capture 65–179 Decrease Paduano et al. (2003)

a Sites included in fire history reconstruction indicated by bold type.
b Sites that do not meet criteria described in text for inclusion in biomass burning reconstruction.
c Sites included in stratigraphic charcoal based fire history of Carcaillet et al. (2002).
d Cana Swamp 1 is included in the stratigraphic charcoal reconstruction although it does not meet the strict chronological criteria discussed in the text. The sedimentation rate in

Cana Swamp 1 (based on one published date from the base of the core, 3740±110 years BP) is identical to that determined for nearby Lake Wodehouse, suggesting a comparable
chronology of charcoal deposition between the sites and that Cana Swamp 1 is sufficiently chronologically constrained for inclusion in our reconstruction.

e Sites that meet criteria for biomass burning reconstruction but were excluded because CHAR could not be digitally captured orwere not available from authors of studies inwhich
data were originally published.
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each 500-year interval between 3500 and 0 14C years BP. For example,
normalized CHAR measurements in a stratigraphic record with
assigned dates ≤3500 and N3000 14C years BP are averaged to yield
the charcoal index for the corresponding 500 14C year interval. The
charcoal index indicates the departure, in units of standard deviation,
of the mean CHAR for a 500-year period from the mean CHAR
determined for the entire stratigraphic record from 3500 14C years BP
to present. Values of the charcoal index calculated for charcoal records
indicated by bold type face in Table 1 are presented in Table 3.

Fig. 3 illustrates variation in charcoal indexes calculated from
stratigraphic charcoal records, along with both the mean (solid black
squares) andmedian values (solid red squares) of the charcoal indexes
from all the records indicated by red crosses in Fig. 1 and by bold
type face in Table 1. The horizontal error bars, plotted with the
median values for purposes of illustration, indicate the duration of
each 500-14C-year time interval represented by charcoal indexes. The
vertical error bars represent the interquartile range of charcoal in-
dexes and provide an indication of the inter-site variability in charcoal
indexes from individual sites during each 500-year period of the
reconstruction. Our calculations of the charcoal indices from strati-
graphic charcoal records in Fig. 3 show that the mean of the charcoal
indexes (solid black squares) 1) is negative between 3500 and ∼2500
14C years BP; 2) rises after 2000 14C years BP and remains above zero
until 500 14C years BP; and then 3) declines to negative values.
Similarly, it can be seen in Fig. 3 that the median of the charcoal
indexes (red squares) obtains maximum values between 1500 and
500 14C years BP and subsequently declines. The inter-site variability
(interquartile range) of the charcoal indexes (indicated by vertical
error bars in Fig. 3) obtains a maximum during the time period
between 1000 and 500 14C years BP and a near-minimum value
afterward. The stars in Fig. 3 denote anomalously high charcoal
indexes calculated for the last 500 14C years BP, which are attributable
to high CHARs confined to the most recent 1–2 centuries and thus are
not indicative of charcoal accumulation during the centuries imme-
diately following European contact.

We compared the charcoal indexes calculated for the most recent
500 14C years with those calculated for the three prior 500-14C-year
intervals (2000 to 500 14C years BP) using two-way ANOVA with site
and age as factors. Our analysis demonstrates a statistically significant
decrease in the charcoal index after 500 14C years BP (P=0.02). The
ANOVA also indicates that site location is not a significant factor in
variation of the charcoal index (P=0.90). The observation of site
independence supports the interpretation that the decline in mean
charcoal index after 500 14C years BP is a regional response. The
regional extent of this response is further evinced by visual
comparison of charcoal accumulation after 500 14C years with that
during the interval from 1000 to 500 14C years BP at all of the sites
listed in Table 1, with decreases observed at the majority of sites (19
out of the 31 total), increases at 9 sites, and 3 sites with no detectable
change. In summary, our analysis of stratigraphic charcoal records
from tropical Central and South America suggests that following a
∼1500-year interval during which the mean charcoal index remained
relatively high, it declined after 500 14C years BP in response to a
regional decrease in biomass burning.



Table 2
Characteristics of sites for soil charcoal series

Site Country Number of 14C dates Latitude Longitude Reference

Contagema Brazil 2 18° 25′ S 43° 40′ W Servant et al. (1989)
Salitre de Minasa Brazil 12 19° 00′ S 46° 46′ W Boulet et al. (1995); Vernet et al. (1994)
Jaguariúnaa Brazil 6 22° 40′ S 47° 01′ W Gouveia and Pessenda (2000); Gouveia et al. (1999)
Botucatua Brazil 7 23° 00′ S 48° 00′ W Gouveia et al. (1999)
Anhembi Brazil 2 22° 45′ S 47° 58′ W Pessenda et al. (2001); Pessenda et al. (2004a)
Barreirinhas (Maranhão) Brazil 4 2° 58′ S 43° 20′ W Pessenda et al. (2004b)
Reserve 1501 Brazil 14 2° 5′ S 59° 00′ W Piperno and Becker (1996)
Porto Trombetas Brazil 37 1° 28′ S 56° 23′ W Francis and Knowles (2001)
Nokugu (Upper Xingu)b Brazil 4 12° 10′ S 53° 19′ W Heckenberger et al. (1999)
Kuhikugu (Upper Xingu)b Brazil 2 12° 10′ S 53° 19′ W Heckenberger et al. (1999)
Hialugihïtï (Upper Xingu)b Brazil 2 12° 10′ S 53° 19′ W Heckenberger et al. (1999)
Morená (Upper Xingu)b Brazil 1 12° 10′ S 53° 19′ W Bequelin (1993)
Tuatuaria (Upper Xingu)b Brazil 1 12° 10′ S 53° 19′ W Bequelin (1993)
Engheno Velho (Middle Negro)b Brazil 1 n.a. n.a. Simões and Kalkman (1987)
Nova Vida (Middle Negro)b Brazil 1 n.a. n.a. Simões and Kalkman (1987)
Unini River (Middle Negro)b Brazil 1 n.a. n.a. Heckenberger et al. (1999)
Vista Alegre (Middle Negro)b Brazil 1 n.a. n.a. Simões and Kalkman (1987)
Terra Preta (Lower Negro)b Brazil 2 n.a. n.a. Simões and Kalkman (1987)
Açutuba (Lower Negro)b Brazil 16 3° 11′ S 60° 14′ W Heckenberger et al. (1999)
Osvaldo (Lower Negro)b Brazil 15 3° 11′ S 60° 14′ W Neves et al. (2004)
Hatahara (Lower Negro)b Brazil 17 3° 11′ S 60° 14′ W Neves et al. (2004)
Lago Grande (Lower Negro)b Brazil 8 3° 11′ S 60° 14′ W Neves et al. (2004)
Santa Rosa (Lower Negro)b Brazil 1 n.a. n.a. Simões and Kalkman (1987)
Paredão (Lower Negro)b Brazil 2 n.a. n.a. Hilbert (1968)
Boa Vistaa Brazil 5 2° 52′ N 60° 32′ W Desjardins et al. (1996)
Km 41 Reservea Brazil 31 2° 30′ S 60° 00′ W Santos et al. (2000)
Transamazoniana Brazil 4 5° 00′ S 56° 10′ W Soubiès (1980)
San Carlos de Rio Negro (Upper Negro)b Colombia/Venezuela 6 1° 56′ N 67° 03′ W Saldarriaga and West (1986)
La Selva Costa Rica 4 10° 26′ N 83° 59′ W Horn and Sanford (1992)
Nouraguea French Guyana 27 4° 05′ N 52° 40′ W Tardy (1998)
Sinnamarya French Guyana 17 5° 00′ N 53° 00′ W Tardy (1998)
Zone cotièrea French Guyana 8 5° 30′ N 53° 00′ W Tardy (1998)
Marouinia French Guyana 1 2° 20′ N 54° 20′ W Tardy (1998)
Mabura Hill Guyana 28 5° 00′ N 58° 00′ W Hammond et al. (2006)
San Carlos de Rio Negroa Venezuela 30 1° 56′ N 67° 03′ W Sanford et al. (1985); Saldarriaga and West (1986)

a Sites included in soil-charcoal based fire history of Carcaillet et al. (2002).
b Denotes Amazonian Dark Earth site.
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3.2. Soil charcoal

Synthesis of age distributions of macroscopic soil charcoal particles
provides an independent measure of variation in regional charcoal
accumulation for comparative analysis with the reconstruction in
Fig. 3 based on stratigraphic charcoal records. The principle of
stratigraphic superposition does not apply strictly to the vertical dis-
tribution of charcoal in soil profiles due to biological and geomor-
phologic processes that affect the burial of charcoal subsequent to its
deposition at the soil surface. Consequently, biomass burning recon-
structions based on soil charcoal rely on the age distribution of 14C
dates of randomly sampled charred particles obtained from soil
profiles (Carcaillet, 2001a; Carcaillet et al., 2002). The apportionment
of 14C dates into discrete chronologic intervals yields a temporal
record of qualitative changes in regional charcoal accumulation and
Table 3
Charcoal indexes from stratified lacustrine sites

14C age class
(14C years BP)

Chochos Saracuri Lago
do Pires

Laguna
Zoncho

Bao
Bog 1

L. Llano
del Espino

Laguna
Pompal

L
W

3500–3000 −0.52 0.09 0.29 −0.34 0.18 −0.57 −0.62
3000–2500 −0.11 0.09 0.40 −0.29 −0.46 −0.46 −0.52 −
2500–2000 0.31 −0.52 −0.36 −0.23 −0.92 0.14 1.58 −
2000–1500 −0.25 0.06 −0.26 0.21 −0.99 −0.43 0.93 −
1500–1000 0.08 −0.77 −0.25 0.47 1.22 1.19 −0.02 −
1000–500 −0.55 0.98 −0.81 1.07 −0.24 0.02 −0.79 −
500–0 2.40 −0.40 0.80 −0.32 0.16 −0.26 −0.29 −

a Data from Piperno (1994).
b Data from Bush and Colinvaux (1994).
thus biomass burned in the sampled region over time. Chronologic
intervals with relatively larger numbers of 14C dates from charcoal
fragments correspond with periods having relatively higher mean
rates of biomass burning.

Our survey of the literature identified (1) 239 14C dates from soil
charcoal sampled from 18 sites; and (2) 81 soil charcoal 14C dates from
17 archeological sites. Charcoal from archeological sites occurs within
Amazonian Dark Earths, which are anthropic, agriculturally produc-
tive soils characterized by high concentrations of charcoal, nutrient-
rich organic material, and potsherds (Glaser, 2007). Locations of soil
charcoal sites are shown in Fig. 1 as red circles and squares, with
squares indicating Amazonian Dark Earth sites. Additional details
pertaining to the soil charcoal sites, including the geographic co-
ordinates, number of charcoal samples dated, and original references
for age data are presented in Table 2. We synthesized the soil charcoal
ake
oodhousea

La
Yeguada

Lake
Woodhouseb

Cana
Swamp 1

Werth Parker Gentry Maracocha

1.43 −0.58 0.33 −0.19 −0.29 −0.08 −0.29 0.64
0.59 −0.41 0.22 −0.60 −0.29 −0.97 −0.30 0.09
0.37 0.08 0.43 −0.41 −0.29 0.56 −0.14 0.28
0.42 2.68 −0.21 1.83 −0.29 −0.12 −0.30 0.44
0.17 −0.02 −0.22 −0.51 1.60 −0.16 −0.30 −0.25
0.44 −0.63 0.76 0.46 −0.29 1.29 1.22 −0.06
0.06 −0.63 −1.00 −0.88 −0.29 −0.52 −0.54 −0.47



Fig. 3. Temporal variation in biomass burning in the tropical Americas since 3500 14C
years BP as determined from calculation of charcoal indexes in 15 stratified charcoal
accumulation records from lacustrine sites (locations indicated by red crosses in Fig. 1
and identified in Table 1). The charcoal indexes for all sites are shown (small gray
squares), along with the means (black squares) and medians (red squares) of these data,
for each 50014C year period. Vertical error bars represent the interquartile range of
charcoal indexes from individual sites, and horizontal error bars indicate the duration of
each 500-year time interval represented by charcoal indexes. The charcoal index
indicates the departure, in units of standard deviation, of the mean charcoal accu-
mulation rate (CHAR) for a 500-14C-year period from the mean CHAR determined for
the entire stratigraphic record since 3500 14C years BP for each site.

Fig. 4. Temporal variation in biomass burning in the tropical Americas since 5000 14C years
BP as determined from soil charcoal 14C dates. 14C dates are binned in age classes of 500 14C
years. Cumulative 14C dates occurring in each 500-14C-year period from non-archeological
sites are plotted as solid red circles. Cumulative 14C dates from archeological sites are
plotted as solid black circles. Locations of soil charcoal sites are given in Fig. 1, where they
are indicated by open red circles (non-archeological sites) and solid red squares
(archeological sites). See Table 2 for details of geographic locations and references.
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data to reconstruct regional biomass burning during the past 5000 14C
years BP by distributing soil charcoal dates into age classes of 500 14C
years. Twelve of the 16 sites used in the soil-charcoal based fire history
of Carcaillet et al. (2002) yield dates b5000 14C years BP; data from
these sites, identified in Table 2, have been incorporated into our
reconstruction. Our synthesis of the soil charcoal dates is presented in
Fig. 4.

Fig. 4 illustrates the variation in the number of 14C dates of
macroscopic charcoal, binned in 500-14C-year intervals, from the soil
charcoal sites shown in Fig. 1 and given in Table 2. Data from non-
archeological sites are plotted as solid red circles, and data obtained
from Amazonian Dark Earths are plotted as solid black circles.
Horizontal error bars indicate the time interval spanned by each
chronologic interval without accounting for the associated analytical
uncertainty of radiometric ages. Frequencies of macroscopic charcoal
14C dates from both the non-archeological and archeological sites
increase after 2000 14C years BP, obtain maxima after 1500 14C years
BP, and decline markedly after 500 14C years BP.

3.3. Comparison of biomass burning reconstructions from stratigraphic
and soil charcoal records

The fire histories indicated by Figs. 3 and 4 are broadly similar
despite the disparate charcoal size fraction sampled and geographic
distributions of the 15 stratigraphic charcoal sites used in the re-
construction in Fig. 3, concentrated in Central America, and the 35
soil charcoal sites used in the reconstruction in Figure 4, concentrated
in Amazonia, as indicated in Fig.1.We hypothesize that the covariation
between measures of charcoal accumulation derived from arche-
ological and non-archeological sites is a consequence of the expansive
influence of anthropogenic activity on the regional fire regime. The
increase in regional charcoal accumulation indicated by the strati-
graphic (Fig. 3) and soil charcoal records (Fig. 4) beginning at
2000 years BP, also observed in the soil-charcoal based fire
reconstruction of Carcaillet et al. (2002) for equatorial South America,
may reflect expanding indigenous population, agriculture, and fire use
in the tropical Americas (Saldarriaga and West, 1986; Behling and
Lima da Costa, 2000). The decrease in the mean charcoal index
observed during the last 500 14C years BP (Fig. 3) occurs after a ∼1500-
year period in which the mean charcoal index remained at its highest
values, a trend that is also observed in Fig. 4. If the expansion
hypothesis is correct, this ∼1500-year period would have been a time
during which indigenous populations increasingly used fire to clear
and maintain forest-free areas for food production. Upon demo-
graphic collapse, much of this cleared landscape would have been
abandoned and left ripe for reforestation. We speculate that the
maximum in inter-site variability in charcoal accumulation from 1000
to 500 14C years BP (Fig. 3) could be explained by a demographic shift
toward sedentary agrarian communities and geographically localized
increases in charcoal accumulation in densely populated centers.
The decline in inter-site variability to a minimum after 500 14C years
BP, in addition to the results of our two-way ANOVA discussed above,
suggest a regionally correlative cause for the decrease in charcoal
index observed at this time, which could be related to reduced
anthropogenic fire use coincident with pandemic-driven population
collapse.

The marked reduction of biomass burning after ∼500 years BP
appears to be a unique feature of the fire history of the tropical
Americas relative to other regions of the globe. This point is illustrated
by comparing Holocene biomass burning reconstructions from
Europe, Northeastern North America, Southeast Asia, and Central
America reproduced in Fig. 5 from Carcaillet et al. (2002). Note that the
reconstructions in Fig. 5 are based on calculation of charcoal indexes in
1000-year increments relative to the mean of the indexes for the
entire Holocene, except for the data centered on 0 ka, which
correspond only to the last 500 years. Charcoal indexes in North-
eastern North America and Europe increase during the last 500 years;
whereas the charcoal index in Southeast Asia, based primarily on sites
in New Guinea, is observed to gradually decrease during the Late
Holocene. In Central America the charcoal index (based on 5 sites)
decreases substantially in the last 500 years, a trend similar to that
observed in our biomass burning reconstructions for the tropical



Fig. 5. Holocene biomass burning history reconstructions for a. Northern Europe, b. Northeastern North America, c. Central America, and d. Southeast Asia modified from Carcaillet
et al. (2002). Charcoal index calculated as in Fig. 3, but in increments of 1000 years relative to the mean charcoal accumulation rate for the Holocene, with the exception of data
centered on 0 ka, which correspond to the last 500 14C years only.
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Americas shown in Figs. 3 and 4. Qualitative differences between the
fire history reconstruction for Central America of Carcaillet et al.
(2002) and those shown in Figs. 3 and 4 are related to the broader
geographic range and greater number of records used in the present
study. Although the reconstructions in Fig. 5 do not provide a basis for
a comprehensive assessment of global fire history, they do suggest
that the large decline in charcoal index demonstrated in the tropical
Americas during the past 500 years (Figs. 3 and 4) was regionally
unique.

We caution that the 500-year resolution of our biomass burning
reconstructions preclude precise correlation of the predicted biomass
burning trends with historical events, particularly those occurring
during the span of 1 to 2 centuries in the wake of European conquest.
In addition, inbuilt age error, which arises because the age of biomass
fuel is typically older than fire events which pyrolize it into charcoal, is
expected to impart a systematic error in the chronology of biomass
burning reconstructions whereby signals in a reconstruction precede
actual fire events. Themagnitude of this lag effect is difficult to reliably
estimate but is perhaps on the order of several decades to a century on
average. Relatively few of the stratified charcoal records we examined
preserve clear evidence of increased biomass burning during the 20th
century, whichmay be an artifact of a combination of factors including
inbuilt age error, poor recovery of near-surface sediments, insufficient
near-surface sampling, and inadequate geochronologic control.
Finally, a potential source of chronologic inaccuracy with respect to
a calendar-year timescale is introduced by our use of uncalibrated
radiocarbon dates in our reconstruction. We find, however, that un-
calibrated radiocarbon dates for the key transitions in our biomass
burning reconstructions, which occur at 2000 14C years BP and 500 14C
years BP, are similar to the equivalent dates on the calendar-year time
scale (1952 years BP and 525 years BP, respectively) following the
calibration of Fairbanks et al., 2005.

Figs. 3 and 4 do reveal a regional fire history that, given the
temporal resolution that is possible from syntheses of charcoal data, is
consistent with, although not uniquely attributable to, that expected
from 1) increased deforestation and biomass burning during expand-
ing agricultural activity in the tropical Americas; and 2) declining
anthropogenic use of fire due to pestilence-induced population col-
lapse following European conquest. If these interpretations are ac-
curate, then the proposed interval of reduced anthropogenic biomass
burning after European contact would have enabled long suppressed
forest growth to reclaim abandoned cropland. In the following section,
we examine whether the scale of reforestation likely to have occurred
as a result of indigenous demographic collapse is consistent with
changes observed in proxies of the concentration and carbon-isotope
composition of atmospheric CO2.

4. Proxy records of atmospheric CO2 concentration and 13C/12C

The industrial-era anthropogenic influence on the partial pressure
of atmospheric CO2 (pCO2) is well documented by high-resolution
climate proxy records that archive changes in atmospheric CO2

concentration and δ13C, such as those from polar (ice cores: Barnola
et al.,1995; Etheridge et al.,1996; Franceyet al.,1999; Indermühle et al.,
1999; Siegenthaler et al., 2005) and tropical (sponges: Böhm et al.,
2002) regions. Variations in atmospheric CO2 concentration and δ13C
in Antarctic ice cores and in δ13C of tropical sponges during the past
millennium are shown in Fig. 2b. CO2 concentration data are plotted as
solid black (Law Dome; Etheridge et al., 1996), blue (Dronning Maud
Land; Siegenthaler et al., 2005), and green (South Pole; Siegenthaler
et al., 2005) squares. δ13C values of CO2 from the Law Dome ice core
(Francey et al.,1999) are plotted as solid black circles, and δ13C values of
calcium carbonate from extant Caribbean coralline sponges (Böhm et
al., 2002) are plotted as small circles, with the colors of symbols
indicating samplingdepths of 20–25m (openpurple circles) and 125m
(solid red circles) below the present-day sea surface. Changes in both
CO2 concentration, indicated by the left vertical axis, and δ13C values,
indicated by the right vertical axis, are relative to the 15th-century
means of data to show variation in relation to the CO2 concentration
and δ13C during the century prior to European arrival in the Americas.
(Law Dome δ13C data is shown relative to its 13th–14th century mean
as no data exist for the 15th century.) Error bars indicate analytical
uncertainty reported for each data set.

The data in Fig. 2b indicate that prior to the industrial era, between
1500 and 1750 A.D., both atmospheric CO2 concentration and δ13C
followed trends opposite to those of the subsequent centuries. The
Antarctic ice-core record indicates that atmospheric CO2 concentra-
tion decreased by ∼5 ppm between 1500 and 1750 A.D. and then
increased exponentially to the present. The Law Dome core, which
preserves the highest resolution record of atmospheric CO2 concen-
tration variation (Etheridge et al., 1996), indicates a decrease in
atmospheric CO2 concentration that may have been in excess of
∼8 ppm during the initial decades of the 16th century. Ice core from
Taylor Dome, Antarctica reveals a CO2 concentration minimum (not
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shown in Fig. 2) that, within the large uncertainties of the Taylor Dome
chronology (Indermühle et al., 1999), is synchronous with the minima
recorded by other Antarctic ice cores shown in Fig. 2b. The exponential
rise in CO2 concentration after ∼1750 A.D. observed in all polar ice
cores is due primarily to increases in rates of deforestation and fossil-
fuel burning (Stuiver, 1978; Keeling et al., 1979).

Variations in δ13C values of CO2 indicated in Fig. 2b provide
information relevant for assessing sources and sinks contributing to
atmospheric CO2 flux. The ice-core measurements preserve a direct
record of δ13C of atmospheric CO2 (Francey et al., 1999); whereas
sponges record the δ13C of dissolved inorganic carbon in near-surface
seawater, which generally follows the 13C/12C of atmospheric CO2

(Böhm et al., 1996, 2002). Note that δ13C of atmospheric CO2 (black
filled circles in Fig. 2b) increases from 1500 to 1700 A.D. by ∼0.1‰
relative to its 13th–14th century mean, then decreases exponentially
to modern times due to addition of 12C-enriched carbon derived from
biomass oxidation and fossil-fuel combustion moderated by sea-
water–atmosphere exchange (Stuiver, 1978; Keeling et al., 1979). The
δ13C of sponge carbonate records subdecadal variations attributable to
changes in advection, vertical mixing, and productivity (Böhm et al.,
2002) at the sponge growth site superimposed on a longer trend
coincident with that of δ13C of atmospheric CO2. Note in Fig. 2b that
δ13C values of the sponges from 20–25 and 125mwater depth diverge
between 1500 and 1750 A.D, with the δ13C values of the deeper
sponges remaining essentially unchanged, and the shallower sponges
acquiring relatively more 13C to attain a δ13C maximum at ∼1700 A.D.
that is ∼0.1‰ greater that the 15th century mean. The δ13C maxima
recorded by both the Antarctic and Caribbean climate proxies are
coincident with the CO2 concentration minimum circa 1700 A.D.
observed in polar ice cores (Fig. 2b). In summary, the proxy records
of atmospheric CO2 concentration and δ13C preserved in shallow-
surface water tropical sponges (20–25 m depth) and polar ice cores
(see Fig. 2b) indicate that δ13C of atmospheric CO2 obtained a maxi-
mum value during the past millennium near 1700 A.D, synchronous
with a minimum in atmospheric CO2 concentration.

5. Causes of changes in atmospheric CO2 concentration and δ13C

In the discussion to follow, we review hypotheses proposed to
account for anomalies in atmospheric CO2 concentration and δ13C
observed between 1500 and 1750 A.D. Two hypotheses, which are not
necessarily mutually exclusive, have emerged to explain these anoma-
lies: the first focuses on the atmospheric response to surface cooling
during the Little Ice Age (e.g. Joos et al., 1999); the second on the
atmospheric response to changes in terrestrial biota associated with
reforestation of abandoned agricultural lands in the Americas (Ruddi-
man, 2003, 2005).We evaluate these hypotheses in light of 1) published
multiproxy-based reconstructions of global surface temperature; 2)
predictions of sensitivity of temperature and atmospheric CO2 concen-
tration to natural solar-volcanic forcing from a range of climate models;
and 3) mass-balance calculations of the magnitude of reforestation-
induced carbon sequestration possible from abandonment of cultivated
land in the Americas after European contact.

Numerous studies have evaluated the atmospheric response to
cooling during the Little Ice Age and have attributed extrema in
atmospheric CO2 concentration and δ13C between 1500 and 1750 A.D.
(Fig. 2b) to cooling-forced exchange of CO2 among its major global
reservoirs, which resulted in a net transfer of carbon to the terrestrial
biosphere (Etheridge et al., 1996; Francey et al., 1999; Joos et al., 1999;
Trudinger et al., 1999; Böhm et al., 2002). Both the ocean surface layer
and the terrestrial biosphere sequester CO2 in response to cooling
(Trudinger et al., 1999), but carbon sequestration into each reservoir
produces distinct isotopic effects in the atmosphere. Carbon seques-
tration in the ocean's surface layer results from an increase in CO2

solubility with decreasing temperature, and the dissolution of CO2 in
the ocean enriches it in 13C (and accordingly depletes the atmosphere)
with an average fractionation factor of about 8.5‰ (Siegenthaler and
Munnich, 1981). Cooling of the terrestrial biosphere putatively causes
it to sequester 12C-rich CO2 due to the thermally forced suppression of
soil respiration relative to net primary production,which thus enriches
atmospheric CO2 in 13C (Joos et al., 1999; Trudinger et al., 1999).

The parallel increases in δ13C of both shallow-surface water
sponges and CO2 in Antarctic ice cores between 1500 and 1750 A.D.
(Fig. 2b) are compatible with redistribution of global CO2 as a result of
sequestration in the terrestrial biosphere. This interpretation is quan-
titatively supported by carbon fluxes calculated by double deconvolu-
tion analysis of the CO2 and δ13C records of the Law Dome ice core,
which predicts a transfer of carbon to the terrestrial biosphere (+38
Gt C) and net releases of carbon both from the atmosphere (−9 Gt C)
and the ocean (−29 Gt C) between 1500 and 1750 A.D. (Joos et al.,
1999). It should be emphasized that the terrestrial storage of carbon
predicted by Joos et al. (1999) is a consequence of mass-balance
constraints and is independent of any particular mechanism of
biospheric carbon sequestration.

Uncertainties in the timing and magnitude of the Little Ice Age
thermal anomaly preclude definitive attribution of the trends in the
concentration and δ13C of atmospheric CO2 during the 16th to 18th
centuries to cooling-forced CO2 exchange. As noted by Siegenthaler
et al. (2005), the global temperature anomaly of ∼−0.1 °C relative to
prior centuries (Jones and Mann, 2004) was unlikely to have in-
dependently produced the ∼5 ppm decrease in atmospheric CO2

(Fig. 2b) observed in Antarctic ice cores after 1500 A.D.
This inference is supported by the modeled sensitivity of North-

ern Hemisphere temperature and atmospheric CO2 concentration
(∼0.1 °C/ppm CO2) to natural solar-volcanic forcing (Gerber et al.,
2003). Linear scaling of the 0.1 °C/ppm CO2 sensitivity to the ∼5 ppm
CO2 decrease requires ∼0.5 °C of cooling, a change more than twice
that indicated by the Northern Hemisphere temperature reconstruc-
tion of Jones and Mann (2004) and more than four times indicated by
their global temperature reconstruction. Even greater cooling would
be required to explain the full ∼8 ppm decrease in CO2 concentration
recorded in the Law Dome core (Fig. 2b). Scaling the minimum
sensitivity calculated by Gerber et al. (2003) of 0.05 °C/ppm CO2 to the
∼5 ppm decrease in CO2 concentration accommodates the Northern
Hemisphere surface cooling estimated by Jones and Mann (2004).
However, this result should be viewed skeptically given that the
minimum sensitivity of Gerber et al. (2003) is based on the limiting-
case assumption in their simulations of no CO2 fertilization, which
refers to the stimulation of plant growth by increases in atmospheric
CO2 concentration with a consequent increase in biomass carbon stor-
age. CO2 fertilization acts as a strong negative feedback on atmospheric
CO2, and thus its suppression in the simulation of Gerber et al. (2003)
artificially amplifies the response of atmospheric CO2 to temperature.
The cooling required by a sensitivity of 0.1 °C/ppm CO2 is more con-
sistent with the temperature reconstruction of Moberg et al. (2005),
which, relative to other temperature reconstructions compiled in the
2007 IPCC WG1 report (Jansen et al., 2007), yields the largest
temperature decrease for the Northern Hemisphere at the time of the
Little Ice Age. However, the high-latitude bias of proxy locations used in
the reconstruction of Moberg et al. (2005) may tend to exaggerate the
hemispheric temperature average.

It is conceivable that temperature forcing due to variations in
sunspot and volcanic activity could fully account for the atmospheric
CO2 decrease recorded in the Antarctic ice cores between 1500 and
1750 A.D. (Fig. 2b), given the range of uncertainties in the proxy
temperature constructions, the spatial distribution of the Little Ice Age
temperature anomaly, and the carbon cycle model of Gerber et al.
(2003). However, asynchrony between major solar-volcanic events
(Fig. 2b) credited with forcing surface temperature during the Little
Ice Age and the onset of changes in the 13C/12C of atmospheric CO2

suggests other CO2 forcing mechanisms may have contributed to
producing these anomalies. The δ13C of atmospheric CO2 began to
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depart from its pre-16th century trend about a century prior to the
onset of the Maunder Minimum in sunspot activity (1645–1715 A.D.,
shown as dark gray bar in Fig. 2; Rind et al., 2004) and a cluster of
major volcanic eruptions toward the end of the 16th century,
including the eruption of Huaynaputina in 1600 A.D. (Bullard, 1962),
which are linked to a thermal minimum near this time (Briffa et al.,
1998; Zorita et al., 2004). (The location of Huaynaputina is shown in
Fig. 1, and its 1600 A.D. eruption date is illustrated by a vertical gray
dashed line in Fig. 2.) These observations suggest that cooling-forced
CO2 exchange did not act alone to produce global changes in CO2

concentration and δ13C summarized in Fig. 2b.
We propose that, in addition to cooling-forced CO2 transfer

outlined above, forest regeneration on abandoned agricultural lands
in the tropical Americas between ∼1500 and 1750 A.D. contributed to
the concurrent decrease in atmospheric CO2 concentration and
increase in its δ13C (Fig. 2b). Additionally, reforestation, particularly
in the tropics (Gibbard et al., 2005), may have yielded global cooling
as a by-product and contributed to cooling-forced biospheric CO2

sequestration. Fixation of carbon dioxide by trees via the C3 pho-
tosynthetic pathway discriminates strongly against 13C (Farquhar
et al., 1989); thus, an increase in terrestrial biomass by reforestation
offers a possible explanation for the trends shown in Fig. 2b. To
illustrate the potential effects of reforestation on atmospheric CO2, we
compare the results of mass-balance calculations which incorporate
carbon-isotope exchange between the atmosphere and terrestrial
biosphere to the atmospheric CO2 concentration and δ13C changes
documented by the proxy record.

Table 4 summarizes the results of, and boundary conditions used
in, our mass-balance calculations. We assume as a first-order
approximation, that 1) all CO2 lost from the atmosphere resulted
from reforestation; and 2) a plant-air carbon-isotope fractionation
factor of −19‰ (Farquhar et al., 1989; Randerson, 2005). These
assumptions discount the mitigating influence of the ocean on air-
biota CO2 and carbon-isotope exchange and thus generate a lower
bound for atmospheric carbon loss and an upper bound for δ13C
increase in atmospheric CO2 possible from reforestation. The pre-
industrial atmospheric CO2 concentration and δ13C indicated by the
Law Dome ice core are ∼280 ppm and −6.3‰ (Etheridge et al., 1996;
Francey et al., 1999). The ∼5 ppm decrease in atmospheric CO2

concentration recorded in the Antarctic ice cores (Fig. 2b) equates to a
net flux of ∼10 Gt C from the atmosphere (1 ppmv atmospheric CO2

to 2.12 Gt C) and a δ13C increase in atmospheric CO2 of ∼0.3‰, which
is 0.2‰ greater than the δ13C change recorded in the ice-core and
near-surface (20–25 m) sponge records between 1500 and 1750 A.D.
(Fig. 2b).

The ∼0.2‰ overestimate of the δ13C increase of atmospheric CO2

can be accounted for by incorporating a small, air–sea isotopic
disequilibrium flux, or isoflux (Randerson, 2005). An isoflux involves
the exchange of isotopes between reservoirs of a chemical component,
such as CO2, without necessarily requiring a net transfer of that
component, i.e. exchange of 12CO2 and 13CO2 can occur between
reservoirs without affecting the CO2 concentration in either reservoir.
Reforestation sequesters CO2 from the atmosphere with a strong
preference for 12CO2, and the consequent atmospheric depletion in
Table 4
Summary of mass-balance calculations of plant-atmosphere CO2 exchange

C (Gt) [CO2] (ppm) δ13C (‰)

Pre-industrial atmospheric CO2 594 280 −6.3
CO2 sequestered by reforestation 10 −25.3
Post-reforestation atmospheric CO2 584 275 −6.0
Predicted change in atmospheric CO2 −10 5 0.3
Observed change in atmospheric CO2 −10 5 0.1

Mass-balance calculations assume (1) a conversion factor of 1 ppm by volume of
atmospheric CO2 to 2.12 Gt C; and (2) a Δ13Cplant-air carbon-isotope fractionation factor
of −19‰.
12CO2 is partially offset by air–sea isoflux exchange of 12CO2 and 13CO2.
A diminutive isoflux is reasonable in light of the divergence of δ13C
values of sponge carbonate obtained from depths of 20–25 m and
125 m between 1500 and 1750 A.D. (Fig. 2b), which indicates a rapid
isotopic response of near-surface seawater to changes in the 13C/12C of
atmospheric CO2. Models of CO2 exchange that account for isotopic
transport effects as well as for the surface ocean response to tem-
perature and the partial pressure of atmospheric CO2 (Joos et al., 1999)
suggest that 10 Gt C represents only the minimum flux compatible
with biospheric carbon sequestration.

An estimate of the scale of biospheric carbon sequestration based
on a reconstruction of syn-pandemic land-use change indicates CO2

fluxes of 5–10 Gt C were possible. The magnitude of carbon se-
questration from demographic collapse, land abandonment, and
reforestation can be assessed using estimates of pre-contact popula-
tion, mortality rates, indigenous land use, and carbon density in forest
ecosystems. Fig. 6a graphically illustrates the range of biospheric
carbon sequestration compatible with forest regeneration on aban-
doned agricultural lands. Fig. 6b illustrates the range of abandoned
land area (black and gray circles), based on estimates of depopulation
and agricultural land use, which is only 2–5% of the total land area
occupied by indigenous agriculturalists circa 1491 A.D. (light green),
also shown in Fig. 1.

In Fig. 6a the green triangular regions illustrate the range of
reforestation-induced carbon sequestration compatible with car-
bon densities of tropical (120–190 tons/ha) and temperate forest
(57–134 tons/ha) (Prentice et al., 2001). The region enclosed by red
dashes represents the area of reforestation by tropical forest flora
(1 to 3 million km2) required to yield a ∼5 ppm decrease in atmo-
spheric CO2 concentration, assuming a carbon flux to the terrestrial
biosphere ranging from 20 Gt C (Faust et al., 2006) to 38 Gt C (Joos
et al., 1999). The overlapping gray rectangular region represents the
estimated range of area of abandoned land (0.35 to 0.9 million km2)
resulting from deaths of 35–90 million people, assuming indigenous
American agriculturalists required ∼1 ha of cleared land per person.
The range of 35–90 million deaths is based on the pre-contact
indigenous population estimates of Dobyns (1966), Denevan (1992a),
and Henige (1998) and a 90% mortality rate (Hudson; 1976; Denevan,
1992b). The assumption of 1 ha of cleared land required per person
is based on estimates of subsistence requirements in the Upper
Río Negro region (∼1–2 ha/person; Clark and Uhl, 1987) and at the
Pre-Columbian La Venta Island archeological site in the Mexican
Gulf Lowlands (1.5 ha/person; Drucker and Heizer, 1960). The range of
1–2 ha/person takes into account an area that would remain partially
or completely cleared of dense forest vegetation growth during fal-
lowing cycles but not areas that would remain permanently cleared
for roads, dwelling sites, ceremonial plazas, and other uses during
habitation; this range is comparable to per capita cropland require-
ments estimated for the Huron in Ontario (Heidenreich, 1971, 1978)
and European Neolithic settlements (Gregg, 1988; Williams, 2003).

The analysis illustrated in Fig. 6a provides an order-of-magnitude
estimate of terrestrial biospheric carbon sequestration associatedwith
syn-pandemic reforestation. Regeneration of tropical forest on a land
area of ∼5×105 km2 was of sufficient magnitude to account for up to
50% of the 20 Gt C storage predicted by Faust et al. (2006) and ∼25% of
the maximum biospheric sequestration of 38 Gt (Joos et al., 1999)
required to produce the 5 ppm decrease in atmospheric CO2 con-
centration between 1500 and 1750 A.D. Biospheric sequestration in
this range equates to ∼1% of the carbon presently stored in tropical
forest biomass (Malhi et al., 2002), the majority of which exists in the
tropical Americas (Mayaux et al., 1998).

This comparison illustrates the scale of required reforestation, but
it is neither suggested that all reforestation occurred in the tropics nor
that indigenous agricultural practices uniformly and ubiquitously
deforested cultivated areas. Further refinement of the estimate of
carbon sequestration by syn-pandemic reforestation requires more



Fig. 6. a. Biospheric carbon sequestration by forest regeneration on abandoned
agricultural lands. Green triangular regions illustrate the range of reforestation-induced
carbon sequestration compatible with carbon densities of tropical (120–190 tons /ha)
and temperate forest (57–134 tons/ha) (Prentice et al., 2001). Region enclosed by red
dashes represents the area of reforestation by tropical forest flora (1 to 3 million km2)
required to yield a ∼5 ppm decrease in atmospheric CO2 concentration, assuming a
carbon flux to the terrestrial biosphere ranging from 20 Gt C (Faust et al., 2006) to 38
Gt C (Joos et al., 1999). Overlapping gray rectangular bar represents the estimated range
of area of abandoned land (3.5×105–9×105 km2) resulting from deaths of 35–90 million
people (Dobyns, 1966; Denevan, 1992b; Henige, 1998), assuming indigenous American
agriculturalists required ∼1 ha of cleared land per individual. b. Estimated range of
abandoned land area (black and gray circles) relative to the total land area occupied by
indigenous agriculturalists circa 1491 A.D. (light green), also shown in Fig. 1.
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comprehensive data on the distribution of the indigenous population
of the Americas with respect to vegetation type, the extent of forest
clearance associated with Pre-Columbian cultivation practices, and
land use by European colonists shortly after contact.

It is difficult to reliably estimate the contributions of several factors
that would have influenced the quantity of carbon potentially
sequestered by syn-pandemic reforestation. Between the 16th and
18th centuries indigenous populations also collapsed in the Eastern
United States (Hudson, 1976), where regional regeneration of
deciduous forest is likely to have contributed to the biospheric carbon
sink during this time. We estimate this contribution to have been
small relative to that from tropical forests as regeneration of
deciduous forest biomass sequesters carbon about as half as efficiently
as tropical forest biomass, due to differences in the carbon densities of
each vegetation type (Prentice et al., 2001). Moreover, the indigenous
population of North America is estimated at only a few million
(Ubelaker, 1988; Denevan, 1992b) relative to the tens of millions
estimated for Central and South America. Predicting the land area
potentially available for reforestation in Amazonia is complicated by
the extent to which its inhabitants practiced diverse agricultural
strategies that varied in space and time and, in many cases, did not
require intensive forest clearing. Denevan (2001) cites several
modern-day examples of indigenous agroforestry in Amazonia
which involve cultivation of useful tree species on managed forest
plots, which have biomass carbon densities approaching those of
pristine forest ecosystems. By contrast, cultivation of maize and other
light-demanding cultivars requires open clearings which offer
correspondingly greater potential for carbon sequestration by forest
regeneration after abandonment. Forest succession would not have
occurred in some areas abandoned by indigenous peoples because
either these lands were not originally part of the forest biome, e.g.
parts of the Andes and Central Mexico, or they underwent rapid
conversion to pasture for European livestock during indigenous
collapse, particularly in Central America and in the Caribbean
(Denevan, personal communication). The considerations noted
above encourage a conservative estimate of the contribution of
reforestation, perhaps in the range of 5–10 Gt C as suggested by
Ruddiman (2003), to the ∼5 ppm anomaly in atmospheric CO2

between 1500 and 1750 A.D. (Fig. 2b). Yet even sequestration in this
range would have contributed significantly to the terrestrial bio-
spheric carbon storage required to produce this anomaly (Fig. 6a).

Ruddiman (2003, 2005) observed that the Black Death pandemic
in Europe (1350–1440 A.D) corresponds with the CO2 minimum
observed in the Taylor Dome ice core, and van Hoof et al. (2006)
reported palynological evidence for reforestation in the Netherlands
at this time. The Law Dome ice-core record suggests a small CO2

anomaly contemporaneous with the Black Death pandemic that is not
evident in the Dronning Maud Land (DML) and South Pole records
(Fig. 2b). This could be a consequence of the much higher air-age
resolution of the Law Dome ice-core record (∼10 years; Etheridge
et al., 1996) relative to the multi-decadal air-age resolution of the DML
and South Pole records (Siegenthaler et al., 2005). Also, as noted
previously, given the large uncertainty of the Taylor Dome ice-core
chronology (Indermühle et al., 1999), the CO2 minimum recorded by
the Taylor Dome core at ∼1450 A.D. likely corresponds to the CO2

minima recorded by the DML, South Pole, and Law Dome ice cores at
∼1700 A.D. (Fig. 2b). Taken together, the ice-core records in Fig. 2b
indicate that reforestation associated with the Black Death pandemic
did not measurably alter atmospheric CO2 on a multi-decadal time
scale. This could be attributable to the relatively lower mortality rates
associated with pandemics in Europe, Asia, and Africa (including the
bubonic plague), generally in the range of 25–40% (Taylor, 1983; Bray,
2004), which may not have reduced human population below a
threshold sufficient for reforestation to produce a prominent effect in
the proxy records of atmospheric CO2 in Fig. 2b. We speculate that
high population densities in these regions, even after being dimin-
ished by pandemics (albeit with lower mortality rates than in the
Americas), may have been sufficient to maintain demand for agri-
cultural land and thus act as a buffer against abandonment and
reforestation. The atmospheric proxy data in Fig. 2b indicate only one
CO2 anomaly synchronouswith amajor pandemic, namely, that which
affected indigenous Americans after European contact.

6. Conclusions

The observed synchrony among changes in atmospheric CO2

(Fig. 2b), indigenous population (Fig. 2a), and biomass burning
(Figs. 3 and 4), as well as predictive calculations of biospheric CO2
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sequestration compatible with reforestation (Table 4 and Fig. 6),
support the reforestation hypothesis advanced by Ruddiman (2003,
2005). Fire reduction after 500 14C years BP in the tropical Americas
(Figs. 3 and 4), a distinctive feature of the fire history of this region
relative to other areas of the globe (Fig. 5), coincides with pandemics
that reduced indigenous population by ∼90% and contributed to the
demise of two civilizations. Reforestation of croplands abandoned by
tens of millions of indigenous agriculturalists who perished in post-
contact pandemics could have sequestered 5–10 Gt C, about 13–50% of
the total biospheric carbon required to yield the ∼5 ppm atmospheric
CO2 anomaly between 1500 and 1750 A.D. (Figs. 2b and 6).

Our findings suggest that the anomalies in atmospheric CO2

concentration and 13C/12C between 1500 and 1750 A.D. (Fig. 2b) record
the response of Earth's carbon reservoirs to post-contact land-use
changes in the Americas acting in concert with other biospheric carbon
sequestration mechanisms. This study 1) implicates syn-pandemic
reforestation in the tropical Americas as a first-order contributor to
changes in CO2 concentration and 13C/12C observed during the Little Ice
Age; and 2) provides compelling circumstantial evidence for significant
pre-industrial anthropogenic effects on Earth's atmospheric greenhouse
gas budget. The decrease in global atmospheric CO2 concentration
associated with massive, syn-pandemic reforestation in the tropical
Americas during European conquest (b5 ppm), a relatively diminutive
change in comparison with the ∼100 ppm increase since ∼1750 A.D.,
provides a sense of the scale at which proposed carbon sequestration
efforts must operate to mitigate modern greenhouse gas emissions.
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