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a b s t r a c t

Vegetation changes in the Maya Lowlands during the Holocene are a result of changing climate condi-
tions, solely anthropogenic activities, or interactions of both factors. As a consequence, it is difficult to
assess how tropical ecosystems will cope with projected changes in precipitation and land-use inten-
sification over the next decades. We investigated the role of fire during the Holocene by combining
macroscopic charcoal and the molecular fire proxies levoglucosan, mannosan and galactosan. Combining
these two different fire proxies allows a more robust understanding of the complex history of fire re-
gimes at different spatial scales during the Holocene. In order to infer changes in past biomass burning,
we analysed a lake sediment core from Lake Pet�en Itz�a, Guatemala, and compared our results with
millennial-scale vegetation and climate change available in the area. We detected three periods of high
fire activity during the Holocene: 9500e6000 cal yr BP, 3700 cal yr BP and 2700 cal yr BP. We attribute
the first maximum mostly to climate conditions and the last maximum to human activities. The rapid
change between burned vegetation types at the 3700 cal yr BP fire maximum may result from human
activity.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fire in the earth system plays an important ecological role by
influencing biogeochemical and carbon cycles, atmospheric
chemistry, aerosols, land-surface properties and human activities
on a local to a global scale (Carcaillet et al., 2002; Bowman et al.,
2009). Climate conditions such as moisture levels and tempera-
ture control fire activity through biomass accumulation and the
likelihood of its spread. In turn, biomass burning influences climate
at a more global scale by the emission of aerosols and greenhouse
gases, like carbon dioxide and methane. Humans used fire to clear
landscapes at least since the introduction of agriculture, thus
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influencing the long-term fire variability. Scientists actively debate
if such early anthropogenic activities impacted the climate and, if
so, when this influence began (Ruddiman, 2003). The potential of
fire to affect the climate system is demonstrated by recent carbon
dioxide emissions from fire, which account up to 50% of the total
emitted carbon dioxide (Bowman et al., 2009).

Evidence of early human agriculture activity in Mesoamerica as
early as 7000 BP is based on Zea mays pollen in sediment cores from
northwest Mexico (Pohl et al., 2007). However, other studies
demonstrate that the initiation of maize cultivation varied between
different Mesoamerican regions (Pope et al., 2001). The Maya
Lowlands, consisting of the Yucatan Peninsula (Mexico) and parts of
Guatemala, are known as the center of the rise and fall of the Maya
culture. The history of theMaya began ca 4000 BP, and they became
the largest and highly developed culture in Mesoamerica until
declining rapidly around 900 BP. The literature refers to this
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population decline as the “Classic Maya collapse”which may be due
to several severe droughts (e.g. Haug et al., 2003; Kennett et al.,
2012).

Pollen records and lake sediment patterns from the Maya
Lowlands show a rapid vegetation change (e.g. forest openings,
increase in pioneer tree species) and increase of soil erosion during
the Holocene and particularly when the Maya were the prominent
culture (e.g. Islebe et al., 1996; Leyden, 2002; Anselmetti et al.,
2007). The soil erosion resulted in an inorganic sediment layer,
the “Maya Clay” observed in several sediment cores in the Maya
Lowlands (e.g. Curtis et al., 1998; Anselmetti et al., 2007; Mueller
et al., 2009). Researchers still discuss if the major driving forces
behind this vegetation change and the rapid soil erosion were
changing climate conditions or early Maya deforestation. The role
of fire, anthropogenic or natural, on this system during the Holo-
cene, was only partly discussed in these studies.

The aim of this study is to reconstruct Holocene fire activity at
Lake Pet�en Itz�a and to compare this biomass burning record with
previously published multi-proxy studies in Lake Pet�en Itz�a sedi-
ment cores and other regional sampling sites for a better under-
standing of the interaction between climate, humans and fire. In
order to reach this aim, we use a novel multi-proxy approachwhich
combines lake sediment macroscopic charcoal (a proxy for biomass
burning at local-scale, see (Whitlock and Larsen, 2001)) and con-
centrations of the monosaccharide anhydrates (MAs) levoglucosan
(1,6-anhydro-b-D-glucopyranose), mannosan (1,6-anhydro-b-D-
mannopyranose) and galactosan (1,6-anhydro-b-D-galactopyr-
anose) as specific molecular markers for biomass burning in lake
sediments (Elias et al., 2001; Conedera et al., 2009; Kuo et al.,
2011b; Kirchgeorg et al., 2014). Comparing the two biomass
burning proxies may help increase our understanding about ad-
vantages and limitations of molecular markers as proxies for past
fire reconstruction.
2. Study area

Lake Pet�en Itz�a (17�000N, 89�500W, 110 m above sea level) is
located in the Department of Pet�en in the northern part of
Guatemala (Fig. 1). It is the deepest lake in the Maya Lowlands of
Central America with a maximal depth of approximately 165 m.
Previous studies demonstrated that the lake did not desiccate
during long dry periods and had a continuous sedimentation
(Mueller et al., 2009). Lake Pet�en Itz�a receives water from surface
runoff, rainfall, subsurface groundwater, and a small input stream,
without any significant outflows (Correa-Metrio et al., 2012). Due to
the fact that Lake Pet�en Itz�a receives most of its water by rainfall,
the water level strongly depends on rainfall and evaporation. The
annual mean temperatures in this region are on average 25 �C with
a high variability of precipitation between 900 and 2500 mm yr�1,
which occurs mainly between June and October, followed by a dry
winter. The climate is quite sensitive to the migration of the
Intertropical Convergence Zone (ITCZ), which controls the regional
rainfall (Deevey et al., 1980; Hillesheim et al., 2005; Hodell et al.,
2008).

Prior to the Maya the vegetation at Lake Pet�en Itz�a was char-
acterized by closed-forest taxa including Moraceae and Urticaceae.
During the occupation of the Maya, the pollen records show a shift
to more open vegetation, including Amaranthaceae, Ambrosia,
Compositae, Cyperaceae, as well as Poaceae and other disturbance-
adapted taxa, which are assumed to be a result of the deforesta-
tion (Curtis et al., 1998; Leyden, 2002; Rosenmeier et al., 2002).
These changes were observed at several other sites in the Maya
Lowlands (Leyden, 2002). The forest recovered to pre-Maya taxa
after the Classic Maya Collapse.
The Maya settlements and the beginning of the agricultural
activity in Pet�en was dated around 3000 BP, corroborated by the
first findings of Zea mays pollen and the beginning of the strati-
graphic section of Maya Clay in the cores from lakes in Pet�en (e.g.
Wahl et al., 2006; Anselmetti et al., 2007; Mueller et al., 2009). The
Classic Maya Collapse diminished the Maya population in Pet�en but
historical documents and archaeological studies demonstrate that
Lake Pet�en Itz�a was still surrounded by several Maya settlements
after the Classic Maya Collapse and migration towards the lake may
have occurred until the arrival of Spanish conquerors (Rice et al.
1998).

3. Materials and methods

3.1. Samples

The 110 lake sediment samples originate from the core PI 5 VI 02
11B collected in Lake Pet�en Itz�a in June 2002 (Hillesheim et al.,
2005). The 11B core is one out of six (11Ae11F) piston cores
along seismic line 11, recovered using a Kullenberg type piston
corer triggered by a mudewater interface corer (Hillesheim et al.,
2005; Anselmetti et al., 2006). The 550 cm long core 11B was
chosen because it covers the entire Holocene, it is well dated, and
various proxy data are available from this or parallel cores from
Lake Pet�en Itz�a and from surrounding lakes (e.g. Rosenmeier et al.,
2002; Hillesheim et al., 2005; Anselmetti et al., 2006; Mueller et al.,
2009; Correa-Metrio et al., 2012). The samples of approximately 5 g
wet weight were subsampled from the original core at the Uni-
versity of Florida, USA, and shipped to the University of Venice, Italy
in 2012. The subsamples were taken from a depth of 18 to 514 cm.
One sample covers a depth of 2 cm. Distance between two samples
is 5.5 cm (i.e. 7.5 cm sampling resolution) from 18 to 300 cm depth,
and 1 cm (3 cm sampling resolution) from 300 to 514 cm depth. In
Venice, samples were divided into two parts: 1 cm3 of wet sample
was used for the macroscopic charcoal analyses, while the
remaining sample was freeze-dried and homogenized for molec-
ular biomass burning marker and total organic content (TOC) an-
alyses. As sampling was not contiguous our fire history reflects low
frequency changes in biomass burning over the millennial time
scale.

3.2. Analytical methods

The monosaccharide anhydrates levoglucosan (1,6-anhydro-b-
D-glucopyranose), mannosan (1,6-anhydro-b-D-mannopyranose)
and galactosan (1,6-anhydro-b-D-galactopyranose) were analysed
using an aliquot of 200 mg of freeze-dried and homogenized
sediment. The compounds were extracted by pressurized solvent
extraction (PSEone, Applied Separations, Hamilton, USA) with
methanol (Ultrapure, Romil LTD, Cambridge, UK), filtered (0.2 mm,
PTFE), evaporated to dryness (Turbovap, Biotage, Uppsala, Sweden),
and dissolved in ultra-pure water (ELGA LabWater, Marlow, UK).
MAs were separated and quantified by high performance anion
exchange chromatographyemass spectrometry (Dionex ICS 5000e

MSQ Plus™, Thermo Scientific, Waltham, US) with the internal
standard method using mass labelled 13C6-levoglucosan. We
improved the chromatographic separation of the previously pub-
lished method (Kirchgeorg et al., 2014) by using a CarboPac™ MA1
column (Thermo Scientific, 2� 250mm) and an AminoTrap column
(Thermo Scientific, 2 � 50 mm). Chromeleon 6.8 Chromatography
data system (Thermo Scientific) was applied for data acquisition
and elaboration. All modifications of the original method are given
in the Supporting information.

The total organic carbonwas analysed by an aliquot of 100mg of
each freeze dried sample, following the EPA procedure (EPA



Fig. 1. Map of Mesoamerica, showing the study site at Lake Pet�en Itz�a, Guatemala.
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Method 9060). Inorganic carbon was removed prior to analysis by
adding hydrochloric acid (2.5N) to the sample and then incubating
it for 30 min at 120 �C. Excessive water was removed by oven-
drying the sample at 105 �C overnight. Finally the dried sample
was analysed with the TOC elemental analyser (TOC 5050, Shi-
madzu), by combustion at elevated temperatures using air as car-
rier gas. The CO2 produced was measured by Fourier transform
infrared spectroscopy.

Macroscopic charcoal analyses were performed at the Univer-
sity of Bern, Switzerland. For the analyses, 1 cm3 of wet sample was
first soaked for several hours in a deflocculating solution (5% so-
dium hexametaphosphate), treated with hydrogen peroxide (10%)
for approx. 12 h to remove the organic content, and sieved over a
100 mm mesh. Macroscopic charcoal particles were estimated un-
der a stereomicroscope at 40� magnification. We distinguished
different types of charcoal morphotypes as in Colombaroli et al.
(2014). Grass cuticles usually occur in flat sheets, and epidermal
cells are arranged in parallel rows, with stomata within the rows
(Jensen et al., 2007), and mostly have a length to width ratio � 4:1
(Umbanhowar and Mcgrath, 1998). Woody material presents a
thicker structure than the grass cuticle and the length towidth ratio
is normally lower (<4:1; Umbanhowar and Mcgrath, 1998). Leaf
fragments can be separated from other charred material due to the
presence of leaf veins, which are characterized by a divergence of
the branches from a node (Jensen et al., 2007). Further details can
be found in Beffa (2012) and Colombaroli et al. (2014).

3.3. Age-depth model

We calculated the depositional time (yrs cm�1) of each level,
using CLAM Version 2.2 (Blaauw, 2010), applying a spline inter-
polation (1000 iterations) between neighbouring levels and cali-
brating with the northern hemisphere terrestrial calibration curve
from Reimer et al. (2013). Radiocarbon data (a total of 12 14C dates)
from this and a parallel corewere published byMueller et al. (2009)
and Hillesheim et al. (2005). Ten out of these 12 14C dates had been
determined on a parallel core (11A), and only two on the 11B core.
The core 11A covers about the same age and is about equally long as
11B, and it has been drilled 500 m north of 11B during the same
drilling campaign in June 2002. However, from 11A the top 50 cm
are missing (corresponding to about 600 years), whereas for 11B
only the top 18 cm (approximately 200 years) are missing, see
(Hillesheim et al., 2005; Anselmetti et al., 2006) for a detailed
description of the various cores drilled along seismic line 11 in Lake
Pet�en Itz�a. The dates determined on the 11A core were projected
onto the 11B core by matching visual stratigraphy by Mueller et al.
(2009). One of the two dates determined on the 11B core was based
on a charcoal sample (at 365 cm depth, 6735 cal yr BP), which we
have discarded for our age model calculations because charcoal
samples often show a bias towards older ages. All other samples
were either wood pieces (ten) or leaves (one).

Different smoothing factors for the upper and the lower core
sections have been chosen to better constrain rapid change in
accumulation rates in the upper section, due to erosion (Maya Clay
layer, e.g. Anselmetti et al., 2007; Mueller et al., 2009). We used 0.2
as a spline interpolation smoothing factor (Blaauw, 2010) for the
upper section (up to and including the Maya Clay layer, i.e. approx.
3100 cal yr BP), and a 0.4 smoothing factor below the Maya Clay
layer. In the lower core section we applied a slightly stronger
smoothing in order to smooth out additional uncertainties intro-
duced by the projection of the 11A 14C dates onto the 11B core.
Alternative age models including all 14C dates and applying
different smoothing factors illustrating the effect on the flux re-
cords are included in the Supplementary information.

The resulting depth-age model is shown in Fig. 2. We applied
the depth-age model to calculate the fluxes of charcoal
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(pieces cm�2 yr�1) and of levoglucosan, mannosan and galactosan
(ng cm�2 yr�1).

4. Results

In this section we present the results of the charcoal and MA
analyses performed on the PI 5 VI 02 11B core. Additionally, the
total organic carbon (TOC) profile of the core is shown in Fig. 3. The
TOC in the entire core is between 1 and 10 % which is in agreement
with the values in the Pet�en Itz�a sediment cores which were dis-
cussed by Mueller et al. (2009). It also shows the typical Maya clay
layer (approx. 3000e1000 cal yr BP) with low TOC content
observed in many Pet�en lake cores (e.g. Islebe et al., 1996; Curtis
et al., 1998; Rosenmeier et al., 2002; Anselmetti et al., 2006). This
inorganic clay layer is generally attributed to soil erosion resulting
from ancient Maya forest clearance (Anselmetti et al., 2007;
Mueller et al., 2009).

4.1. Charcoal

Macroscopic charcoal was detected in all investigated samples.
Different morphotypes were distinguished when counting the
charcoal particles (see “Materials andMethods”). Charcoal particles
were mainly grasses (79% of total charcoal pieces), the second most
important morphotype was wood-like charcoal (20%), and finally
leaves, needles and others materials accounted for less than 1% of
the total number of charcoal pieces. Total charcoal and the two
main morphotypes of wood and grass concentrations are shown in
Fig. 3, with concentrations between 0e176 pieces cm�3 and
1e582 pieces cm�3, respectively.

In general, trends of charcoal fluxes (Fig. 4) mirror original
concentrations, with the two main peaks at 370 cm (6100 cal yr BP)
and 305 cm (3700 cal yr BP). However, the calculated charcoal
fluxes are complemented by a third and less prominent peak at
225 cm (2600 cal yr BP), which is not visible in charcoal concen-
tration records and is a result of the different deposition rates
during this period. In the bottom section of the core the charcoal
flux is very low (<2 pieces cm�3 yr�1), demonstrating a slightly
increasing trend with time. The trend of total charcoal flux of the
bottom section is in good agreement with the charcoal data of the
same core in the age interval 11ke5k cal yr BP presented by
Hillesheim et al. (2005). Over the entire core the highest charcoal
fluxes were found between 210 and 400 cm (2500e7000 cal yr BP).
All charcoal types show a similar phasing during the first peak
around 370 cm. Interestingly, during the second maximum around
305 cm the different charcoal types show a different pattern: They
start to increase simultaneously at the onset of the increase of total
charcoal around 305 cm, but the percentage of woody charcoal
suddenly drops, while grass-like charcoal concentrations still in-
crease before slowly decreasing after reaching its peak value (see
Figs. 3 and 4). Above the second maximum, and especially above
250 cm, total charcoal influx is dominated by grass-like charcoal. In
general, the two charcoal morphotypes follow a similar trend over
the entire depth range. However, in the top 250 cm charcoal par-
ticles are almost exclusively grass-like particles (>90%), whereas
from 300 cm downwards wood-like charcoal is relatively more
abundant (approx. 75% grass vs. 25% wood).

4.2. Monosaccharide anhydrides

As in the charcoal record, the MA concentrations are generally
low in the upper part of the core, as well as in the bottommost part
(Fig. 3), and at an elevated level in the middle part from 300 to
490 cm (3700e9900 cal yr BP). In contrast to charcoal the MA
concentrations show no clear maximum during this period, apart
from galactosan around 400 cm (7000 cal yr BP). It is evident that
levoglucosan and mannosan start to increase at 10ke9.5k cal yr BP
and, thus, well before charcoal which begins to increase at
7000 cal yr BP and galactosan which begins to increase at
8000 cal yr BP. The highest values of levoglucosan concentrations
are reached at 400 cm, after which it slowly decreases until drop-
ping at 305 cm (3700 cal yr BP) along with TOC and (mainly wood-
like) charcoal. In the upper half of the core, where low charcoal and
MA concentrations prevail, slightly elevated levoglucosan concen-
trations can be observed between 200 and 80 cm depth
(2400e960 cal yr BP). These elevated levoglucosan concentrations
are even more evident in the flux record in Fig. 4. While the char-
coal flux is constantly low after the 2600 cal yr BP peak, levoglu-
cosan remains at an elevated level, although with a downward
trend. Levoglucosan flux reaches its local minimum around
900 cal yr BP, after which it increases again along with mannosan
and galactosan.

Generally, the three distinct maxima in the charcoal flux record
are mirrored in the levoglucosan flux record, although the first
levoglucosan maximum occurs approximately one thousand years
before the charcoal maximum. Around 6000 cal yr BP, where
sediment charcoal peaks for the first time, a local maximum in the
levoglucosan flux is also evident. This levoglucosan peak height is
in good agreement with the height of the charcoal peak relative to
the two other peaks of charcoal and levoglucosan.

The flux records of the two isomers mannosan and galactosan
significantly correlate with levoglucosan (R2 ¼ 0.53 and 0.46,
respectively, p-values of 9.2$10�10 and 2.8$10�8, respectively, with
N ¼ 52 data points) during the middle section (7000e2000 cal yr
BP), whereas in the bottom and the top sections the isomers trends
differ from one another. While levoglucosan shows a constant in-
crease from10ke8k cal yr BP, galactosan shows only a slow increase
at the beginning and then abruptly increases by a factor of 4 within
about five centuries after ~8000 cal yr BP. Mannosan on the other
hand increases faster in the oldest core section, but peaks at
8300 cal yr BP. Between 2000 and 800 cal yr BP the three isomers
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appear to be completely uncorrelated, however, after 800 BP they
all increase together, even though mannosan is not increasing as
fast as the other two. The concentrations of the three isomers are
influenced by the type of burned vegetation and the burning con-
ditions (mainly temperature) (Fabbri et al., 2009 and references
therein; Alves et al., 2010 and references therein; Kuo et al., 2011a).
The abundance of the isomers is discussed in more detail in Sect. 5.
5. Discussion

The fire proxy records from Lake Pet�en Itz�a represent fire history
in lowland Guatemala during the entire Holocene. Here, we
compare the fire history results with Holocene natural and human
induced vegetation changes.

Before the transition into the Holocene, climate in Central
American lowlands was probably drier and 4e8 �C cooler than
during the early Holocene (e.g. Brenner et al., 2002; Hodell et al.,
2008). At the transition into the Holocene the climate shifted to
warmer and wetter conditions (Hodell et al., 2008), and the period
from the early to the mid-Holocene (10e4.5 ka BP) was dominated
by relatively stable warm and wet climate conditions (Hillesheim
et al., 2005; Mueller et al., 2009). Pollen studies from Pet�en
Department indicate that the vegetation shifted towards tropical
forest from ~12.5 ka BP onwards, and that it was established by
about 10 ka BP (e.g. Leyden et al., 1994; Hillesheim et al., 2005). Also
based on pollen studies Islebe et al. (1996) found that a semi-
evergreen and closed-forest (Urticaceae and Moraceae) was
already established by ~8600 yr BP surrounding Lake Pet�en Itz�a.

Fire activity was low during this transition of vegetation to
tropical forest. The charcoal record demonstrates low values with a
slightly increasing trend, whereas levoglucosan starts at low values
at the very beginning of the Holocene but shows a substantially
stronger increase during the early Holocene. The increasing fire
activity may be explained by advancing forestation and subsequent
higher fuel abundance.

Different behaviour at different burning conditions might be a
reason for differences between MA and charcoal concentrations in
the sediment. It is known that levoglucosan generation peaks at
250 �C and is not present in char above 350 �C, and galactosan and
mannosan generation is peaking at 200 �C, depending on the
burned vegetation type (Kuo et al., 2008, 2011a). On the other hand,
charcoal is assumed to be generated at temperatures between
250 �Ce500 �C. The earlier increase of themolecular markers might
therefore be a result of low temperature and smouldering fires
prevailing in the region during the early Holocene, which is
captured less efficiently by the sediment charcoal proxy. This would
be in line with more opened stands in the highlands of Guatemala
because it was typically drier there during that period. In open
stands, low intensity fires are prevailing and would thus explain an
earlier increase of the MAs compared to sedimentary charcoal.

The different catchment areas of MAs compared to charcoal may
also explain the observed differences among the two proxies.
Macroscopic charcoal is usually transported only a few hundred
meters to a few kilometres and is thus mostly a local fire proxy
(Whitlock and Larsen, 2001), whereas levoglucosan can be trans-
ported as aerosol hundreds of kilometres and is therefore a regional
to hemispheric fire proxy which integrates supra-regional fires
(Zennaro et al., 2014). Therefore, the earlier increase of the MAs
compared to charcoal might also be attributed to an increased fire
activity linked to the forestation over the entire region of Meso-
america or southern North America and not only in the lowlands
near Lake Pet�en Itz�a. Regional charcoal syntheses demonstrate that
early-Holocene fire activity was not homogenously distributed over
Central and North America and depended instead on regional
climate conditions and occupation history (Power et al., 2012;
Marlon et al., 2013). At Lake Ixtacola, Mexico, charcoal starts to
increase at approx. 9500 cal yr BP (Piperno et al., 2007), whereas in



Fig. 4. Top: Grass charcoal (green) and woody charcoal (black), total charcoal corresponds to the upper envelope of the woody charcoal line. The ratio of grass to total charcoal is
indicated as a blue line on a separate axis. The grey line indicates a 7-point Gaussian running mean of the total charcoal flux. Middle: Fluxes of MAs (red: levoglucosan, blue:
galactosan, orange: mannosan). The grey line indicates a 7-point Gaussian running mean of the total MA flux. The ratio of levoglucosan/(mannosan þ galactosan) (L/(M þ G)) is
shown as solid orange line, and the levoglucosan/mannosan (L/M) ratio is shown as solid blue line. Both ratios are indicated as 7-point Gaussian running means of the raw signal.
Bottom: Pollen records from Lake Puerto Arturo (Wahl et al., 2006) are subdivided into grass and shrub pollen types (upper panel) and in arboreal pollen types (bottom panel). In
the arboreal pollen panel, filled colours correspond to local trees, whereas hatched areas indicate disturbance arboreal types. Stars indicate core sections where Zea mays has been
encountered. Pollen Zones as defined by Wahl et al. (2006) are indicated by black vertical lines, see text for details. On top the lithologic and lithostratigraphic units described in
detail by Hillesheim et al. (2005) and Mueller et al. (2009) are indicated (U1: organic rich silt; U2: low organic content Maya Clay layer; U3: Deep water carbonate; U4: Organic-rich
clay). All records are plotted linearly versus age. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a core from the Upper Lerma, Mexico, charcoal maxima were
detected between 7000 and 8500 cal yr BP (Lozano-García et al.,
2005), and finally, Lozano-García et al. (2013) found charcoal
peaks around 9200 and 8000 cal yr BP in western central Mexico.

An additional reason for different behaviour of the MAs and
charcoal may be different sedimentation and/or post-depositional
processes, like the redistribution by pore-water, the potential
biodegradation (Xie et al., 2006) or degradation processes
depending on different sediment types (e.g. low organic content vs.
organic rich sediment), which, however, have not been studied so
far. Recent laboratory experiments observed degradation of dis-
solved levoglucosan in water (Norwood et al., 2013), but previous
studies assumed that MAs attached to particles are stable enough
for sedimentation and stored over long time scales in lake sedi-
ments (Elias et al., 2001). These post-depositional processes would
influence the MA concentrations over the entire core; however,
such trends in theMA concentrations were not observed in the core
studied here.

The relative abundance of the different isomers and in particular
the ratios between levoglucosan/mannosan and levoglucosan/
(mannosan þ galactosan) may be due to the type of vegetation
burning and the burning conditions, mainly temperature of the fire
(Fabbri et al., 2009 and references therein; Alves et al., 2010 and
references therein; Kuo et al., 2011a). Oros et al. (2006) and Oros
and Simoneit (2001a, b) reported MA ratios between 2e33
(average 14) for different types of grasses and 0.2e8.2 (average 4.9)
for different types of hardwood; Engling et al. (2006) reported ra-
tios of L/M ¼ 108 and L/(M þ G) ¼ 54 for savannah grass, and L/
M ¼ 28 and L/(M þ G) ¼ 14 for hardwood (Oak), and Kuo et al.
(2011a) reported ratios depending on the fire temperature. At the
temperature of the levoglucosan production maximum (250 �C)
cordgrass shows ratios of 36 for L/M and 13 for L/(M þ G),
respectively, and honey mesquite (hardwood) shows ratios of 4.4
for L/M and 1.3 for L/(M þ G), respectively. Comparing all studies
mentioned above, the reported ratios are overlapping, which limits
conclusions about prevailing vegetation based on these ratios.
Nevertheless, in all these studies grass shows higher MA ratios
compared to hardwood. Considering this tendency, higher ratios in
the present study may be an indication for an increased amount of
grass being burned relative to wood, if not influenced by temper-
ature. The MA ratios in our samples (Fig. 4) are highly variable in
the early Holocene (10.5ke9k cal yr BP; L/M 0.4e11; L/(M þ G)
0.5e15.5) and decrease until ~8200 cal yr BP, where they reach
values of 1.2 (L/M) and 0.9 (L/(G þ M)), respectively. The high
variability might be due to the changing wet and dry cycles during
this period as described by Hillesheim et al. (2005). However, in this
section MA concentrations are close to or even at the detection
limits of our analytical setup, therefore this part of the record
should be interpreted carefully due to potential contamination and
biases of the low concentration data. The ratios stabilise from
8000 cal yr BP onwards, when the vegetation has changed to more
stable forest vegetation (Hillesheim et al., 2005).
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The timing and sequence of Holocene fire history presented
here correspond well with sediment charcoal from Lake Pet�en Itz�a
presented by Correa-Metrio et al. (2012) (entire Holocene), and
Hillesheim et al. (2005) (10.5ke5k cal yr BP). The first maximum in
the charcoal record and its corresponding levoglucosan peak
around 6000 cal yr BP indicate the first local Holocene fire
maximum detected in the Pet�en Itz�a core. Correa-Metrio et al.
(2012) proposed a period of high fire activity in Mesoamerica be-
tween 10.5ke5k cal yr BP and attribute the increasing fire activity
to rising temperatures at the onset of the Holocene. In addition to
higher temperatures Correa-Metrio et al. (2012) also link the fire
activity to more pronounced seasonality related to the insolation
maximum during this period which may have increased fuel
availability and intensified convective storms facilitating ignition at
the beginning of the wet season. Based on the absence of anthro-
pogenic pollen indicators suggesting the presence of humans at
Pet�en during that period (i.e. no Zea mays) (e.g. Leyden, 2002;Wahl
et al., 2006), we attribute the change in the fire regime in the early
to mid-Holocene, including the fire maximum around 6 ky BP,
mainly to climate. The slow decrease of grass-like charcoal contri-
bution to total charcoal abundance during this fire maximum is
consistent with a gradual shift towards tropical high forest recor-
ded in various pollen records (e.g. Islebe et al., 1996; Leyden, 2002;
Mueller et al., 2009). Grass-like charcoal decrease does not seem to
be affected by the extensive fire activity prevailing at that time. This
decrease is also present in the pollen records (Islebe et al., 1996;
Leyden, 2002; Wahl et al., 2006; Mueller et al., 2009).

During the relatively stable (in sense of temperature and
moisture) mid-Holocene (~7e4.5 ka BP), the vegetation in Pet�en
slowly shifted to more open, savannah-like type (e.g. Islebe et al.,
1996; Leyden, 2002; Wahl et al., 2006), which may explain the
slight increase of the MA ratios (L/M: from 2.7 to 3.2, L/(M þ G):
from 1.0 to 1.4) during this period. During the mid-Holocene, fire
activity remains at a low level after the initial charcoal and levo-
glucosan peak, until abruptly increasing before 4000 cal yr BP. At
the beginning of this increase in fire activity the abundance of
grass-like charcoal is relatively low (70e80 % of total charcoal)
(Fig. 4, top panel). In contrast to the first fire maximum
(6500e5500 cal yr BP) where the contribution of grass-like char-
coal to total charcoal counts decreases gradually, the grass-like
charcoal percentage increases abruptly from below 75% to above
85% within less than 300 years simultaneously with this second
distinct fire maximum around 3700 cal yr BP.

The rapid increase in grass-like charcoal at 3700 cal yr BP co-
incides with the fire maximum and a relatively fast shift from
mostly tree towards herb and shrub pollen as observed by Islebe
et al. (1996) and Mueller et al. (2009). This increase in herba-
ceous pollen types is also visible in the pollen record of Lake Puerto
Arturo in northern Pet�en about 70 km away from Lake Pet�en Itz�a
(Wahl et al., 2006) shown in Fig. 4. The four zones in the pollen
diagram defined byWahl et al. (2006) correspond to periods of high
arboreal pollen abundance (zone 4, older than 4700 cal yr BP), the
start of a significant increase in herbaceous pollen types (zone 3,
4700e3400 cal yr BP), amplification of the shift towards more
herbaceous and less arboreal pollen types and presence of
anthropogenic indicators (Z. mays and Ambrosia) (zone 2,
3400e1000 cal yr BP), and an abrupt change from herbaceous and
disturbance taxa back to arboreal pollen types (zone 1, after
1000 cal yr BP). The above mentioned abrupt shift in the charcoal
types corresponds to the change in the pollen profile from arboreal
towards more herbaceous pollen types in the transition from zone
3 into zone 2. Considering the age uncertainties of the two sedi-
ment cores (approx. 500 yr of two sigma age range at 3200 cal yr
BP) in the Lake Puerto Arturo sediment (Wahl et al., 2006) and
100 yr at 3500 cal yr BP in the Pet�en Itz�a 11B core, the abrupt shifts
in the pollen records and in the fire proxy records are likely to
happen simultaneously. Also the distinct decrease in Brosimum
(Mueller et al., 2009) (not shown) fits temporally to the rapid
change in the vegetation seen in the other records. This shift in the
pollen records and the increase of grass-like charcoal coincide also
with an increase of the MA ratios in this period (L/M up to 5.2, L/
(M þ G) up to 1.7) and might be a result of enhanced burning of
grass-like vegetation. Local climate became drier in the period
4.5e3 ka BP (Mueller et al., 2009), which may have exacerbated the
effect of human impact on vegetation. However, the shift towards
direr climate and was a gradual process persistent during ~1.5 ka,
whereas the changes in the pollen records and the distinct increase
in grass-like charcoal took place within a few hundred years.

Initial evidence of agricultural activities in the Maya lowlands
are dated to 4000e5000 BP, based on pollen studies where the
increase of disturbance taxa (e.g. Asteraceae and Ambrosia) and of
secondary forest taxa is attributed to forest clearance or is based on
the presence of Z. mays which is an indicator for agricultural
cultivation (e.g. Pope et al., 2001; Leyden, 2002; Wahl et al., 2006).
Soil erosion histories point to a similar timing for the first
appearance of human perturbation in the ecological system due to
vegetation transformation (Anselmetti et al., 2007). The presence of
a Maya Clay layer is a strong evidence for the presence of Maya
settlements in the watershed of an investigated lake. In different
lakes from the Pet�en region, such layers are present from about
3500 to 800 yr BP (Rosenmeier et al., 2002; Anselmetti et al., 2006;
Mueller et al., 2009). The fact that the appearance of first human
agricultural activities in the Maya lowlands is older than 4 ka BP
indicates that the high fire activity at 3.7 ka BP may be attributed to
humans rather than only climate. The presence of Maya clay layers
in Pet�en lakes from ~3.5 ka BP onwards along with declining
arboreal pollen abundance indicates that a considerable change in
the vegetation occurred during that time. The coincident high fire
activity provides a strong inference that fire clearance by early
Maya populations may have started at this time. In general it is
easier for humans to initiate fires in a drier environment, where the
accompanying shift to a drier climate could have also favoured
human-induced fires in this period. However, the first Z. mays
pollen in Lake Pet�en Itz�a or Lake Salpet�enwere found only after 3 ka
BP (Leyden, 2002; Mueller et al., 2009). Thus, if the high fire activity
in the area of Lake Pet�en Itz�a around 3.7 ka BP is attributed to fire
clearance by the Maya, this clearance would have happened
considerably before the Maya started agricultural cultivation in this
area. However, in Lake Puerto Arturo a single Z. mays grain was
found at 4600 cal yr BP (Wahl et al., 2006), thus considerably earlier
than in Lake Pet�en Itz�a (Fig. 4, bottom panel). Wahl et al. (2006)
discussed the early appearance of Z. mays at lake Puerto Arturo in
the context of other early Z. mays appearances from coastal Vera-
cruz around 7100 cal yr BP (Pope et al., 2001) and from nearby
Belize as early as 5500 cal yr BP (Pohl et al., 1996). Another expla-
nation for the different timing of the first appearance of Z. mays
mentioned by Wahl et al. (2006) are the different sizes of the
investigated lakes. Lake Puerto Arturo is small compared to Lake
Pet�en Itz�a, therefore the large size of the Pet�en lakes may have
reduced the visibility of the weak Z. mays signal at 4600 cal yr BP. In
summary, we conclude that the high fire activity in the Maya
lowlands around 4000e3500 cal yr BP cannot be attributed clearly
to either climate or human activities based on the data presented in
this study and is likely to be influenced by both climate and
humans.

The last of the three fire maxima at 2.7 ka BP observed in our
proxy records lies well within the Maya Clay layer and corresponds
with the maximum in the soil erosion rate (Anselmetti et al., 2007).
Permanent Maya settlements and agriculture were established in
the entire Maya lowlands at the mid-Preclassic period (about
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2900e2400 yr BP). Even though the Maya population increased
significantly only from the late-Preclassic onwards (2400e1750 yr
BP), the local fire activity remains low after 2400 yr BP. This low fire
activity can be explained by the low abundance of trees, seen e.g. in
the low wood charcoal percentage as well as from the pollen as-
semblages from the Pet�en region (Fig. 4). Wahl et al. (2006)
denoted the period from 3400 to 1000 cal yr BP as Zone 2 which
is characterised by very low abundance of arboreal pollen and
dominated by herbaceous and shrub pollen types and the presence
of agricultural indicators (Z. mays and Ambrosia) (Fig. 4). In Zone 2
we also detected the lowest abundances of wood charcoal, i.e. total
charcoal is dominated by grass like pieces (>90% in
2000e1000 cal yr BP), which is in line with the pollen records. Such
grassland vegetation negates the need for extensive fire clearance.
However, the regional fire signal (levoglucosan, see Fig. 4) remains
at an elevated level with a steadily decreasing trend, which might
be caused by a further expansion of the Maya settlements at the
borders of theMaya territories. These additional fires would only be
revealed in the levoglucosan and not in the charcoal record due to
the different catchment areas of the two fire proxies. In addition,
MA ratios demonstrate an elevated level (L/M is between 3 and 10,
L/(M þ G) is between 1.5 and 3.5) and high variability during this
period. This variability may be an indication of a disturbance of the
natural fire activity by the Maya by influencing e.g. type of burned
biomass or fire conditions and intensity, which results in different
MA ratios (Engling et al., 2006; Kuo et al., 2011a), because
the period before the assumed arrival of the Maya at Lake Pet�en
Itz�a was characterized by quite stable (levoglucosan/
(mannosan þ galactosan)) or only slowly increasing (levoglucosan/
mannosan) MA ratios, respectively. Based on the evidence as
described in this paragraph, we attribute the elevated fire activity at
2.7 cal ka BP to fire clearance by the Maya.

After the Classic Maya collapse (~900 yr BP) the fire activity re-
mains at a low level, probably accompanied by a natural forestation
and, thus, build-up of fuel. As a consequence the wood charcoal
percentage increases after 800 yr BP (Fig 4). After ~600 yr BP the
fire activity starts to increase again, this is evident especially in the
levoglucosan record. Also the MA ratios recover after the Maya
collapse and they decrease towards values as before 4000 cal yr BP,
clearly reproducing the rapid transition frommainly herbaceous to
primarily arboreal pollen abundance as observed in the pollen
records.
6. Conclusions

We provide a detailed reconstruction of biomass burning trends
from the southern Maya Lowlands from a Lake Pet�en Itz�a sediment
core using two different fire proxies: macroscopic charcoal and the
monosaccharide anhydrates levoglucosan, mannosan and gal-
actosan. The combination of different fire proxies offers new in-
sights into the fire history during the Holocene at different spatial
scales across the Maya lowlands.

The Holocene fire record demonstrates a first period of high fire
activity between 9000 and 6000 cal yr BP, which is attributed to
climate conditions and corroborates corresponding results from
previous studies. The fire maximum at 2700 cal yr BP can be linked
to the agricultural activity of the Maya at Lake Pet�en Itz�a. The fire
maximum around 3700 cal yr BP might already be influenced by
early anthropogenic agricultural activities in the region, based on
the fast decrease in the relative abundance of wooden charcoal
during the firemaximum. However, we cannot exclude that this fire
maximum and the accompanying shift in the vegetation type were
a result of the dry climate conditions facilitating ignition. To further
constrain the causes for the high fire activity around 3700 cal yr BP
further investigations including several lake cores from this area
with highly resolved data are needed.

An advantage of analysing MAs together with charcoal in lake
sediments is the potential discrimination of different catchment
areas of the proxies: While macroscopic charcoal represents a local
fire signal, the MA record is influenced by regional to supra-
regional fires, thus overlapping the spatial scale covered by
microscopic charcoal (Whitlock and Larsen, 2001; Colombaroli
et al., 2008; Conedera et al., 2009). Furthermore, higher concen-
trations in MAsmight indicate that low temperature fires (<350 �C)
where prevailing, while charcoal production is more efficient at
temperatures between 250� and 500 �C. Analysing all three isomers
enables the calculation of L/M and L/(Mþ G) ratios, whichmay help
to estimate changes in types of burned vegetation. However, such
conclusions are limited to the identification of general vegetation
changes (wood vs. grass) and cannot identify specific vegetation
compositions due to their temperature dependence and due to the
large ranges of these ratios reported in the literature. Nevertheless,
the promising correlation between the Pet�en Itz�a MA ratios, pollen
assemblages, and plant macrofossils demonstrates the added value
of these molecular markers in paleo fire reconstructions.
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