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The Holocene palaeofires in Southern America has been generally attributed to climate until the middle
Holocene and to human activities for later periods. Soil charcoal analysis and extensive AMS dating were
carried out on six soil profiles, between 3400 and 3900 m a.s.l. in the Guandera Biological Reserve
(Western Cordillera Real, North Ecuador). AMS results showed an ordered stratification of charcoals
allowing a fire history reconstruction over the last 11,700 cal BP.

The reported fire occurrences fit well with Holocene global scale arid periods. The association between
fires and climate signals suggested a marginal role of humans in the environmental history of the studied
area. Here, the human inference started at ca 2500 cal BP, but became considerable only in the last
millennium.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The impact of fire in the Northern Andes has been largely
investigated from both ecological and palaeoclimatological
perspectives, as well as in relation to human impact. At present, the
main proxy for reconstructing fire history has been based on
counting charcoal in pollen slides. Up to now, this method did not
allow unequivocal assessment of the causes of Holocene fires, and
chronological constraint of the beginning of anthropic fires. In
northern Peru, fires since 6000 cal BP at Laguna Chochos (Bush
et al., 2005) and from 4000 cal BP at Laguna Baja (Hansen and
Rodbell, 1995) were considered human-induced. In the south-
eastern Ecuadorian Andes, human-induced fires are reported
from ca 8000 cal BP at El Tiro-Pass (Niemann and Behling, 2008)
and at Laguna Cocha Caranga (Niemann and Behling, 2009). On the
other hand, several authors (e.g. Kessler, 2002; Bush et al., 2005)
leave open the question whether the charcoal dated before the
middle Holocene represents the evidence of either the first human
presence or of natural fires related to climatic conditions. In the
Guandera Biological Station, western Cordillera Real, northern
Ecuador, charcoal influx became significant ca 2000 cal BP, but
humans were considered the driving force of fires only from
600 cal BP (Bakker et al., 2008).

Although as a general pattern, palaeofires have been broadly
attributed to the climate until the middle Holocene, and afterwards
nd INQUA. All rights reserved.
to human activities, the distinction between climate and human-
induced fires remains rather uncertain. This is probably also due
to the low-resolution of the data in terms both of time and space
inferred from counting of charcoal particles in pollen slides
(Conedera et al., 2009; Mooney and Tinner, 2011).

At local scales, soil charcoal analysis (SCA, pedoanthracology;
Thinon, 1978; Carcaillet and Thinon, 1996) is a valuable approach to
investigate local fire history (Payette and Gagnon, 1985; Carcaillet,
1998). This method is based on the anatomical identification and
14C dating of charcoal fragments (�0.4 mm). It has been success-
fully applied in the Northern Andes to detect treeline shifts during
the Holocene (Di Pasquale et al., 2008) and to reconstruct the fire
history during the PleistoceneeHolocene transition (Di Pasquale
et al., 2010). This work presents a fire history reconstruction
based on SCA for the Holocene, with the major objective of
discriminating between human and climatic fires in Guandera
region. Data are plotted with two palaeofire records based on
sedimentary charcoal sequences at local and regional scale.
Subsequently, data are compared with a global synthesis of climate
history constructed from proxies unaffected by human impact.

2. Study area

The study area is located on thewestern Cordillera Real (northern
Ecuador), at the Guandera Biological Reserve (Fig.1) (0� 360 N, 77� 410

W). Guandera Biological Reserve includes about 10 km2 of relatively
undisturbed páramo grassland, shrubland and (high) Andean forest.
Andean forest, also called upper montane rain forest, is located
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Fig. 1. Study area (inset) and location of sampling points (main map).
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between 3300 and w3500 m a.s.l., w100 m below the present-day
upper forested limit (UFL). A fringe of high Andean forest or Subal-
pine rain forest extends above this level up to the lower limit of the
páramo (Moscol Olivera and Hooghiemstra, 2010). Above
3640 m a.s.l., the prevailing bunchgrass páramo is interrupted by
scattered forest islands occurring up to about 3700 m a.s.l. Below
3300 m a.s.l., the area has been almost completely deforested for
cattle and agriculture, mainly in the form of fenced meadows and
potato cultivation (Moscol Olivera and Cleef, 2009).

The area is characterized by a typical humid tropical alpine
climate with strong diurnal, but weak annual temperature fluctu-
ations. Temperature and precipitation values in Guandera were
registered for 2002 at 3370 m a.s.l. The daily temperatures ranged
between 4 �C and 15 �C; the sum of annual precipitation was
w1700 mm (Bader et al., 2007a, 2007b). The forest soil has an
organic upper horizon of 30e100 cm consisting principally of roots,
and is classified as Cambisol or Histosol. The páramo soil is a deep
and well-developed Andosol (Soil Survey Staff, 1999).

Pàramo can burn well because of fuel abundance due to the
large amount of dead plant material dried by the strong insolation
levels. In contrast, the cloud forest has a humid microclimate
characterized by continuous fog and, therefore, it is unlikely to
catch fire (Di Pasquale et al., 2008).

The historical data for this area comes from oral sources
reporting human-made fires in the pàramo grassland related to
religious/superstitious practices every 3e6 years (Sarmiento and
Frolich, 2002).

3. Material and methods

Six soil profiles at Guandera biological station were sampled
along a 4 km transect spanning between 3400 m and 3900 m a.s.l
(Fig. 1). Soil sampling and charcoal analysis followed Carcaillet and
Thinon (1996); detailed soil sampling and charcoal sorting proce-
dure is reported in Di Pasquale et al. (2008). The soil charcoal
concentration (SCC emg charcoal/kg dry soil: ppm) was calculated
for each level and in the entire profiles. Identified taxa and SCC are
reported exclusively for the dated levels (Table 1).

AMS 14C dating was carried out on 19 charcoal samples (11 of
which were previously published in Di Pasquale et al., 2008, 2010)
at the Center for Isotopic Research on Cultural and Environmental
Heritage (University of Naples 2, Caserta, Italy) (Terrasi et al., 2008)



Table 1
Analysis of soil charcoal fragments from Guandera Biological Station, northern Ecuador. For each dated charcoal, depth of the sampling level, corresponding SCC and list of
identified taxa are reported. Charcoal ages were obtained by AMS 14C. Calibration was carried out with OxCal v 4.1 (Bronk Ramsey, 2001, 2009) using the IntCal04 calibration
curve (Reimer et al., 2004). Reference column refers to previously published dates.

Lab code Soil profile Dated layer (cm) SCC (ppm) 14C BP Cal BP (2s) 95.40% Reference Identified taxa

DSA345 GUA1 20e40 106 2026 � 39 2111e1890 Di Pasquale et al., 2008 Cf. Pernettia prostrata.
DSA342 GUA1 60e80 9 3692 � 47 4154e3893 Di Pasquale et al., 2008 Blechnum.
DSA341 GUA1 80e108 14 10596 � 367 13,199e11,318 Di Pasquale et al., 2008 Pentacalia vaccinoides.

DSH322 GUA2 50e75 28 2198 � 20 2310e2148 Miconia chiorocarpa, Pentacalia
vaccinoides, Brachiotum alpinum.

DSA322 GUA2 75e100 55 4364 � 51 5260e4837 Di Pasquale et al., 2008 Diplostehium.
DSA754 GUA2 100e125 77 7236 � 32 8160e7977 Di Pasquale et al., 2008 Pentacalia vaccinoides, Diplostephium.
DSA313 GUA2 125e150 282 10886 � 158 13,128e12,551 Di Pasquale et al., 2008 Undet.
DSA312 GUA2 150e195 36 10964 � 167 13,185e12,582 Di Pasquale et al., 2008 Pentacalia vaccinoides.

DSA551 GUA3 170e200 48 10842 � 46 12,880e12,600 Di Pasquale et al., 2008 Pentacalia vaccinoides.
DSH325 GUA3 100e120 4 7003 � 54 7940e7705 Pernettia prostrata.
DSA549 GUA3 120e140 24 5050 � 30 5901e5726 Di Pasquale et al., 2008 Pernettia prostrata.

DSH385 GUA5 25e50 87 2902 � 22 3142e2959 Thybaudia parviflora Myrsine
andina, Brachiotum alpinum.

DSH388 GUA5 70e90 72 9664 � 34 11,199e10,802 Di Pasquale et al., 2010 Espeletia pycnophylla,
Diplostephium cf. floribundum.

DSH324 GUA6 50e75 56 3066 � 35 3369e3170 Loricaria thuyoides, Pentacalia
vaccinoides, Blechnum.

DSH387 GUA6 75e100 8 4102 � 55 4823e4445 Loricaria thuyoides, Pentacalia
vaccinoides, Blechnum.

DSH402 GUA6 100e130 37 9902 � 52 11,601e11,209 Di Pasquale et al., 2010 Pentacalia vaccinoides.

DSH327 GUA7 34e50 219 821 � 18 768e688 Thybaudia parviflora, Myrsine
andina,Miconia, Blechnum, Pentacalia
vaccinoides, Espeletia pycnophylla,
Brachyotum alpinum.

DSH389 GUA7 64e87 8 7346 � 28 8284e8035 Pentacalia vaccinoides, Weinmannia.
DSH321 GUA7 87e115 37 3552 � 36 3964e3719 Pentacalia vaccinoides, Pernettya

prostrata.
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and at Dynamitron Tandem Laboratory (University of Bochum,
Germany) (Lubritto et al., 2004).

The obtained radiocarbon ageswere calibrated using OxCal v 4.1.
program (Bronk Ramsey, 2001, 2009), considering the INTCAL04
calibration curve (Reimer et al., 2004) acceptable for the calibration
(Table 1). Only 16 dates with calibration intervals falling after
11,700 cal BP have been considered for the reconstruction of the
Holocene fire history in Guandera. Four pre-Holocene dates were
reported exclusively in order to discuss the charcoal time-
stratification in the soils. SCC bars of the dated level were plotted
on a cal BP time scale corresponding to the maximum probability.
Each bar reflects a fire event chronologically constrained by the 14C
date, but each event can be embedded in a fire period of unknown
duration. The term “fire phase” is used where fire events have
contiguous or overlapping dating intervals.

4. Results

Charcoals were found at all depths in all soil profiles, except for
the organic layers of the forest soils (level I, GUA7; levels IeIII,
GUA3) which, consisting mostly of roots, were unable to retain
charcoal fragments. Charcoal ages consistently decreased according
to the soil depth, except for two inversions in the soil GUA 3 and
GUA 7 sample profiles (Fig. 2).

Fire phases were detected ca 11,000 cal BP (Table 1, Fig. 3) and
around 8000 cal BP. More recently, fire events became more
frequent between ca 5700 cal BP and ca 2000 cal BP, and a last fire
event was identified at 700 cal BP (Table 1, Fig. 3). The SCC ranges
between 4 and 219 ppm, reaching higher values in the last 1000
years (Table 1, Fig. 3). Charcoal identification revealed that burned
vegetation was pàramo, but with isolated evidence of tree taxa at
3300 and 3040 cal BP, whereas at ca 700 cal BP forest taxa represent
unambiguous signals of forest fires (Table 1, Fig. 3).
5. Discussion

5.1. Charcoal time stratification

The age of dated charcoals showed a homogeneous stratification
in the soil profiles (Fig. 2) apart from two cases of age inversion in
Gua 3 and Gua 7 (Fig. 2). Pedological field observations (e.g. abrupt
upper boundaries of the buried soils) seem to suggest that this
inversion is not strictly related to reworking by pedofauna. Soil-
landscape features such as slope dynamics and soil erosion may
better explain the observed inversion. Older soils, corresponding to
ancient paleosurfaces in upper slope position, can be eroded and
redeposited downslope. This is compatible with the well-known
high susceptibility of Andosols to slope processes (e.g. Arnalds
et al., 2001; Terribile et al., 2007).

On the other hand, many 14C dates of soil organic matter at
Guandera showed a strong ageedepth relationship, indicating that
these soils can be suitable for palaeoecological research (Tonneijck
et al., 2006, 2008). However, if stratification of charcoal particles is
fundamental in studies dealing with vegetation changes, the main
contribution of SCA, even in the absence of stratification, is to yield
spatially precise insights on fire occurrence during the Holocene.
Even if charcoal fragments were randomly sampled for dating in
a soil profile, they could provide a suitable proxy for reconstruction
of fire history (Carcaillet, 2001).

At Guandera, SCC ranged between 4 ppm and 106 ppm (43.5
mean) in all layers where charcoal analysis revealed pàramo
vegetation. SCC reaches the highest value (219 ppm) at 730 cal BP,
in association with recent forest fires, and thus the higher value of
SCC could reflect burning of trees (Fig. 3). Few other SCA studies
have previously been carried out, mainly in European alpine envi-
ronments. The variability in charcoal concentration and in assem-
blages in neighbouring pits (Touflan and Talon, 2009) highlights the



Fig. 2. Deptheage relationships for the studied six soil profiles. Horizontal bars indicate the range of the calibrated dates at 2s, while vertical bars indicate the thickness of the
sampling level to which the dates are applied. Thickness of both pedostratigraphic units and sampling levels are also shown. Dates are expressed in calibrated years BP.
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close relationship with both spatial distribution of burnt trees
(Payette et al., 2007) and microtopography. The lack of comparable
data for high Neotropics makes it hard to understand the signifi-
cance of the SCC values. In Guandera, the sudden increase of SCC in
the last millennium whose anatomical identification reported
several forest taxa can be considered as an indicator of human
presence, because natural forest fires in Guandera do not occur (Di
Pasquale et al., 2008).

5.2. Holocene palaeofires timing in Guandera

In the high Northern Andes, the fire history inferred from
charcoal particles in pollen slides often shows largely contradictory
results. In Ecuador, at Laguna Chorreras (2� 450 S, 79� 100 W;
3700 m a.s.l.), more frequent fires were detected in the early-
middle Holocene until 4000 cal BP (Hansen et al., 2003). Data
from Laguna Cocha Caranga (4� 020 S, 79� 090 W; 2710m a.s.l.) show
fires increasing between 7300 and 1200 cal BP (Niemann and
Behling, 2009), while at Cerro Toledo (4� 220 S, 79� 060 W;
3110 m a.s.l.) fires occur only during the last 1200 years (Brunschön
and Behling, 2009). In Peru, the data from Laguna Baja (7� 420 S, 77�

320 W; 3575 m a.s.l.) and Laguna Chochos (7� 380 S, 77� 280 W;
3285 a.s.l.), reveal regularly occurring fires throughout the Holo-
cene, with slightly higher values during the last 5000 years (Bush
et al., 2005).

Changes in fire activity are attributed to climate change or
variability, anthropogenic activity, fuels and/or to complex inter-
actions among these variables. Charcoal size and concentration as



Fig. 3. Comparison of fire history data and climate. Grey bands outline the age intervals of El Abra Stadial (Van’t Veer et al., 2000) and the dry tropics RCCs (Mayewski et al., 2004).
The dashed line shows the start of man induced fires as inferred by SCA in Guandera. (A) Charcoal records of burned biomass in Neotropics (Power et al., 2010). (B) Charcoal particles
in pollen slides from the sediment core G15 in Guandera (Bakker et al., 2008). (C) Burned vegetation type and SCC of soil charcoals in Guandera. The bars are positioned on the max
probability age in the calibration intervals, horizontal bars indicate the range of the calibrated dates at 2s.
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well as vegetation changes inferred from paired (associated) pollen
analysis represent the interpretative basis for distinguishing
between climatic and anthropogenic fires.

With the major objective of discriminating between human and
climatic fires in Guandera region, data were tentatively matched
with the palaeofire records based on sedimentary charcoal
sequences (Bakker et al., 2008) and with the palaeofire activity
regional synthesis in tropical America (30�Ne30�S) (Power et al.,
2010). Then, data were matched with a global synthesis of
climate history carried out from proxies unaffected by human
impact (Mayewski et al., 2004).

The synthesis work carried out in the Neotropics using 56
charcoal records obtained from the Global Charcoal Database
(Fig. 3a), suggests that the Holocene fire activity in this region was
associated with periods of high climate variability, including
changes of moisture levels and intensification of seasonal droughts
(Power et al., 2010). The authors state that additional high-
resolution charcoal records would be needed for a better assess-
ment of regional fire-frequency trends. In detail, the increase of fire
activity after 11,000 and between ca 10,000 and 8500 cal BP is anti-
phased in the northern versus southern Neotropics. Biomass
burning generally decreased from ca 6000 cal BP to present, with
somemulti-centennial periods of high fire activity contrasting with
the longer trend (Power et al., 2010).
The lack of coherence between the study area data and the
Neotropic fires (see also Fig. 3a) is probably due to the fact that this
data set includes sites with different environment and biomes,
which are characterised by a strongly different human histories and
thus different fire histories. Contreras (2010) remarks that
humaneenvironment relationships have a long and diverse history
in the Andes and stresses the role of fires both in pastoralism and
early agriculture. Moreover, among the considered records only
about 3% refer to the high Andes environment.

The goodmatch of Guandera fire chronology with Holocene arid
periods (Fig. 3) is worthy of note. The second phase of the El Abra
stadial (Van der Hammen and Hooghiemstra, 1995; Van’t Veer
et al., 2000) and four out of five Rapid Climate Changes (RCC)
towards arid conditions detected on the global scale by Mayewski
et al. (2004) relate well with the local evidence of fire in the
same periods. The El Abra is considered the Younger Dryas (YD)
equivalent in northern South America, including both the YD and
the earliest Holocene until about 9000 BP (ca 10,200 cal BP) (Van’t
Veer et al., 2000). The same cold and dry period, the Huelmo/
Mascardi cold reversal ending at 10,150 14C B.P. [cal BP
11,400ecal BP 12,074], is also recorded at mid-latitudes in South
America (Hajdas et al., 2003).

In Guandera, a first Holocene fire phase (ca. 11,000 cal BP, Fig. 3)
occurred in the second phase of the El Abra stadial (Fig. 3),
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characterised by drier and warmer climate conditions compared to
the previous period (Van der Hammen and Hooghiemstra, 1995). In
this area, corresponding to the first El Abra phase, a fire-clear
period was also detected by SCA (Di Pasquale et al., 2010). In the
northern Andes, fire evidence from this same period have been
reported from Peru (11,600e10,000 14C BP; Laguna Baja
3575 m a.s.l., Hansen and Rodbell, 1995) and Ecuador (ca.
10,000 14C BP; Lake Surucucho 3200 m a.s.l., Colinvaux et al., 1997;
ca 13,000 cal BP; Laguna Chorreras 3700 m a.s.l., Hansen et al.,
2003), associated with natural ignition during the dry phase
(Hansen and Rodbell, 1995).

Later, fire chronology well fits with four out of five global arid
RCC events: 9000e8000, 6000e5000, 4200e3800 and
3500e2500 cal BP (Mayewski et al., 2004) (Fig. 3). These RCC were
obtained by tuning w50 globally distributed high-resolution and
multiparameter proxy records to the well-dated Greenland Ice
Sheet Project Two (GISP2) chemistry series. Most RCC are charac-
terised by tropical aridity, polar cooling and major atmospheric
circulation changes.

To date, a synchronicity between palaeofires and arid RCCs has
not been detected in Southern America. Such correspondence could
be highlighted by the SCA high spatial resolution and by the
demonstrated absence of anthropogenic fires until the last
2500 cal BP. In Southern America, despite theweak definition of the
signal, the Lake Titicaca level, dropping during the arid RCC,
confirms the arid trend in the considered RCC period (Mayewski
et al., 2004 and references therein).

In Guandera, fire history inferred by charcoal particles in pollen
slides spans only the last six millennia (Bakker et al., 2008). It is
coherent with the fire chronology (Fig. 3b). Although these data
reveal increasing fire events from ca 2200 BP cal (Fig. 3b), the
authors recognized a significant human impact only after ca
600 cal BP. Fires detected between 900 and 500 cal BP have not
been considered of local anthropogenic origin, because of both the
absence of pollen indicators and the small size of the charcoal
particles (Bakker et al., 2008).

The data show a first local fire phase unrelated to a dry period
between ca 2500 and 2000 cal BP. Human impact in Guandera
could have started in this period, but a clear relation with human
pressure increase can be assessed only from 700 cal BP, slightly
predating the results from sedimentary charcoal in Guandera
(Bakker et al., 2008).

On the other hand, although the first human appearance in
southern America is dated to the PleistoceneeHolocene transition
(Fiedel, 1999; Gnecco, 2003), the timing of the human colonization
in the Andes is poorly known (Jolie et al., 2011). Weak evidence
exists on human presence in the high Ecuadorian Cordillera since
2000 years ago (Bellwood, 2005). Fires detected after 2500 cal BP
could be the first evidence of the human activity in Guandera, later
increasing around 700 cal BP.

6. Conclusion

In this work, sixteen 14C dates of soil charcoal, coming fromwell
time-stratified soils, have produced an interesting hypothesis about
the Holocene fire history in the Northern Andes. In this first
synthesis of available AMS data, there is good correlation with dry
periods reconstructed by other methods. Fire occurrence well fits
with age brackets of arid periods at global scale until 2500 cal BP.
After this date, fire becomes more frequent and could be related to
humans, but soil charcoal records clearly revealed forest fires
caused by humans at ca 700 cal BP. The fire history inferred by SCA
in Guandera could have a global relevance at least until 2500 cal BP,
and only later would it have only a local significance. Further AMS
dates of charcoals from both dated and undated soil levels will be
done in order to better understand the Holocene fire history of this
region and its significance in terms of non-local fire history. Finally,
this work calls into question the limitation of SCA due to the
absence of charcoal time-stratification in the soils. Based on these
data, charcoals are in general time-stratified in soils, providing
good potential for reconstruction of local as well as regional fire
histories.
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