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ABSTRACT. Several samples of fossilized wood (charcoal) were collected in the Papayita archaeological site, in 
coastal Ecuador. This carbonized material was encountered inside a layer of volcanic ash that sealed the site. 
The ash-sized tephra was produced by a sub-Plinian eruption from the Guagua Pichincha volcano contempora-
neous with the late Valdivia phases during the Formative Period. Each of the samples was sectioned into 10 to 
15 subsamples and examined under a Scanning Electron Microscope (SEM), producing high-resolution images 
with a large depth of field where the anatomical structures and their geochemical composition were vividly dis-
cernible. Each sample corresponds to organic matter of vegetable origin, that is, carbonized wood in the form of 
small rocks, whose appearance is that of carbonized woody tree trunks and or branches. We were able to observe 
vascular structures, specifically bundles of xylem. It was possible to conclude that these tracheids underwent 
a physicochemical transformation typical of petrification processes, leaving the molds intact. This allowed us 
to determine structural elements that support the identification of the group of plants to which these samples 
belong, through the methodology of comparison of the anatomical components of current species. The fossilized 
wood structures are three-dimensional and present characteristics that correspond to the group of higher plants, 
Gymnosperms, of the Podocarpaceae group. Among them, quadrangular tracheids, circular hole-shaped pits in 
the vascular system, and absent resin canals stand out. Central to the analysis is the presence of transverse 
parenchyma, which can be ascertained to correspond to vegetation from climates that are temperate or cold.
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Fossilization or petrification is a  process 
that transforms the meristematic, parenchym-
atic or soft and sclerenchymatic or timber tis-
sues of plants composed specifically of carbon, 
oxygen and hydrogen (Bosshard, 1955; Hansen 

and Wright, 1999; Giri et al., 2004; Shah 
et al., 2017). These elements convert cellulose, 
hemicellulose, lignin and suberin into solid 
material or rock, composed predominantly 
of silica, calcium carbonate and other miner-
als (Rumpel et al., 2002; Hibbett et al., 2016; 
Giannotas et al., 2021). Charcoal is similar to *	 Corresponding author
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latter materials representing foliated wood as 
a  result of volcanic eruptions (Asouti, 2003; 
Titiz and Sanford Jr., 2007; Miyabuchi et al., 
2012; Moser et al., 2018). As magma frag-
ments into volcanic ash, it can cause the com-
bustion of wood to some degree, and facilitate 
the transport of this wood, now as charcoal, 
from trees that were originally situated atop or 
near the volcano (Belousov et al., 2007; Scott, 
2010; Glasspool and Scott, 2013). This pre-
served material due to charcoalification may 
reveal fundamental indications about the ori-
gin of the native flora coming from the wood 
and the timing of volcanic eruptions (Hatcher, 
2002; Scott and Glasspool, 2005; Scott et al., 
2008). Consequently, characterizing the con-
temporary flora surrounding the volcano dur-
ing its eruptive phase is feasible, and concur-
rently, the same material can provide evidence 
of the timing of the volcanic eruption through 
the utilization of the C14 dating method (Vogel 
et al., 1990; Orsi et al., 1996; Harangi et al., 
2010; Wild et al., 2010).

A fundamental factor to consider is the size 
of the fragments or samples found, since these 
are directly related to the distance from the ori-
gin to the place where they were found (Swain, 
1973; Villa, 1982; Clark, 1988). In other words, 
if the traveling was long, the fragments, as in 
this study, are small, and on the contrary, if 
there is almost no or little transport, the frag-
ments or pieces of petrified wood will be larger. 
Therefore, it can be predicted whether such 
plant remains are, due to their characteris-
tics, plants of the given region or not (Fedor-
off et al., 1990; Zhang et al., 2011; Im et al., 
2012). Studies on petrified plants, fossil or car-
bonized wood are of interest in different study 
fields such as geology, paleobotany, ecology and 
climate change (Poole, 2000; DiMichele and 
Gastaldo, 2008; Taylor et al., 2009). Petrified 
wood and charcoal are observed worldwide in 
various geographical areas in which the pres-
ence of pyroclastic sediments or volcanic ash, 
through hydrolysis, produce silica minerals in 
solution and other elements or hydrothermal 
sources main component of which is dissolved 
silica (Chester et al., 1987; Hatipoğlu and Türk, 
2009; Cardenas et al., 2014; Zhang et al., 2014).

New excavations of the Papayita site in 
the Province of Manabí, coastal Ecuador, have 
revealed significant archaeological evidence 
indicating domestic activities, small garbage 
middens, stone tool manufacture, a  hearth, 

and human skeletal remains, among other 
things, all associated to the late Valdivia cul-
tural tradition of the Ecuadorian Formative 
Period. The cultural remains of this single 
component site, are covered with a layer of vol-
canic ash which included fossilized wood in the 
form of charcoal. We have taken samples from 
these volcanic deposits in order to character-
ize the origin of the wood and its importance 
in relation to both, the volcanic eruption and 
the human and cultural context of its time. 
Therefore, it can be predicted that these plant 
remains can be characteristic of the plants in 
their volcanic zones of origin. The data from 
this study may have a very significant scope, 
since the ash buried this Valdivia settlement, 
and left an unprecedented devastation in 
coastal Ecuador some 3,500 years ago.

STUDY AREA  
AND HISTORIC CONTEXT 

The Valdivia Culture has been named after 
the site of its discovery at Valdivia on the coast 
of Ecuador. This culture is considered to be one 
of the oldest and most complex ceramic cul-
tures of the Americas. It is a significant area of 
archaeological research due to its early devel-
opment and influence on subsequent cultures 
in the region. It dates back to the Early Form-
ative period of pre-Hispanic Ecuador where it 
existed between 3800 and 1450 BC (Zeidler 
and Ubelaker, 2021). It is characterized by one 
of the earliest ceramic traditions in the Ameri-
cas, by the beginning of sedentary village life, 
and the cultivation of domesticated plants. 
Valdivia sites can be found across much of the 
western coastal lowlands of Ecuador (Lathrap 
et al., 1977; Rowe and Duke, 2020). The Val-
divia culture was first identified and dated by 
Meggers et al. (1956) in the late 1950s/early 
1960s based on the pottery typology and radi-
ocarbon dates from excavations at sites such 
as Valdivia, Buena Vista, Palmar, and Punta 
Arenas. Initially, researchers posited claims of 
a  transpacific Japanese Jomon source for the 
Valdivia pottery of Ecuador (Estrada and Meg-
gers, 1956). This hypothesis has since been 
strongly dismissed by evidence for an in situ 
Valdivia evolution (Lathrap et al., 1975; Lath-
rap et al., 1977).

Besides the longevity evidenced by the 
duration of the Valdivia tradition of almost 
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2400 years, several aspects make its study 
both fascinating and controversial. As men-
tioned previously, its origin continues to 
generate research and productive debates 
(e.g. Kanomata et al., 2016; Zubova and Ras, 
2018). Its ending, however, is also of interest 
to researchers as stated from very early on by 
the pioneering work of Hill when she wrote: 
“How Valdivia ended is no clearer than how 
it began” (Hill, 1972). Zeidler and Pearsall´s 
groundbreaking studies in the Jama valley 
have provided some provocative hypotheses, 
among them the possibility of major social and 
cultural changes happening in the later part 
of the Valdivia tradition due to major envi-
ronmental transformations. Among the prob-
able ones are Andean volcanic eruptions that 
affected the coastal regions of Ecuador during 
the late Formative (Isaacson, 1994; Zeidler, 
1994). It is precisely within this time period 
and with evidence of a major volcanic ashfall 
sealing the late Valdivia component, that we 
have documented the archaeological informa-
tion coming out of the Papayita site (Fig. 1).

Papayita is a single-component, such as one 
house settlement situated east of the town of 
Picoazá and west of the bustling city of Por-
toviejo, in the south-central region of the Prov-
ince of Manabí, Ecuador. This site is primarily 
associated with late Valdivia ceramics, namely 
Phases 7 and 8, which gives it a time frame of 
approximately 1800–1450 BCE (Pearsall et al., 
2020). The Papayita site is nestled within 
a diverse and fertile regional landscape char-
acterized by coastal plains, rolling hills, and 

abundant water sources, an environment that 
would have been conducive to the establish-
ment and sustainment of a settlement during 
the Valdivia period. 

The recent fieldwork at Papayita has recov-
ered a  range of artifacts and ecofacts indica-
tive of a late Valdivia occupation. A significant 
quantity of utilitarian ceramics associated with 
the terminal Phase 8 of the Valdivia sequence 
has been recovered. In addition, chipped and 
ground stone tools, as well as debitage elements 
were found, attesting to the daily in situ activi-
ties that, in addition to evidence of a  hearth 
and food remains, suggest the presence of 
a  domestic activity area. Ecofacts included 
bones, possibly from deer and fish, shedding 
light on the dietary habits and potential hunt-
ing and fishing practices of the site’s inhabit-
ants (Fig. 2). Interestingly, marine seashells 
were also discovered, suggesting a broader diet 
and contact with coastal sources, even though 
Papayita is located at least 13 kilometers from 
the nearest shore.

The stratigraphic sequence at Papayita is 
of significant interest, with a  base consist-
ing of geological material layer, succeeded by 
a  paleosol and a  cultural layer (Fig. 3). The 
latter contains several discernible activity 
areas, including a  hearth and small midden 
areas. Two separate features contained human 
remains associated with the Valdivia ceram-
ics found at the site. Interestingly, the cultural 
layer is sealed by a significant, uninterrupted 
deposit of volcanic ash reaching 85 centimeters 
in thickness. The features discovered, as well 
as the artifacts’ angles of deposition suggest 
that this ashfall occurred while living activity 
at Papayita was ongoing. In other words, the 
site had not been abandoned at the moment 
the ashfall event began. The evidence of human 
activity after the ashfall is minimal and there 
is, so far, no indication of further human occu-
pation until modern times.

METHODOLOGY

GEOCHRONOLOGY

Charcoal in volcanic ash is able to reveal ages 
of eruptive phases when dated properly. As there 
is usually enough datable carbon present, the 
most optimal dating methodology is 14Carbon (14C), 
which may reach an age range of up to 80,000 years 
(Grootes, 1978; Paterne et al., 1988; Schramm et al., 
2000; Dyez et al., 2014; Lewis et al., 2020). However, Figure 1. Location of the Papayita site in coastal Ecuador
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the older a  sample may be, the higher the error 
range or uncertainty of the age of the sample may 
become (Bronk Ramsey, 2008, 2009; Hajdas et al., 
2008; Bronk Ramsey et al., 2013). At the Papayita 
site, we extracted several dozen charcoal samples, 
ensuring they remained uncontaminated by tissue or 
any other organic matter, in line with conventional 
sampling methodologies (Figueiral and Mosbrugger, 
2000; O’Carroll and Mitchell, 2012; Zhu, 2014). All 
of the selected samples had diameters within the 
range of 1 to 5 mm, and, collectively, they weighed 
several milligrams. The age of the samples was deter-
mined using the 14C method at International Chemi-
cal Analysis Inc., a certified geochronology laboratory 
located in the USA. The methodology, accuracy and 
reproducibility of geochronological analyses have 
been presented in a variety of studies (e.g. Ardelean 
et al., 2020; Martinez-Pabello et al., 2021; Ryan 
et al., 2022). The age reported in the current study 
is presented as calibrated age referenced to BCE/CE 
(BC/AD) with age before present sometimes shown 
as thousands of years BP (ka, relative to CAL1950). 

Raw ages were calibrated using the calibration curve 
CalPal2007_HULU (http://www.calpalonline.de/).

MICROSCOPY AND GEOCHEMISTRY

Three main samples of fossil plant material or 
charcoal (SM-01, SM-02, SM-03), collected by the 
research team, were analyzed from the volcanic ash 
layer at Papayita (Fig. 3). These samples were small, 
millimeter-sized fractions of shiny black porous look-
ing materials within the beige-grey colored volcanic 
ash layer. Each sample was dried in an oven (Mem-
mert, SBN 400) at 40°C for two hours. Using a scalpel 
blade, several cuts of the selected grains were made 
and subsequently fixed to a pin for scanning electron 
microscopy, with an attempt to preserve the original 
structure as much as possible. Then, all the samples 
were metalized using a  sputtering coater (Quorum, 
Q150 ES). Thus, it is possible to characterize the mor-
phology and provenance of the plant material and its 
geochemical composition (González et al., 2020). For 
each sample, images at different magnifications were 

Figure 2. A. Papayita partial exposure of human skeletal Feature No. 1. Lower extremities (tibia and fibula) in apparent 
anatomic relationship. Preliminary observations suggest the presence of the lower limbs of 2 individuals. The matrix is vol-
canic ash. The bones appear to rest on the paleosol – ash interface. 14C measurement of charcoal fragments inside the matrix 
in direct contact with the bones produced a  result of 3530 +/− 30 BP (ICA-14C-7129); B. Sherds of utilitarian pottery that 
clearly indicate a stylistic association to the Valdivia tradition, Phases 7 and 8. Sherds with this style of decoration have been 
found associated with most of the cultural features identified through the archaeological work at Papayita, especially with the 
human bones and the hearth; C. Group of rocks that probably make up a hearth. Shells of marine mollusks with slight traces 
of organic ash were found in it. Some of the rocks exhibit some discoloration that suggests exposure to high temperatures. 
This feature was completely covered by a matrix of volcanic ash

http://www.calpalonline.de/
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obtained by using a  Field Emission Gun Scanning 
Electron Microscope (TESCAN, MIRA3) operating at 
10 kV. Geochemistry was performed in SEM chamber 
using an energy dispersive X-ray spectroscopy (EDS) 
detector (Bruker, X-Flash 6|30) with 123 eV resolu-
tion at Mn Kα (Toulkeridis et al., 1996; Vaca et al., 
2016; Debut et al., 2021). 

RESULTS AND DISCUSSION

AGE AND PROVENANCE

The geodynamic setting of Ecuador is based 
on the interaction between the oceanic Nazca 
plate with the Caribbean plate and the South 
American continental plate (Trentkamp et al., 
2002; Mato and Toulkeridis, 2017; Montes et al., 
2019; Tamay et al., 2021). The subduction of the 
Nazca plate is the origin of the volcanic activity, 
resulting in 19 recognized active continental vol-
canoes, with a Volcanic Explosivity Index (VEI) 
of up to 7 (Toulkeridis and Zach, 2017). There-
fore, several volcanoes have had far-reaching 
recorded ash falls in the last thousands of years 
during the Late Pleistocene-Holocene (Toulk-
eridis et al., 2015; Podwojewski et al., 2022). 
The usual fall-out area may be around the vol-
cano, however, due to the geographic position of 
the majority of the active Ecuadorian volcanoes, 
close and slightly south of the Equator, the 

predominant direction of ash-carrying clouds 
is towards the west to southwest, meaning 
towards the coastal area (Toulkeridis and Zach, 
2017; Toulkeridis et al., 2022). Many pyroclas-
tic layers as a result of far-reaching explosions 
have been encountered in the coastal lowlands 
of Ecuador and also beyond, within sedimen-
tary deposits of the Pacific Ocean (Bowles et al., 
1973; Bablon et al., 2022). At Papayita, an ash 
layer with an impressive thickness of 85 cen-
timeters was found above an underlying paleo-
sol (Fig. 2), a  fact that is striking when con-
sidering that the closest volcano with sufficient 
eruptive power to produce such ash volumes, 
Quilotoa, is around 165 km away in a direct line 
(Di Muro et al., 2008). Nonetheless, provenance 
analysis based on geochemistry analysis and 
mineralogy revealed that the volcano responsi-
ble for the high amounts of the expelled mate-
rial must have been the Pichincha Volcanic 
Complex with a  distance of some 225 km in 
a SW direction (Fig. 4; Toulkeridis et al., study 
in progress). The mineralogical and geochemi-
cal data coincide with the geochronological out-
come of the charcoal which yielded an age of 
3530 ±30 years, identical to the 3560 ±70 years 
BP, 3540 ±30 years BP and 3549 ±30 years BP 
ages of previous studies (Zeidler, 1994, 2016; 
Robin et al., 2008, 2010). While the previously 

Figure 3. Exposed machine cut due to the farmer’s construction of a traditional water reservoir (albarrada). It provided a pro-
file that shows the main stratigraphic components of the Papayita site. The most important sections of the profile sequence 
being (from bottom to top): the paleosol, the ash layer, and the modern soil or plow zone. The position of the human remains 
and other artifacts, as well as several charcoal fragments, can be discerned in the profile
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reported volcanic event was characterized by 
a limited volume of expelled material, register-
ing a Volcanic Explosivity Index (VEI) of 4, our 
recent analyses of the ash layer in Papayita and 
nearby areas suggest a  significantly greater 
explosivity, with a VEI of 6 (Newhall and Self, 
1982; Toulkeridis et al., study in progress).

The importance of this ash layer in Papa-
yita, as previously mentioned, is based on 
the fact that it covers artifacts and human 
remains of the Valdivian culture. Even more 
so, the location of the encountered human and 
animal bones is within the lowermost part of 
the ash layer, rather than under it. It is likely 
that the ashfall had profound consequences 
for a  considerable percentage of the popula-
tion some 3500 years ago (Ortiz-Aguilu et al., 
study in progress). In a similar vein to the cat-
astrophic volcanic events at Pompeii and Her-
culaneum, settlements and their unassuming 
residents have been tragically affected by vol-
canic hazards (Maiuri, 1958; Sigurdsson et al., 
1982; Giacomelli et al., 2003; Martin, 2020). 
As for the Papayita site, the data presented 
here is anticipated to provide valuable insights 
into the causes that potentially contributed or 
maybe even triggered the termination of the 
Valdivia cultural tradition in this particular 
region (Ortiz-Aguilu et al., study in progress).

CHARACTERIZATION 
OF VEGETAL MATERIAL 

High-resolution three-dimensional images 
with surface details that allow the identifica-
tion of anatomical structural characteristics 

and corresponding elemental chemical anal-
ysis, in petrified wood samples, have been 
widely used in palaeobotanical research 
(Penagos, 2013). Thus, it has been possible to 
understand life and its biological diversity in 
the geological or historic past (Yasuhara et al., 
2017; Martinez et al., 2023). These facts allow 
us to establish strategies for the restoration of 
the natural capital (Ekins et al., 2003; Guerry 
et al., 2015). The recovery of knowledge about 
the cultural and natural environment, as 
observed most notably in historical sites like 
Pompeii and Herculaneum buried under Vesu-
vius volcano’s pyroclastic materials, is a prime 
example of this type of exploration (Bosi et al., 
2011; Veal, 2014; Moser et al., 2018).

In this research, the collected material was 
extracted from a layer of volcanic ash (Fig. 3) 
in the Papayita study area. The charred wood 
was divided into three samples, which were 
sectioned and prepared for observation in 
a  scanning electron microscope (SEM) (Vaca 
et al., 2016; Debut et al., 2021). In each 
image it was possible to determine a  woody 
plant vascular system (Falcon-Lang, 2005; Lo 
Moaco and López, 2014), fibrous system, axial 
parenchyma and transverse parenchyma or 
rays (Fig. 5). This indicates two things, the 
first of which is that this wood underwent 
a  carbonization process without combustion 
called pyrolysis (Scott and Glasspool, 2005; 
McParland, 2007), allowing the intact pres-
ervation of the cell wall and its middle layer, 
which could be homogenized (Hatipoğlu and 
Türk, 2009; Scott, 2010; Im et al., 2012) above 
a temperature greater than 300°C. Secondly, 

Figure 4. Direction of ash fall from the Guagua Pichincha volcano some 3500 years BP
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to determine that due to the high reflectance 
of the charcoal samples, it can be concluded 
that they were plants that came into contact 
with hot ashes, pyroclastic deposits or basal-
tic lavas, where the presence of oxygen is 
excluded (Scott and Glasspool, 2005). Similar 
studies indicate that, if the wood comes into 
contact with volcanic ash, its carbonized mate-
rial will maintain an excellent preservation of 
its anatomical structures, as presented in the 
current study (Falcon-Lang, 2005; Dufraisse, 
2006; Hudspith et al., 2010), as the aforemen-
tioned coincides with the samples of micro-
charcoal studied, the size of which is less than 
180 µm.

The three-dimensional wood fractions pre-
sented structural elements of several plant 
species, a woody vascular system that could be 
preserved through geological time (Kabukcu, 
2018). These insights offer valuable informa-
tion about paleoclimatology, aiding in detailed 
reconstructions of growth rings, their thickness, 
and botanical elements, alongside molecular 
analysis to accurately identify the species. This 
information aids in the understanding and in 
the reconstruction of the ecosystems of that 
time (Greguss, 1955). Furthermore, there is the 
presence of transverse parenchyma, in which 
the presence of similar growth ring structures 
is marked. This is a histological structure char-
acteristic of trees that develop in cold areas or 
with contrasts of temperature and light, such 
as the Andes. It can be tentatively proposed 
that the fossilized wood samples are derived 
from trees belonging to the Gymnosperm group 
(Luu-Dam et al., 2023; Bufalino et al., 2023). 
The most recurrent anatomical characteristics 
of the charcoal samples were tyloid intervas-
cular pits or quadrangular septa, simple 

perforation plates, medullary rays, and woody 
fibers together with the tracheid-type vascular 
system and circular fossae or pits (Fig. 6).

There are also multiserial axial tracheids 
with the position of their pits with rounded 
or elliptical edges, in the opposite direction, 
their ends are more or less pointed with hol-
low woody tubes, and quadrangular septa 
(Donaldson, 1983; Fig. 7). In the cross sec-
tion of its radial canals, vertical and radial 
quadrangular tracheids are identified. These 
bands of parenchyma cells extend radially 
perpendicular to the axial tracheids. They 
also present pits in the form of simple circu-
lar or elliptical holes, in homogeneous radii 
and absent resin canals (Pujana et al., 2014; 
Fig. 7). These structural characteristics have 
been ratified in various investigations as part 
of podocarp identification and classification 
(Patel, 1967; Correa et al., 2010; Castañeda-
Posadas, 2023; Shunn and Gee, 2023).

The geochemical analysis established that 
in all the samples the predominant presence 
of elements, such as calcium, the main com-
ponent of plant organic material, and silicon, 
which is a fundamental element in the carbon-
ization phase. The analysis confirms that each 
sample corresponds to organic matter of veg-
etable origin, that is, carbonized wood in the 
form of small rocks, the appearance of which 
is that of woody tree trunks (Fig. 8).

FUNGUS

Inside a  vascular bundle, a  fungal struc-
ture was found, in which we observed termi-
nal spores, intercalary spores and perfectly 
preserved hyphae (Fig. 9; Sutherland, 2003). 
The carbonized fungi considered saprophytic 

Figure 5. SEM photomicrographs of charred plant material: A. Woody vascular system (VS), showing woody tracheid (TR), 
axial parenchyma (PA); B. Fragment of charred wood; C. Cross section, with the presence of woody tracheids (TR), vascular 
system and parenchyma (P)
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remain intact due to the incomplete combus-
tion process, thus achieving a  perfect preser-
vation of the cellular elements both in plants 
and in fungi and oomycetes (Wan et al., 2016). 
Thus, it can be seen in Fig. 9, hyphae, vesicles 
and spores. There are several paleomycological 
studies that determine this type of finding as 

information with good potential for the devel-
opment of various types of research (Creber 
and Ash, 1990).

The fungi preserve their anatomical struc-
tures after the carbonization processes of the 
host plants, due to their chitin and sporolein 
content (Sutherland, 2003). Its threadlike 

Figure 6. SEM photomicrographs of charred plant material, anatomical features of charcoal samples: A. Elongated and 
fusciform cells, tangential section, vascular system with septa without points, own to gymnosperms (VS), simple perforation 
plates (PP), medullary radius (RM), intervascular pits (PI), fibers (F) and tracheids (TR); B. Tangential cut: intervascular pits 
(PI), simple perforation plates (PP), medullary radius (RM), fibers (F), and xylem (X); C, D. Tracheids in cross section have 
a rounded shape, and their walls have large and less numerous pores (TR)

Figure 7. SEM photomicrographs of charred plant material. A. Tangential cut, multiserial axial tracheids (TAM) with the 
presence of rounded or elliptical edge punctuations (P); B. Cross section of a wooden radius, vertical tracheid (TV), radial 
tracheid (TR); C. Tangential cut, parenchyma, simple aerolated scores 
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structures are fungal hyphae in charred wood. 
Surely, they hosted a healthy plant or one in 
the process of decomposition, just when this 
material was dragged to the sample collection 
point (Dos Santos et al., 2020).

BIOGEOGRAPHY – HABITAT

The historical biogeography of the cloud for-
est in South America includes a diversity of spe-
cies with different origins from both temperate 
and tropical zones. They have been affected by 
a dynamic geological environment and climate 
change from the Miocene to the Pleistocene, 
affecting the composition and distribution of 
several podocarp species (Dalling et al., 2011; 
Ornelas et al., 2019; Pandey, 2021), such as an 
important taxon in the northern Andean forests, 
during the interglacial periods 330,000 years 
ago (Van’t Veer et al., 2000). Coniferous or gym-
nosperm species are plants that grow in cold 
climates (Jørgensen, 2011; Ulloa Ulloa et al., 

2017). Thus, the Podocarpaceae group develops 
in temperate and cold areas of the Andes, with 
an altitudinal distribution range between 1,900 
and 3,800 m a.s.l. (Dodson and Gentry, 1991; 
Jørgensen and León-Yánez, 1999), on the floors 
of cloud forest and montane forest vegetation 
(Neill, 2012). These ecosystems surrounded the 
Guagua Pichincha Volcano in the past, 18,000 
to 13,000 years ago. These regions registered 6 
to 7°C less than the current average tempera-
ture, and where there was a greater presence of 
mist or cloudiness between 1,200–3,500 m a.s.l.

Currently, climate change has caused cloud 
forests, alteration of the hydrological cycle 
(Still et al., 1999; Foster, 2001; Fries et al., 
2012), decrease in cloudiness and increase in 
rainfall, doubling of CO2, as well as increase 
in anthropic activity like deforestation, agri-
cultural and livestock production, popula-
tion growth in buffer areas to protected areas 
(Toulkeridis et al., 2020). This is causing the 
fragmentation of ecosystems, which directly 
affects the distribution of plants and the change 
in climatic conditions (Bruijnzeel et al., 2010, 
2011). Although cloud forests continue to be an 
area of great biodiversity (Kessler, 2022), their 
area is designated as a hot spot (Aguirre et al., 
2021). Podocarpus sp. is one of the indicators 
or pioneer species for natural capital restora-
tion and biodiversity conservation programs in 
the study area (Villamarín et al., 2009; Gard-
ner, 2013; Bremer et al., 2019).

CONCLUSIONS

The development of the studied charcoal 
was the result of an incomplete combustion or 
pyrolysis process, above 300°C, which deter-
mined the conservation of the anatomical 
structures of the wood fragments as a  micro-
organism within a vascular bundle.

Histological structural elements such as 
woody vascular bundles – xylem, quadrangu-
lar tracheids, with pits in the shape of circu-
lar or elliptical holes, transverse parenchyma 
and absence of resin canals, characteristics that 
correspond to a species of woody tree from the 
group of Gymnosperms, of the family Podocarp. 
In the paleobotany area, there were not enough 
samples to define the species, since the specific 
identification of the wood was realized by com-
paring the anatomical structure of the afore-
mentioned genus in forests that currently exist.

Figure 8. Elemental chemical analysis of the charcoal

Figure 9. Reproductive bodies and intercalary oospores of 
fungi, terminal spores (ET) and intercalary spores (EI)
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Climate change has caused the alteration 
of the hydrological cycle, decreased cloudi-
ness, increased rainfall, doubling of CO2, in 
the cloud forests and montane forests of the 
buffer zone of the Guagua Pichincha volcano. 
In addition, the increase in anthropic activ-
ity, such as deforestation, agricultural and 
livestock production, demographic growth in 
the area, has generated fragmentation in the 
ecosystems, affecting the distribution of plants 
and the change in climate conditions.

The species belonging to the Podocarp fam-
ily inhabit temperate and cold areas of the 
Andes with an altitudinal distribution range 
between 1900 and 3800 m a.s.l., that is to 
say that the volcanic activity of the Guagua 
Pichincha Volcano transported Podocarpus 
wood from a  cloud forest of the high Andean 
zone to the Papayita site located in a  coastal 
environment near the sea level where it was 
preserved. The vast ashfall and the subse-
quent charcoal-laden ash layer, coupled with 
the ensuing environmental disturbances, were 
probable key contributors to the ending of 
human occupation at the Papayita settlement 
and may have played a part in the termination 
or final metamorphosis of the Valdivia cultural 
tradition in this region ~3500 years ago.

ADDITIONAL INFORMATION

CONFLICT OF INTEREST. The authors have 
declared that no competing interests exist.

ETHICAL STATEMENT. No ethical statement 
was reported.

FUNDING. No.

REFERENCES

Aguirre, W.E., Alvarez-Mieles, G., Anaguano-Yan-
cha, F., Burgos Morán, R., Cucalón, R.V., Esco-
bar-Camacho, D., Jácome-Negrete, I., Jiménez 
Prado, P., Laaz, E., Miranda-Troya, K., Navarrete-
Amaya, R., Nugra Salazar, F., Revelo, W., Rivade-
neira, J.F., Valdiviezo Rivera, J., Zárate Hugo, E., 
2021. Conservation threats and future prospects 
for the freshwater fishes of Ecuador: A hotspot of 
Neotropical fish diversity. Journal of Fish Biology 
99(4), 1158–1189. https://doi.org/10.1111/jfb.14844

Ardelean, C.F., Becerra-Valdivia, L., Pedersen, M.W., 
Schwenninger, J.L., Oviatt, C.G., Macías-Quintero, 
J.I., Arroyo-Cabrales, J., Sikora, M., Ocampo-
Díaz, Y.Z.E., Rubio-Cisneros, I.I., Watling, J.G., 
de Medeiros, V.B., De Oliveira, P.E., Barba-Pin-
garón, L., Ortiz-Butrón, A., Blancas-Vázquez, J., 

Rivera-González, I., Solís-Rosales, C., Rodríguez-
Ceja, M., Gandy, D.A., Navarro-Gutierrez, Z., De 
La Rosa-Díaz, J.J., Huerta-Arellano, V., Marroquín-
Fernández, M.B., Martínez-Riojas, L.M., López-
Jiménez, A., Higham, T., Willerslev, E., 2020. Evi-
dence of human occupation in Mexico around the 
Last Glacial Maximum. Nature 584(7819), 87–92. 
https://doi.org/10.1038/s41586-020-2509-0

Asouti, E., 2003. Wood charcoal from Santorini 
(Thera): new evidence for climate, vegetation and 
timber imports in the Aegean Bronze Age. Antiq-
uity 77(297), 471–484. https://doi.org/10.1017/
S0003598X0009253X

Bablon, M., Ratzov, G., Nauret, F., Samaniego, P., 
Michaud, F., Saillard, M., Proust, J.-N., Le Pen-
nec, J.-L., Collot, J.-Y., Devidal, J.-L., Orange, F., 
Liorzou, C., Migeon, S., Vallejo, S., Hidalgo, S., 
Mothes, P., Gonzalez, M., 2022. Holocene marine 
tephra offshore Ecuador and Southern Colombia: 
First trench-to-arc correlations and implication for 
magnitude of major eruptions. Geochemistry, Geo-
physics, Geosystems 23, e2022GC010466. https://
doi.org/10.1029/2022GC010466

Belousov, A., Voight, B., Belousova, M., 2007. Directed 
blasts and blast-generated pyroclastic density 
currents: a  comparison of the Bezymianny 1956, 
Mount St Helens 1980, and Soufrière Hills, Mont-
serrat 1997 eruptions and deposits. Bulletin of Vol-
canology 69, 701–740.

Bosi, G., Mazzanti, M.B., Florenzano, A., N’siala, I.M., 
Pederzoli, A., Rinaldi, R., Torri, P., Mercuri, A.M., 
2011. Seeds/fruits, pollen and parasite remains as 
evidence of site function: piazza Garibaldi – Parma 
(N Italy) in Roman and Mediaeval times. Journal 
of Archaeological Science 38(7), 1621–1633. https://
doi.org/10.1016/j.jas.2011.02.027

Bosshard, H.H., 1955. Structure of a classic raw mate-
rial. The Scientific Monthly 81(5), 224–233.

Bowles, F.A., Jack, R.N., Carmichael, I.S.E., 1973. 
Investigation of deep-sea volcanic ash layers from 
equatorial Pacific cores. Geological Society of 
America Bulletin 84(7), 2371–2388.

Bremer, L.L., Farley, K A., DeMaagd, N., Suárez, E., Car-
ate Tandalla, D., Vasco Tapia, S., Mena Vásconez, P., 
2019. Biodiversity outcomes of payment for eco-
system services: lessons from páramo grasslands. 
Biodiversity and Conservation 28, 885–908. https://
doi.org/10.1007/s10531-019-01700-3

Bronk Ramsey, C., 2008. Radiocarbon dating: revolutions 
in understanding. Archaeometry 50(2), 249–275. 
https://doi.org/10.1111/j.1475-4754.2008.00394.x

Bronk Ramsey, C., 2009. Dealing with outliers and 
offsets in radiocarbon dating. Radiocarbon 51(3), 
1023–1045.

Bronk Ramsey, C., Scott, E.M., Van der Plicht, J., 
2013. Calibration for archaeological and environ-
mental terrestrial samples in the time range 26–50 
ka cal BP. Radiocarbon 55(4), 2021–2027.

Bruijnzeel, L.A., Kappelle, M., Mulligan, M., Scatena, 
F.N., 2010. Tropical montane cloud forests: state 
of knowledge and sustainability perspectives in 

https://doi.org/10.1111/jfb.14844
https://doi.org/10.1038/s41586-020-2509-0
https://doi.org/10.1017/S0003598X0009253X
https://doi.org/10.1017/S0003598X0009253X
https://doi.org/10.1029/2022GC010466
https://doi.org/10.1029/2022GC010466
https://doi.org/10.1016/j.jas.2011.02.027
https://doi.org/10.1016/j.jas.2011.02.027
https://doi.org/10.1007/s10531-019-01700-3
https://doi.org/10.1007/s10531-019-01700-3
https://doi.org/10.1111/j.1475-4754.2008.00394.x


G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024 45

a  changing world. In: Bruijnzeel L.A., Scatena, 
F.N., Hamilton, L.S., (eds), Tropical Montane 
Cloud Forests: Science for Conservation and Man-
agement. International Hydrology Series. Cam-
bridge University Press, pp. 691–740.

Bruijnzeel, L.A., Mulligan, M., Scatena, F.N., 2011. 
Hydrometeorology of tropical montane cloud for-
ests: emerging patterns. Hydrological Processes 
25(3), 465–498.

Bufalino, L., de Souza, T.M., Lima, N.N., de Sá, 
V.A., Tonoli, G.H.D., Ferreira, C.A., Savastano 
Junior, H., Barbosa de Sous, R., Lira Zidanes, U., 
de Paula Protsio, T., Lima, M.D.R., Mendes, L.M., 
2023. Contrasting the major characteristics of 
pinewood and Amazon hardwoods to provide high-
quality cement-bonded particleboards. Construc-
tion and Building Materials 394, 132219. https://
doi.org/10.1016/j.conbuildmat.2023.132219

dos Santos, A.C.S., Guerra-Sommer, M., Degani-
Schmidt, I., Siegloch, A.M., de Souza Carvalho, I., 
Mendonca Filho, J.G., de Oliveira Mendonça, J., 
2020. Fungus–plant interactions in Aptian Tropi-
cal Equatorial Hot arid belt: White rot in araucar-
ian wood from the Crato fossil Lagerstätte (Araripe 
Basin, Brazil). Cretaceous Research 114, 104525. 
https://doi.org/10.1016/j.cretres.2020.104525

Cárdenas, M.L., Gosling, W.D., Pennington, R.T., 
Poole, I., Sherlock, S.C., Mothes, P., 2014. For-
ests of the tropical eastern Andean flank during 
the middle Pleistocene. Palaeogeography, Palaeo-
climatology, Palaeoecology 393, 76–89. https://doi.
org/10.1016/j.palaeo.2013.10.009

Castañeda-Posadas, C., 2023. Podocarpus (Podocar-
paceae) wood from miocene rocks in Panotla, Tlax-
cala, Mexico. Journal of South American Earth 
Sciences 121, 104118. https://doi.org/10.1016/j.
jsames.2022.104118

Chen, J.J., Zong, S.B., Huang, X.X., Yu, J., Yang, 
H.J., Ye, W.W., 2022. Molecular and Morphological 
Characterization of Two New Species of Globispo-
rangium from Southern China, G. pengfuense and 
G. tenuihyphum. Diversity 14(7), 528. https://doi.
org/10.3390/d14070528 

Chester, D.K., Duncan, A.M., Guest, J.E., 1987. The 
pyroclastic deposits of Mount Etna volcano, Sicily. 
Geological Journal 22(3), 225–243.

Chidumayo, E.N., Gumbo, D.J., 2013. The environ-
mental impacts of charcoal production in tropical 
ecosystems of the world: A  synthesis. Energy for 
Sustainable Development 17(2), 86–94.

Clark, J.S., 1988. Particle motion and the theory of char-
coal analysis: source area, transport, deposition, and 
sampling. Quaternary Research 30(1), 67–80.

Correa, Á.M.V., Vara, E.A., Machuca, M.Á.H., 2010. 
Wood anatomy of Colombian Podocarpaceae (Podo-
carpus, Prumnopitys and Retrophyllum). Botanical 
Journal of the Linnean Society 164(3), 293–302.

Creber, G.T., Ash, S.R., 1990. Evidence of wide-
spread fungal attack on Upper Triassic trees in 
the southwestern USA. Review of Palaeobotany 

and Palynology 63(3–4), 189–195. https://doi.
org/10.1016/0034-6667(90)90099-5

Dalling, J.W., Barkan, P., Bellingham, P.J., Healey, 
J.R., Tanner, E.V., 2011. Ecology and Distribution 
of Neotropical Podocarpaceae. In: Turner, B.L., 
Cernusak, L.A. (eds), Ecology of the Podocarpaceae 
in Tropical Forests. Washington, D.C. Smithsonian 
Institution Scholarly Press, pp. 43–56. https://doi.
org/10.5479/si.0081024X.95.43

Debut, A., Toulkeridis, T., Vaca, A.V., Arroyo, C.R., 
2021. Origin of color variations of thin, nano-sized 
layers of volcanic cinder from the Sierra Negra Vol-
cano of the Galapagos Islands. Uniciencia 35(2), 
210–222.

DiMichele, W.A., Gastaldo, R.A., 2008. Plant paleo-
ecology in Deep Time1. Annals of the Missouri 
Botanical Garden 95(1), 144–198.

Di Muro, A., Rosi, M., Aguilera, E., Barbieri, R., 
Massa, G., Mundula, F., Pieri, F., 2008. Trans-
port and sedimentation dynamics of transitional 
explosive eruption columns: the example of the 
800 BP Quilotoa Plinian eruption (Ecuador). 
Journal of Volcanology and Geothermal Research 
174(4), 307–324.

Dodson, C.H., Gentry, A.H., 1991. Biological extinc-
tion in western Ecuador. Annals of the Missouri 
Botanical Garden 78(2), 273–295. https://doi.
org/10.2307/2399563

Donaldson, L.A., 1983. Anatomy of root wood in Arau-
cariaceae and some Podocarpaceae indigenous to 
New Zealand. New Zealand Journal of Botany 
21(3), 221–227.

Dufraisse, A., 2006. Charcoal anatomy potential, wood 
diameter and radial growth. BAR International 
Series 1483, 47.

Dyez, K.A., Zahn, R., Hall, I.R., 2014. Multicentennial 
Agulhas leakage variability and links to North 
Atlantic climate during the past 80,000 years. 
Paleoceanography and Paleoclimatology 29(12), 
1238–1248. https://doi.org/10.1002/2014PA002698

Ekins, P., Simon, S., Deutsch, L., Folke, C., De Groot, R., 
2003. A framework for the practical application of 
the concepts of critical natural capital and strong 
sustainability. Ecological Economics 44(2–3), 165–
185. https://doi.org/10.1016/S0921-8009(02)00272-0

Estrada, E., Meggers, B.J., 1956. A  complex of traits 
of probable transpacific origin on the coast of Ecua-
dor. Transactions of the New York Academy of Sci-
ences 18(5 Series II), 436–442.

Falcon-Lang, H.J., 2005. Intra-tree variability in wood 
anatomy and its implications for fossil wood sys-
tematics and palaeoclimatic studies. Palaeontol-
ogy 48(1), 171–183. https://doi.org/10.1111/j.1475-
4983.2004.00429.x

Fedoroff, N., Courty, M.A., Thompson, M.L., 1990. 
Micromorphological evidence of paleoenvironmen-
tal change in Pleistocene and Holocene paleosols. 
Developments in Soil Science 19, 653–665. https://
doi.org/10.1016/S0166-2481(08)70382-9

https://doi.org/10.1016/j.conbuildmat.2023.132219
https://doi.org/10.1016/j.conbuildmat.2023.132219
https://doi.org/10.1016/j.cretres.2020.104525
https://doi.org/10.1016/j.palaeo.2013.10.009
https://doi.org/10.1016/j.palaeo.2013.10.009
https://doi.org/10.1016/j.jsames.2022.104118
https://doi.org/10.1016/j.jsames.2022.104118
https://doi.org/10.3390/d14070528
https://doi.org/10.3390/d14070528
https://doi.org/10.1016/0034-6667(90)90099-5
https://doi.org/10.1016/0034-6667(90)90099-5
https://doi.org/10.5479/si.0081024X.95.43
https://doi.org/10.5479/si.0081024X.95.43
https://doi.org/10.2307/2399563
https://doi.org/10.2307/2399563
https://doi.org/10.1002/2014PA002698
https://doi.org/10.1016/S0921-8009(02)00272-0
https://doi.org/10.1111/j.1475-4983.2004.00429.x
https://doi.org/10.1111/j.1475-4983.2004.00429.x
https://doi.org/10.1016/S0166-2481(08)70382-9
https://doi.org/10.1016/S0166-2481(08)70382-9


46 G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024

Figueiral, I., Mosbrugger, V., 2000. A review of char-
coal analysis as a  tool for assessing Quaternary 
and Tertiary environments: achievements and lim-
its. Palaeogeography, Palaeoclimatology, Palaeo-
ecology 164(1–4), 397–407. https://doi.org/10.1016/
S0031-0182(00)00195-4

Florian, M.L.E., 1991. 1 Plant Anatomy: An Illustrated 
Aid to Identification. The conservation of artifacts 
made from plant materials, 1.

Foster, P., 2001. The potential negative impacts of 
global climate change on tropical montane cloud 
forests. Earth-Science Reviews 55(1–2), 73–106. 
https://doi.org/10.1016/S0012-8252(01)00056-3

Francis, J.E., Poole, I., 2002. Cretaceous and early 
Tertiary climates of Antarctica: evidence from fos-
sil wood. Palaeogeography, Palaeoclimatology, Pal-
aeoecology 182(1–2), 47–64. https://doi.org/10.1016/
S0031-0182(01)00452-7

Fries, A., Rollenbeck, R., Nauß, T., Peters, T., Bendix, J., 
2012. Near surface air humidity in a  megadiverse 
Andean mountain ecosystem of southern Ecuador 
and its regionalization. Agricultural and Forest 
Meteorology 152, 17–30. https://doi.org/10.1016/j.
agrformet.2011.08.004 

Gardner, M., 2013. Podocarpus oleifolius. The 
IUCN Red List of Threatened Species 2013: 
e.T46413452A2984968. https://dx.doi.org/10.2305/
IUCN.UK.2013-1.RLTS.T46413452A2984968.en. 
Accessed on 17 June 2023.

Giacomelli, L., Perrotta, A., Scandone, R., Scarpati, C., 
2003. The eruption of Vesuvius of 79 AD and its 
impact on human environment in Pompeii. Episodes 
Journal of International Geoscience 26(3), 235–238.

Giannotas, G., Kamperidou, V., Barboutis, I., 2021. 
Tree bark utilization in insulating bio-aggregates: 
a  review. Biofuels, Bioproducts and Biorefining 
15(6), 1989–1999.

Giri, C.C., Shyamkumar, B., Anjaneyulu, C., 2004. 
Progress in tissue culture, genetic transformation 
and applications of biotechnology to trees: an over-
view. Trees 18, 115–135. https://doi.org/10.1007/
s00468-003-0287-6

Glasspool, I.J., Scott, A.C., 2013. Identifying past fire 
events. In: Belcher, C.M. (eds), Fire phenomena 
and the Earth system: an interdisciplinary guide 
to fire science. Willey-Blackwell, pp. 177–206.

González, O.M., Velín, A., García, A., Arroyo, C.R., 
Barrigas, H.L., Vizuete, K., Debut, A., 2020. Rep-
resentative Hardwood and Softwood Green Tis-
sue-Microstructure Transitions per Age Group 
and Their Inherent Relationships with Physi-
cal–Mechanical Properties and Potential Applica-
tions. Forests 11(5), 569. https://doi.org/10.3390/
f11050569

Greguss, P., 1955. Identification of living gymno-
sperms on the basis of xylotomy. Akademiai Kiado, 
Budapest.

Grootes, P.M., 1978. Carbon-14 Time Scale Extended: 
Comparison of Chronologies: Thermal diffusion iso-
topic enrichment of carbon-14 brings 75,000 years 

ago within dating range. Science 200(4337), 11–15. 
https://doi.org/10.1126/science.200.4337.11

Guerry, A.D., Polasky, S., Lubchenco, J., Chaplin-
Kramer, R., Daily, G.C., Griffin, R., Ruckelshaus, M., 
Bateman, I.J., Duraiappah, A., Elmqvist, T., Feld-
man, M.W., Folke, C., Hoekstra, J., Kareiva, P.M., 
Keeler, B.L., Li, S., McKenzie, E., Ouyang, Z., Rey-
ers, B., Ricketts, T.H., Rockström, J., Tallis, H., 
Vira, B., 2015. Natural capital and ecosystem ser-
vices informing decisions: From promise to prac-
tice. Proceedings of the National Academy of Sci-
ences 112(24), 7348–7355. https://doi.org/10.1073/
pnas.1503751112

Hajdas, I., Ascough, P., Garnett, M.H., Fallon, S.J., 
Pearson, C.L., Quarta, G., Spalding, K.L., Yama-
guchi, H., Yoneda, M., 2021. Radiocarbon dating. 
Nature Reviews Methods Primers 1(1), 62. https://
doi.org/10.1038/s43586-021-00058-7

Hansen, G., Wright, M.S., 1999. Recent advances in 
the transformation of plants. Trends in Plant Sci-
ence 4(6), 226–231. https://doi.org/10.1016/S1360-
1385(99)01412-0

Harangi, S., Molnár, M., Vinkler, A.P., Kiss, B., Jull, 
A.J.T., Leonard, A.G., 2010. Radiocarbon dat-
ing of the last volcanic eruptions of Ciomadul 
volcano, Southeast Carpathians, eastern-central 
Europe. Radiocarbon 52(3), 1498–1507. https://doi.
org/10.1017/S0033822200046580

Hatcher, P.G., 2002. Wood Associated with the AD 79 
Eruption. In: Jashemski, W.F., Meyer, F.G., (eds), 
The Natural History of Pompeii. Cambridge Uni-
versity Press, Cambridge, pp. 217–224.

Hatipoğlu, M., Türk, N., 2009. A  combined polar-
izing microscope, XRD, SEM, and specific grav-
ity study of the petrified woods of volcanic origin 
from the Çamlıdere-Çeltikçi-Güdül fossil forest, 
in Ankara, Turkey. Journal of African Earth Sci-
ences 53(4–5), 141–157. https://doi.org/10.1016/j.
jafrearsci.2009.01.001

Hibbett, D.S., Grimaldi, D., Donoghue, M.J., 1997. 
Fossil mushrooms from Miocene and Cretaceous 
ambers and the evolution of Homobasidiomyce-
tes. American Journal of Botany 84(7), 981–991. 
https://doi.org/10.2307/2446289

Hibbett, D., Blanchette, R., Kenrick, P., Mills, B., 
2016. Climate, decay, and the death of the coal for-
ests. Current Biology 26(13), R563–R567. https://
doi.org/10.1016/j.cub.2016.01.014

Hill, B.D., 1972. A  new chronology of the Valdivia 
ceramic complex from the coastal zone of Guayas 
Province, Ecuador. Ñawpa Pacha 10(1), 1–32. 
https://doi.org/10.1179/naw.1972.10-12.1.001

Hudspith, V.A., Scott, A.C., Wilson, C.J., Collinson, 
M.E., 2010. Charring of woods by volcanic pro-
cesses: an example from the Taupo ignimbrite, 
New Zealand. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 291(1–2), 40–51. https://doi.
org/10.1016/j.palaeo.2009.06.036

Im, J.H., Shim, S.H., Choo, C.O., Jang, Y.D., Lee, 
J.S., 2012. Volcanological and paleoenvironmental 

https://doi.org/10.1016/S0031-0182(00)00195-4
https://doi.org/10.1016/S0031-0182(00)00195-4
https://doi.org/10.1016/S0012-8252(01)00056-3
https://doi.org/10.1016/S0031-0182(01)00452-7
https://doi.org/10.1016/S0031-0182(01)00452-7
https://doi.org/10.1016/j.agrformet.2011.08.004
https://doi.org/10.1016/j.agrformet.2011.08.004
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T46413452A2984968.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T46413452A2984968.en
https://doi.org/10.1007/s00468-003-0287-6
https://doi.org/10.1007/s00468-003-0287-6
https://doi.org/10.3390/f11050569
https://doi.org/10.3390/f11050569
https://doi.org/10.1126/science.200.4337.11
https://doi.org/10.1073/pnas.1503751112
https://doi.org/10.1073/pnas.1503751112
https://doi.org/10.1038/s43586-021-00058-7
https://doi.org/10.1038/s43586-021-00058-7
https://doi.org/10.1016/S1360-1385(99)01412-0
https://doi.org/10.1016/S1360-1385(99)01412-0
https://doi.org/10.1017/S0033822200046580
https://doi.org/10.1017/S0033822200046580
https://doi.org/10.1016/j.jafrearsci.2009.01.001
https://doi.org/10.1016/j.jafrearsci.2009.01.001
https://doi.org/10.2307/2446289
https://doi.org/10.1016/j.cub.2016.01.014
https://doi.org/10.1016/j.cub.2016.01.014
https://doi.org/10.1179/naw.1972.10-12.1.001
https://doi.org/10.1016/j.palaeo.2009.06.036
https://doi.org/10.1016/j.palaeo.2009.06.036


G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024 47

implications of charcoals of the Nari Formation 
in Nari Caldera, Ulleung Island, Korea. Geosci-
ences Journal 16, 105–114. https://doi.org/10.1007/
s12303-012-0020-9

Isaacson, J.S., 1994. Volcanic sediments in archaeo-
logical contexts. In: J.A., Zeidler, D.M., Pearsall 
(eds), Regional Archaeology in Northern Manabí, 
Ecuador, Volume 1: Environment, Cultural Chro-
nology, and Prehistoric Subsistence in the Jama 
River Valley. University of Pittsburgh Memoirs in 
Latin American Archaeology No. 8. Ediciones Libri 
Mundi, pp. 131–140.

Jørgensen, P.M., León-Yánez, S., 1999. Catalogue of 
the vascular plants of Ecuador. Monographs in 
Systematic Botany from The Missouri Botanical 
Garden 75: i–viii, 1–1182.

Jørgensen, P.M., Ulloa Ulloa, C., León, B., León-
Yánez, S., Beck, S.G., Nee, M., Zarucchi, J.L., 
Celis, M., Bernal, R., Gradstein, R., 2011. Regional 
patterns of vascular plant diversity and endemism. 
In: Herzog, S.K., Martínez, R., Jørgensen, P.M., 
Tiessen, H. (eds), Climate Change and Biodiversity 
in the Tropical Andes. Inter-American Institute for 
Global Change Research (IAI) and Scientific Com-
mittee on Problems of the Environment (SCOPE), 
pp. 192–203

Kabukcu, C., 2018. Wood charcoal analysis in archae-
ology. In: Pişkin, E., Marciniak, A., Bartkowiak, M. 
(eds), Environmental Archaeology. Interdisciplin-
ary Contributions to Archaeology. Springer, Cham, 
pp. 133–154. https://doi.org/10.1007/978-3-319-
75082-8_7

Kanomata, Y., Marcos, J., Lazin, B., 2016. Insights 
into the earliest formative period of coastal Ecua-
dor: New evidence and radiocarbon dates from the 
Real Alto site. Radiocarbon 58(2), 323–330. https://
doi.org/10.1017/rdc.2015.23

Keech, O., Carcaillet, C., Nilsson, M.C., 2005. Adsorp-
tion of allelopathic compounds by wood-derived 
charcoal: the role of wood porosity. Plant and Soil 
272, 291–300. https://doi.org/10.1007/s11104-004-
5485-5

Kessler, M., 2002. The elevational gradient of Andean 
plant endemism: varying influences of taxon-spe-
cific traits and topography at different taxonomic 
levels. Journal of Biogeography 29(9), 1159–1165. 
https://doi.org/10.1046/j.1365-2699.2002.00773.x

Kuczumow, A, 2004. Microprobe investigations of 
patterned natural and petrified biological objects. 
Journal of Alloys and Compounds 362(1–2), 71–82. 
https://doi.org/10.1016/S0925-8388(03)00565-6

Kuczumow, A., Chevallier, P., Dillmannb, P., Wajn-
berg, P., Rudaś, M., 2000. Investigation of petri-
fied wood by synchrotron X-ray fluorescence and 
diffraction methods. Spectrochimica Acta Part B: 
Atomic Spectroscopy 55(10), 1623–1633. https://
doi.org/10.1016/S0584-8547(00)00268-8

Lathrap, D.W., Collier, D., Chandra, H., 1975. Ancient 
Ecuador: culture, clay and creativity, 3000–300 BC. 
Field Museum of Natural History, Chicago.

Lathrap, D.W., Marcos, J.G., Zeidler, J.A., 1977. Real 
Alto: An ancient ceremonial center. Archaeology 
30(1), 2–13.

Lewis, R.J., Tibby, J., Arnold, L.J., Barr, C., Mar-
shall, J., McGregor, G., Gadd, P.S., Yokoyama, Y., 
2020. Insights into subtropical Australian aridity 
from Welsby Lagoon, north Stradbroke Island, 
over the past 80,000 years. Quaternary Science 
Reviews 234, 106262. https://doi.org/10.1016/j.
quascirev.2020.106262

Lin, X., Heitman, J., 2005. Chlamydospore formation 
during hyphal growth in Cryptococcus neoformans. 
Eukaryotic Cell 4(10), 1746–1754.

Lo Moaco, S., López, L., 2014. Study of petrified wood 
from Mesa Formation (Pleistocene), Anzoategui 
state, Venezuela by electron probe microanalysis 
(EPMA). Acta Microscopica 23(2), 90–100.

Luu-Dam, N.A., Lu, N.T., Pham, T.H., Do, T.V., 
2023. Classification of Vascular Plants in Vietnam 
According to Modern Classification Systems. Plants 
12(4), 967. https://doi.org/10.3390/plants12040967

Maiuri, A., 1958. Pompeii. Scientific American 198(4), 
68–82.

Martin, S.C., 2020. Past eruptions and future predic-
tions: Analyzing ancient responses to Mount Vesu-
vius for use in modern risk management. Journal of 
Volcanology and Geothermal Research 396, 106851. 
https://doi.org/10.1016/j.jvolgeores.2020.106851

Martínez-Pabello, P.U., Sedov, S., Solleiro-Rebolledo, E., 
Solé, J., Pi-Puig, T., Alcántara-Hernández, R.J., 
Lebedeva, M., Shishkov, V., Villalobos, C., 2021. 
Rock varnish in La Proveedora/Sonora in the con-
text of desert geobiological processes and land-
scape evolution. Journal of South American Earth 
Sciences 105, 102959. https://doi.org/10.1016/j.
jsames.2020.102959

Martinez, L.C., Pujana, R.R., Monferran, M., Cajade, R., 
Hernándo, A.B., Zaracho, V.H., Gallego, O.F., 2023. 
Conifer Fossil Woods from the Late Jurassic–
Early Cretaceous (Solari/Botucatú Formation) 
of the Paraje Tres Cerros (Corrientes Province), 
Northeast Argentina. Ameghiniana 60(1), 97–110. 
https://doi.org/10.5710/AMGH.09.01.2023.3543

Marynowski, L., Smolarek, J., Bechtel, A., Philippe, M., 
Kurkiewicz, S., Simoneit, B.R., 2013. Perylene 
as an indicator of conifer fossil wood degradation 
by wood-degrading fungi. Organic Geochemis-
try 59, 143–151. https://doi.org/10.1016/j.orggeo-
chem.2013.04.006 

Mato, F., Toulkeridis, T., 2017. An unsupervised 
K-means based clustering method for geophysi-
cal post-earthquake diagnosis. In: IEEE Sympo-
sium Series on Computational Intelligence (SSCI), 
Honolulu, HI, USA, 2017, pp. 1–8. https://doi.
org/10.1109/SSCI.2017.8285216 

McParland, L.C., Collinson, M.E., Scott, A.C., Steart, 
D.C., Grassineau, N.V., Gibbons, S.J., 2007. Ferns 
and fires: experimental charring of ferns compared 
to wood and implications for paleobiology, paleo-
ecology, coal petrology, and isotope geochemistry. 

https://doi.org/10.1007/s12303-012-0020-9
https://doi.org/10.1007/s12303-012-0020-9
https://doi.org/10.1007/978-3-319-75082-8_7
https://doi.org/10.1007/978-3-319-75082-8_7
https://doi.org/10.1017/rdc.2015.23
https://doi.org/10.1017/rdc.2015.23
https://doi.org/10.1007/s11104-004-5485-5
https://doi.org/10.1007/s11104-004-5485-5
https://doi.org/10.1046/j.1365-2699.2002.00773.x
https://doi.org/10.1016/S0925-8388(03)00565-6
https://doi.org/10.1016/S0584-8547(00)00268-8
https://doi.org/10.1016/S0584-8547(00)00268-8
https://doi.org/10.1016/j.quascirev.2020.106262
https://doi.org/10.1016/j.quascirev.2020.106262
https://doi.org/10.3390/plants12040967
https://doi.org/10.1016/j.jvolgeores.2020.106851
https://doi.org/10.1016/j.jsames.2020.102959
https://doi.org/10.1016/j.jsames.2020.102959
https://doi.org/10.5710/AMGH.09.01.2023.3543
https://doi.org/10.1016/j.orggeochem.2013.04.006
https://doi.org/10.1016/j.orggeochem.2013.04.006
https://doi.org/10.1109/SSCI.2017.8285216
https://doi.org/10.1109/SSCI.2017.8285216


48 G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024

Palaios 22(5), 528–538. https://doi.org/10.2110/
palo.2005.p05-138r

Meggers, B.J., 1956. Functional and Evolutionary 
Implications of Community Patterning. In: Wauo-
hope, R. (ed.), Seminars in Archaeology: 19551.
Memoirs of the Society for American Archaeology 
11, 129–152. Salt Lake

Mencl, V., Holeček, J., Rößler, R., Sakala, J., 2013. 
First anatomical description of silicified calam-
italean stems from the upper Carboniferous of the 
Bohemian Massif (Nová Paka and Rakovník areas, 
Czech Republic). Review of Palaeobotany and Pal-
ynology 197, 70–77. https://doi.org/10.1016/j.rev-
palbo.2013.05.001

Miyabuchi, Y., Sugiyama, S., Nagaoka, Y., 2012. Veg-
etation and fire history during the last 30,000 
years based on phytolith and macroscopic charcoal 
records in the eastern and western areas of Aso 
Volcano, Japan. Quaternary International 254, 
28–35. https://doi.org/10.1016/j.quaint.2010.11.019

Montes, C., Rodríguez-Corcho, A.F., Bayona, G., 
Hoyos, N., Zapata, S., Cardona, A., 2019. Conti-
nental margin response to multiple arc-continent 
collisions: The northern Andes-Caribbean margin. 
Earth-Science Reviews 198, 102903. https://doi.
org/10.1016/j.earscirev.2019.102903

Moser, D., Nelle, O., Di Pasquale, G., 2018. Timber 
economy in the Roman Age: charcoal data from the 
key site of Herculaneum (Naples, Italy). Archaeo-
logical and Anthropological Sciences 10, 905–921. 
https://doi.org/10.1007/s12520-016-0406-0

Neill, D.A., 2012. ¿Cuántas especies nativas de plan-
tas vasculares hay en Ecuador? Revista Amazónica 
Ciencia y Tecnología 1(1), 70–83.

Newhall, C.G., Self, S., 1982. The volcanic explosiv-
ity index (VEI) an estimate of explosive magnitude 
for historical volcanism. Journal of Geophysical 
Research: Oceans 87(C2), 1231–1238. https://doi.
org/10.1029/JC087iC02p01231

O’Carroll, E., Mitchell, F.J., 2012. Charcoal sample 
guidelines: new methodological approaches towards 
the quantification and identification of charcoal 
samples retrieved from archaeological sites. Wood 
and charcoal: Evidence for human and natural his-
tory. SAGVNTVM EXTRA-13, Valencia, 275–281.

Ornelas, J.F., Ortiz-Rodríguez, A.E., Ruiz-Sánchez, E., 
Sosa, V., Pérez-Farrera, M.Á., 2019. Ups and downs: 
genetic differentiation among populations of the 
Podocarpus (Podocarpaceae) species in Mesoamer-
ica. Molecular Phylogenetics and Evolution 138, 
17–30. https://doi.org/10.1016/j.ympev.2019.05.025

Orsi, G., Piochi, M., Campajola, L., D’Onofrio, A., 
Gialanella, L., Terrasi, F., 1996. 14C geochrono-
logical constraints for the volcanic history of the 
island of Ischia (Italy) over the last 5000 years. 
Journal of Volcanology and Geothermal Research 
71(2–4), 249–257. https://doi.org/10.1016/0377-
0273(95)00067-4

Page, C.N., 1990. Podocarpaceae. In: Kramer, K.U., 
Green, P.S. (eds), Pteridophytes and Gymnosperms. 

The Families and Genera of Vascular Plants, 
vol 1. Springer, Berlin, Heidelberg. https://doi.
org/10.1007/978-3-662-02604-5_59

Pandey, S., 2021. Climatic influence on tree wood 
anatomy: a review. Journal of Wood Science 67(1), 
1–7. https://doi.org/10.1186/s10086-021-01956-w

Patel, R.N., 1967. Wood anatomy of podocarpaceae 
indigenous to New Zealand: 1. Dacrydium. New 
Zealand Journal of Botany 5(2), 171–184. https://
doi.org/10.1080/0028825X.1967.10428738

Paterne, M., Guichard, F., Labeyrie, J., 1988. Explo-
sive activity of the South Italian volcanoes during 
the past 80,000 years as determined by marine 
tephrochronology. Journal of Volcanology and Geo-
thermal Research 34(3–4), 153–172. https://doi.
org/10.1016/0377-0273(88)90030-3

Pearsall, D.M., Duncan, N.A., Chandler-Ezell, K., Ube-
laker, D.H., Zeidler, J.A., 2020. Food and society at 
Real Alto, an early formative community in south-
west coastal Ecuador. Latin American Antiquity 
31(1), 122–142. https://doi.org/10.1017/laq.2019.96

Penagos, J.I.C., 2013. Caracterización de materiales 
a través de medidas de microscopía electrónica de 
barrido (SEM). Elementos 3(3), 133–146.

Podwojewski, P., Poulenard, J., Toulkeridis, T., 
Gräfe, M., 2022. Polygenic soils in the southern 
central Ecuadorian highlands as the result of long-
lasting pedogenesis, geodynamic processes and 
climate change. Journal of South American Earth 
Sciences 120, 104096. https://doi.org/10.1016/j.
jsames.2022.104096

Poole, I., 2000. Variation–Nature’s Spanner or an 
Unrecognized Tool? Palaios 15(5), 371–372. https://
doi.org/10.1669/0883-1351(2000)015%3C0371:VNS
OAU%3E2.0.CO;2

Pujana, R.R., Santillana, S.N., Marenssi, S.A., 2014. 
Conifer fossil woods from the La Meseta Forma-
tion (Eocene of Western Antarctica): evidence of 
Podocarpaceae-dominated forests. Review of Pal-
aeobotany and Palynology 200, 122–137. https://
doi.org/10.1016/j.revpalbo.2013.09.001

Quattrocchio, M.E., Martinez, M.A., Asensio, M.A., 
Cornou, M., Olivera, D.E., 2012. Palynology of El 
Foyel Group (Paleogene), Ñirihuau Basin, Argen-
tina. Revista Brasileira de Paleontologia 15, 67–84. 
http://dx.doi.org/10.4072/rbp.2012.1.06

Rian, I.M., Sassone, M., 2014. Tree-inspired dendri-
forms and fractal-like branching structures in 
architecture: A brief historical overview. Frontiers 
of Architectural Research 3(3), 298–323. https://
doi.org/10.1016/j.foar.2014.03.006

Robin, C., Samaniego, P., Le Pennec, J.L., Mothes, P., 
Van Der Plicht, J., 2008. Late Holocene phases 
of dome growth and Plinian activity at Guagua 
Pichincha volcano (Ecuador). Journal of Volcanol-
ogy and Geothermal Research 176(1), 7–15. https://
doi.org/10.1016/j.jvolgeores.2007.10.008

Robin, C., Samaniego, P., Le Pennec, J.L., Fornari, M., 
Mothes, P., van Der Plicht, J., 2010. New radiomet-
ric and petrological constraints on the evolution of 

https://doi.org/10.2110/palo.2005.p05-138r
https://doi.org/10.2110/palo.2005.p05-138r
https://doi.org/10.1016/j.revpalbo.2013.05.001
https://doi.org/10.1016/j.revpalbo.2013.05.001
https://doi.org/10.1016/j.quaint.2010.11.019
https://doi.org/10.1016/j.earscirev.2019.102903
https://doi.org/10.1016/j.earscirev.2019.102903
https://doi.org/10.1007/s12520-016-0406-0
https://doi.org/10.1029/JC087iC02p01231
https://doi.org/10.1029/JC087iC02p01231
https://doi.org/10.1016/j.ympev.2019.05.025
https://doi.org/10.1016/0377-0273(95)00067-4
https://doi.org/10.1016/0377-0273(95)00067-4
https://doi.org/10.1007/978-3-662-02604-5_59
https://doi.org/10.1007/978-3-662-02604-5_59
https://doi.org/10.1186/s10086-021-01956-w
https://doi.org/10.1080/0028825X.1967.10428738
https://doi.org/10.1080/0028825X.1967.10428738
https://doi.org/10.1016/0377-0273(88)90030-3
https://doi.org/10.1016/0377-0273(88)90030-3
https://doi.org/10.1017/laq.2019.96
https://doi.org/10.1016/j.jsames.2022.104096
https://doi.org/10.1016/j.jsames.2022.104096
https://doi.org/10.1669/0883-1351(2000)015%3C0371:VNSOAU%3E2.0.CO;2
https://doi.org/10.1669/0883-1351(2000)015%3C0371:VNSOAU%3E2.0.CO;2
https://doi.org/10.1669/0883-1351(2000)015%3C0371:VNSOAU%3E2.0.CO;2
https://doi.org/10.1016/j.revpalbo.2013.09.001
https://doi.org/10.1016/j.revpalbo.2013.09.001
http://dx.doi.org/10.4072/rbp.2012.1.06
https://doi.org/10.1016/j.foar.2014.03.006
https://doi.org/10.1016/j.foar.2014.03.006
https://doi.org/10.1016/j.jvolgeores.2007.10.008
https://doi.org/10.1016/j.jvolgeores.2007.10.008


G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024 49

the Pichincha volcanic complex (Ecuador). Bul-
letin of Volcanology 72, 1109–1129. https://doi.
org/10.1007/s00445-010-0389-0

Rowe, S., Duke, G., 2020. Buen Suceso: A New Multi-
component Valdivia Site In Santa Elena, Ecuador. 
Latin American Antiquity 31(3), 639–645. https://
doi.org/10.1017/laq.2020.43

Rumpel, C., Kögel-Knabner, I., Bruhn, F., 2002. Verti-
cal distribution, age, and chemical composition of 
organic carbon in two forest soils of different pedo-
genesis. Organic Geochemistry 33(10), 1131–1142. 
https://doi.org/10.1016/S0146-6380(02)00088-8

Ryan, P.C., Alvarado, G.E., McCanta, M., Barca, M.K., 
Davis, G., de Mendoza, L.H., 2022. The importance 
of overbank deposits and paleosol analyses for com-
prehensive volcanic hazard evaluation: the case of 
Holocene volcanism at Miravalles Volcano, Costa 
Rica. Natural Hazards 112(1), 413–449. https://doi.
org/10.1007/s11069-021-05187-6

Schramm, A., Stein, M., Goldstein, S.L., 2000. Calibra-
tion of the 14C time scale to> 40 ka by 234U–230Th 
dating of Lake Lisan sediments (last glacial 
Dead Sea). Earth and Planetary Science Letters 
175(1–2), 27–40. https://doi.org/10.1016/S0012-
821X(99)00279-4

Scott, A.C., 2010. Charcoal recognition, taphonomy and 
uses in palaeoenvironmental analysis. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 291(1–2), 
11–39. https://doi.org/10.1016/j.palaeo.2009.12.012

Scott, A.C., Glasspool, I.J., 2005. Charcoal reflectance 
as a  proxy for the emplacement temperature of 
pyroclastic flow deposits. Geology 33(7), 589–592. 
https://doi.org/10.1130/G21474.1

Scott, A.C., Sparks, R.S.J., Bull, I.D., Knicker, H., 
Evershed, R.P., 2008. Temperature proxy data and 
their significance for the understanding of pyro-
clastic density currents. Geology 36(2), 143–146. 
https://doi.org/10.1130/G24439A.1

Shah, D.U., Reynolds, T.P., Ramage, M.H., 2017. The 
strength of plants: theory and experimental meth-
ods to measure the mechanical properties of stems. 
Journal of Experimental Botany 68(16), 4497–4516. 
https://doi.org/10.1093/jxb/erx245

Shunn, K.C., Gee, C.T., 2023. Cross-sectioning to 
the core of conifers: pith anatomy of living Arau-
cariaceae and Podocarpaceae, with comparisons 
to fossil pith. IAWA Journal 45, 1–26. https://doi.
org/10.1163/22941932-bja10122

Sigurdsson, H., Cashdollar, S., Sparks, S.R., 1982. The 
eruption of Vesuvius in AD 79: reconstruction from 
historical and volcanological evidence. American 
Journal of Archaeology 86(1), 39–51.

Still, C.J., Foster, P.N., Schneider, S.H., 1999. Sim-
ulating the effects of climate change on tropical 
montane cloud forests. Nature 398(6728), 608–610. 
https://doi.org/10.1038/19293

Sutherland, J.I., 2003. Miocene petrified wood and 
associated borings and termite faecal pellets from 
Hukatere Peninsula, Kaipara Harbour, North 
Auckland, New Zealand. Journal of the Royal 

Society of New Zealand 33(1), 395–414. https://doi.
org/10.1080/03014223.2003.9517736

Swain, A.M., 1973. A History of Fire and Vegetation 
in Northeastern Minnesota as Recorded in Lake 
Sediments1. Quaternary Research 3(3), 383–396. 
https://doi.org/10.1016/0033-5894(73)90004-5

Tamay, J., Galindo-Zaldivar, J., Soto, J., Gil, A.J., 
2021. GNSS Constraints to Active Tectonic Defor-
mations of the South American Continental Mar-
gin in Ecuador. Sensors 21(12), 4003. https://doi.
org/10.3390/s21124003

Taylor, E.L., Taylor, T.N., Krings, M., 2009. Paleo-
botany: the biology and evolution of fossil plants. 
Academic Press.

Titiz, B., Sanford Jr, R.L., 2007. Soil charcoal in old-
growth rain forests from sea level to the continen-
tal divide. Biotropica 39(6), 673–682. https://doi.
org/10.1111/j.1744-7429.2007.00327.x

Toulkeridis, T., Zach, I. 2017. Wind directions of vol-
canic ash-charged clouds in Ecuador – implications 
for the public and flight safety. Geomatics, Natural 
Hazards and Risk 8(2), 242–256. https://doi.org/10.
1080/19475705.2016.1199445

Toulkeridis, T., Clauer, N., Kröner, A., 1996. Chemical 
variations in clay minerals of the Archaean Bar-
berton greenstone belt (South Africa). Precambrian 
Research 79(3–4), 195–207. https://doi.org/10.1016/
S0301-9268(96)00081-2 

Toulkeridis, T., Arroyo, C.R., Cruz D’Howitt, M., 
Debut, A., Vaca, A.V., Cumbal, L., Mato, F., Aguil-
era, E., 2015. Evaluation of the initial stage of the 
reactivated Cotopaxi volcano – analysis of the first 
ejected fine-grained material. Natural Hazards and 
Earth System Sciences Discussions 3(11), 6947–
6976. https://doi.org/10.5194/nhessd-3-6947-2015

Toulkeridis, T., Tamayo, E., Simón-Baile, D., Meri-
zalde-Mora, M.J., Reyes-Yunga, D.F., Viera-Tor-
res, M., Heredia, M., 2020. Climate Change accord-
ing to Ecuadorian academics – Perceptions versus 
facts. LA GRANJA. Revista de Ciencias de la Vida 
31(1), 21–46.

Toulkeridis, T., Seqqat, R., Arias, M.T., Salazar-Mar-
tinez, R., Ortiz-Prado, E., Chunga, S., Vizuete, K., 
Heredia, M., Debut, A., 2022. Volcanic Ash as 
a  precursor for SARS-CoV-2 infection among sus-
ceptible populations in Ecuador: A satellite Imag-
ing and excess mortality-based analysis. Disaster 
Medicine and Public Health Preparedness 16(6), 
2499–2511. https://doi.org/10.1017/dmp.2021.154

Trenkamp, R., Kellogg, J.N., Freymueller, J.T., Mora, 
H.P., 2002. Wide plate margin deformation, south-
ern Central America and northwestern South 
America, CASA GPS observations. Journal of 
South American Earth Sciences 15(2), 157–171. 
https://doi.org/10.1016/S0895-9811(02)00018-4

Ulloa Ulloa, C., Acevedo-Rodríguez, P., Beck, S., Bel-
grano, M.J., Bernal, R., Berry, P.E., Brako, L., 
Celis, M., Davidse, G., Forzza, F.C., Gradstein, 
S.R., Hokche, O., León, B., León-Yánez, S., 
Magill, R.E., Neill, D.A., Nee, M., Raven, P.H., 

https://doi.org/10.1007/s00445-010-0389-0
https://doi.org/10.1007/s00445-010-0389-0
https://doi.org/10.1017/laq.2020.43
https://doi.org/10.1017/laq.2020.43
https://doi.org/10.1016/S0146-6380(02)00088-8
https://doi.org/10.1007/s11069-021-05187-6
https://doi.org/10.1007/s11069-021-05187-6
https://doi.org/10.1016/S0012-821X(99)00279-4
https://doi.org/10.1016/S0012-821X(99)00279-4
https://doi.org/10.1016/j.palaeo.2009.12.012
https://doi.org/10.1130/G21474.1
https://doi.org/10.1130/G24439A.1
https://doi.org/10.1093/jxb/erx245
https://doi.org/10.1163/22941932-bja10122
https://doi.org/10.1163/22941932-bja10122
https://doi.org/10.1038/19293
https://doi.org/10.1080/03014223.2003.9517736
https://doi.org/10.1080/03014223.2003.9517736
https://doi.org/10.1016/0033-5894(73)90004-5
https://doi.org/10.3390/s21124003
https://doi.org/10.3390/s21124003
https://doi.org/10.1111/j.1744-7429.2007.00327.x
https://doi.org/10.1111/j.1744-7429.2007.00327.x
https://doi.org/10.1080/19475705.2016.1199445
https://doi.org/10.1080/19475705.2016.1199445
https://doi.org/10.1016/S0301-9268(96)00081-2
https://doi.org/10.1016/S0301-9268(96)00081-2
https://doi.org/10.5194/nhessd-3-6947-2015
https://doi.org/10.1017/dmp.2021.154
https://doi.org/10.1016/S0895-9811(02)00018-4


50 G.T. Páez-Barrera et al. / Acta Palaeobotanica 64(1), 35–50, 2024

Stimmel, H., Strong, M.T., Villaseñor, J.L., Zaruc-
chi, J.L., Zuloaga, F.O., Jørgensen, P.M., 2017. An 
integrated assessment of the vascular plant species 
of the Americas. Science 358(6370), 1614–1617. 
https://doi.org/10.1126/science.aao0398

Vaca, A.V., Arroyo, C.R., Debut, A., Toulkeridis, T., 
Cumbal, L., Mato, F., D’Howitt, M.C., Aguilera, E., 
2016. Characterization of fine-grained material 
ejected by the Cotopaxi volcano employing X-ray 
diffraction and electron diffraction scattering tech-
niques. Biology and Medicine 8(3), 1.

Van’t Veer, R., Islebe, G.A., Hooghiemstra, H., 2000. 
Climatic change during the Younger Dryas chron 
in northern South America: a test of the evidence. 
Quaternary Science Reviews 19(17–18), 1821–1835. 
http://dx.doi.org/10.1016/S0277-3791(00)00093-7

Veal, R., 2012. From Context to Economy: charcoal 
and its unique potential in archaeological inter-
pretation: a case study from Pompeii. In: Schrüfer-
Kolb, I.E. (ed.), More than just numbers? The role 
of science in Roman archaeology. ournal of Roman 
Archaeology Supplement 91, 19–52. Portsmouth.

Veal, R., 2014. Pompeii and its Hinterland connection: 
The fuel consumption of the house of the vestals (c. 
Third Century BC to AD 79). European Journal of 
Archaeology 17(1), 27–44.

Villa, P., 1982. Conjoinable pieces and site formation 
processes. American Antiquity 47(2), 276–290.

Villamarín-Cortez, S., Mena-Valenzuela, P., (ed.), 
2009. Ecosistemas del Distrito Metropolitano de 
Quito DMQ. Es una Serie de Publicaciones del 
Museo Ecuatoriano de Ciencias Naturales (MECN)-
Fondo Ambiental del Municipio del Distrito Metro-
politano de Quito. Quito-Ecuador. 

Vogel, J.S., Cornell, W., Nelson, D.E., Southon, J.R., 
1990. Vesuvius/Avellino, one possible source of sev-
enteenth century BC climatic disturbances. Nature 
344, 534–537. https://doi.org/10.1038/344534a0

Wan, M., Yang, W., Liu, L., Wang, J., 2016. Plant-
arthropod and plant-fungus interactions in late 
Permian gymnospermous woods from the Bogda 
Mountains, Xinjiang, northwestern China. Review 
of Palaeobotany and Palynology 235, 120–128. 
https://doi.org/10.1016/j.revpalbo.2016.10.003

Wheeler, E.A., Baas, P., 1991. A  survey of the fos-
sil record for Dicotiledonous wood and its signifi-
cance for evolutionary and ecological wood anat-
omy. IAWA Journal 12(3), 275–318. https://doi.
org/10.1163/22941932-90001256

Wild, E.M., Gauss, W., Forstenpointner, G., Lindb-
lom, M., Smetana, R., Steier, P., Thanheiser, U., 
Weninger, F., 2010. 14C dating of the Early to 
Late Bronze Age stratigraphic sequence of Aegina 

Kolonna, Greece. Nuclear Instruments and Meth-
ods in Physics Research Section B: Beam Interac-
tions with Materials and Atoms 268(7–8), 1013–
1021. https://doi.org/10.1016/j.nimb.2009.10.086

Yasuhara, M., Tittensor, D.P., Hillebrand, H., Worm, B., 
2017. Combining marine macroecology and palaeo-
ecology in understanding biodiversity: microfos-
sils as a model. Biological Reviews 92(1), 199–215. 
https://doi.org/10.1111/brv.12223

Zeidler, J., 1994. Archaeological Testing in the Mid-
dle Jama Valley. In: Zeidler, J., Pearsall, D. (eds), 
Regional Archaeology in Northern Manabí, Ecua-
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