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Historical records of lahar occurrence and distribution are typically scarce in volcanic environments, even more
so if they occur outside of human settlements. In the context of hazard assessment and process understanding,
documenting their temporal frequency and drivers of activity might be crucial. On forested volcanoes, lahars
may significantly damage trees along their flow paths, and sometimes even eliminate entire forest stands. This
study is based on growth disturbances in trees affected by lahars (i) to assess the potential of dendrogeomorphic
techniques in lahar research and (ii) to analyze the temporal frequency and spatial patterns of lahars at
Montegrande and Arena, two of the most active of the ephemeral streams on the southern sector of Colima
volcano. A total of 78 Pinus leiophylla live trees were sampled along the ravines, yielding evidence for 20 lahar
events after the AD 1913 eruption, adding seven events to the historic records. Although the number of lahars
reconstructed with tree-ring records can only be considered as a minimum frequency, the method clearly
improves the local lahar chronology. Despite the scarcity of meteorological records at the study sites, the timing
of reconstructed lahars points to heavy rainfalls after explosive activity as the main driver of events.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Growth anomalies in trees have been used in varying geomorphic and
bioclimatic contexts to reconstruct the temporal frequency, spatial
distribution or triggers of hydrogeomorphic processes (Alestalo, 1971;
Stoffel et al., 2010). Based on the concept of process-event-response
(Shroder, 1978), trees will record external disturbances induced by the
process under investigation in their growth-ring record and thus yield
precise chronometric data with at least annual to seasonal resolution
(Stoffel and Bollschweiler, 2008). Past work on hydrogeomorphic
processes (Stoffel and Wilford, 2012) focused mostly on the temporal
frequency, magnitude and spread of (flash) floods (Yanosky and Jarrett,
2002; Ballesteros Cánovas et al., 2011; Ballesteros et al., 2011; Stoffel
et al., 2012; Ruiz-Villanueva et al., in press) and debris flows
(Bollschweiler et al., 2007, 2008; Stoffel et al., 2008; Procter et al., 2012),
but much less so on the occurrence of volcanic lahars (Pearson et al.,
2005; Solomina et al., 2008).

Past tree-ring studies in Mexico have shown that a number of
subtropical species forms annual growth rings and that these trees are
therefore suitable for dendrochronology (Stahle et al., 2000; Villanueva
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Díaz et al., 2010). Tree ring research on Mexican volcanoes is above all
related to the consequences of eruptions and associated tephra fallout
on tree growth. Biondi et al. (2003), for instance, analyzed abrupt
suppression in radial growth caused by the tephra fallout of the 1913
Colima eruption. Sheppard et al. (2008) studied suppressed ring widths
as well, but also investigated wood anatomical and dendrochemical
changes in growth rings associated with tephra fallout of the
1943–1952 eruption of Parícutin volcano. Cruz-Muñoz et al. (2008)
observed increased concentrations of P, S, and K in growth rings of
trees growing on the slopes of Popocatépetl volcano since 1991.
Dendrogeomorphic research in México started with the reconstruction
of 20th-century lahars on the NE slope of Popocatépetl volcano
(Bollschweiler et al., 2010). The potential of dendrogeomorphology
in México was further demonstrated by Stoffel et al. (2011) who
reconstructed rockfall activity at a timberline site of dormant Iztaccíhuatl
volcano.

Colima is one of the most active volcanoes of Mexico and has almost
constantly threatened villages on its slopes as a result of frequent
explosive activity since pre-Hispanic times (Bretón-González et al.,
2002). Contemporary activity is strongest on the southern flanks of
the volcano where several lava and pyroclastic flows as well as lahars
have been emplaced during the last few decades (Luhr, 2002; Saucedo
et al., 2005). As a consequence of the reactivation of explosive activity
in 1991, large volumes of loose pyroclastic material have recharged
many of the ravines of Colima volcano, and thus promoted an increase
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in the frequency and magnitude of wet season (June–October)
lahars (Davila et al., 2007; Capra et al., 2010). Important lahar events
have been recorded namely in 1991–92, 1994–95, 2000, 2003, 2007
(Gavilanes Ruiz, 2004), and most recently in 2011, with the latter one
being triggered by a hurricane-induced extreme rainfall (Capra et al.,
in review).

The aims of this study therefore are (i) to document the signatures
left by documented lahars in woody vegetation; (ii) to identify older,
unknown lahars via the study of growth disturbances (GD) in Pinus
leiophylla trees; and (iii) to compare the reconstructed lahar time series
with data on volcanic activity and instrumental records of rainfall. This
study focuses in particular on Montegrande and Arena as these ravines
have been proven very susceptible to lahar generation and as lahars in
these ravines may potentially affect the town of Queseria (ca. 8611
inhabitants) and San Marcos (ca. 3550 inhabitants).
2. Colima volcano

Colima volcano (19° 30′44.8″ N; 103° 37′01.6″ W., 3860 masl), also
known as Volcán de Fuego, is located in the western sector of the
Trans-Mexican Volcanic Belt, in the southern part of the Colima graben
system. It formed during the Holocene and represents the youngest
volcanic structure of the Colima Volcanic Complex (Saucedo et al.,
2010) (Fig. 1). As typical of strato-volcanoes, its chemical composition
ranges fromandesitic to dacitic. The evolution of Colima volcano includes
several partial edifice collapses with associated debris avalanches
(Komorowski et al., 1997). Activity in historical times has been diverse
in eruptive styles and intensity, and includes three Plinian events
(1576, 1818, and 1913) and several Soufrière–Merapi type dome
collapse events (Luhr, 2002; Macías et al., 2006; Saucedo et al., 2010;
Roverato et al., 2011). One of the most important explosive eruptions
Fig. 1.The study area is located on the southern slopeof Colima volcano, in thewestern part of th
basins (white lines) have been carried out at altitudes of 1700–1900 masl (white dots) (B).
of Colima occurred in 1913, thereby producing voluminous pyroclastic
flows and lahars on the southern slopes and considerably modifying
the morphology of the crater (Robin et al., 1991; Bretón-González
et al., 2002; Saucedo et al., 2010). After a period of relative quiescence,
new manifestations occurred in 1961–62, 1963–74, 1975–79, 1981–82,
1985–87, 1991, 1994, 1998–99, 2001 and 2004–05 (Bretón-González
et al., 2002; Saucedo et al., 2005; Zobin et al., 2007; Capra et al., 2010).
2.1. Lahars at Colima volcano

Lahars are a very common phenomenon at Colima volcano and
include (i) debris flows from sector collapses (N1 km3; Capra and
Macías, 2002; Cortes et al., 2010), (ii) post-eruptive lahars following
the emplacement of pumice flow deposits associated with the AD
1913 Plinian eruption (volume ~5 × 106 m3, flow distance ~20 km;
Saucedo et al., 2010), and (iii) flows induced by extreme
hydrometeorological conditions, such as during the AD 1955
Atenquique debris flow that originated from the SE slope of Nevado
de Colima, killing 23 people in the homonymous village and emplacing
a 3.2×106m3 deposit (Saucedo et al., 2008).

More frequently, however, lahars are triggered during the rainy
season (June–October). These lahars occur in most ravines and may
reach distances ≤15 km (Davila et al., 2007; Capra et al., 2010).
Sediment sources are more readily available after major eruptive
phases, and thus favour the occurrence of more and larger-magnitude
lahars as compared to periods with less volcanic activity. Rain-induced
lahars are characterized by two main types of flow: (i) debris flow
(N50% vol of sediment) emplacing massive units, with centrimetric to
decimetric clasts embedded in a sandy matrix; and (ii) more dilute
hyperconcentrated flow (20–50% vol in sediment) forming massive,
sandy layers.
e TransmexicanVolcanic Belt (A). Dendrogeomorphicwork in theMontegrande andArena
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Past assessments of spatial and temporal patterns of historic lahar
activity were repeatedly hampered by the difficulty to recognize
different lahar units in the field and to determine their age, especially
on sites like Colima where erupted products are homogeneous in
composition. At Colima, seismological monitoring has been used to
detect major lahars over a period of six years (Davila et al., 2007;
Zobin et al., 2009; Capra et al., 2010), but only few data and limited
eyewitness reports exist for older activity. Based on the analysis of
seismological and rainfall records, no direct correlation seems to exist
between rainfall amounts (and intensity) and lahar frequency (Capra
et al., 2010). Lahars tend to occur even more frequently during short-
lived events with limited rainfall (10–20mm) early in the rain season
and at variable rainfall intensities (20–80mm h–1). The occurrence of
early-season lahars is most likely due to the large amounts of landslide
sediments that typically accumulate at the bottom of ravines over the
course of the dry and windy season, but also reflective of hydrophobic
characteristics of local soils which enhance water runoff and lahar
generation even with low rainfall totals. The lahars occurring during
this time of the year are typically small and have volumes
b0.2 × 106 m3. In contrast, lahars occur less frequently but with
larger volumes (0.3–0.5 × 106 m3) in August–October when more
prolonged rainfalls associated with tropical storms release larger
amounts of rainfall (up to 100 mm) with more moderate peak
intensities (~50mmh–1) (Capra et al., 2010, in press).

3. Morphology and stratigraphy of Montegrande and Arena ravines

Present-day topography of the SE flanks of Colima volcano is
dominated by the overlapping San Marcos (N25 kyr BP) and Tonila
(~15 kyr BP) debris avalanche deposits, through which the ravines of
Montegrande, Arena-Rosario, ElMuerto, Beltran, Los Lobos and Platanera
have been cutting over the Holocene (Roverato et al., 2011).

The drainage basin ofMontegrande ravine starts at 3600masl on the
S flank of the volcanic cone and has an area of 6.2 km2; average slope
angles are 30° in the upper (3600–2700 masl) and 14° in the lower
part (2700–1700 masl). The drainage basin of Arena extends from
3400 to 1730 masl on the SE side of the edifice and has an area of
2.3 km2; average slope angles are N31° in the upper (3400–2600
masl) and 15° in the lower part. Recent lava flows have disconnected
the Arena drainage basin from the main volcanic edifice (Luhr, 2002),
likely resulting in smaller rainfall-derived runoff as compared to the
Montegrande basin which is still connected to the edifice and larger in
size. The Montegrande and Arena ravines run through the towns of
Quesería and San Marcos, respectively, and join the Naranjo River
further to the southeast (Fig. 1).
Fig. 2. Schematic profile of debris flows and terraces in the Montegrande and Arena ravines, fo
deposits of the 1913 eruption, T-2 is of younger age.
Three main geomorphic units can be recognized inside the ravines
(Fig. 2) in the form of terraces. T-1 is a relatively wide, discontinuous
high terrace located on older debris avalanche deposits; it is 1–4 m
high, a few to several tens of meters wide, with individual stretches up
to a few tens of meters long, and a slope angle of up to 8°. The composite
stratigraphic section of this terrace consists of scoria and/or pumice flow
deposits from the AD 1913 Plinian eruption at its base (Saucedo et al.,
2010), overlain by several layers of debris-flow deposits of the same
eruptive phase. Deposits are usually massive, heterolithologic in com-
position, with rounded to subrounded clasts embedded in abundant
fine-sand matrix. T-1 terraces are mostly stable and covered with dense
forest (Fig. 3).

The second unit (T-2) consists of terraces and fills emplaced
inside channels eroded into unit T-1. Channels of T-2 are no longer
active, with the exception of a few incipient channels. The unit is
sloping gently in the flow direction (5° on average), of smaller
dimension than T-1 and with irregular shapes. T-2 consists of
debris-flow deposits with thicknesses b1m, heterolitologic centimetric
to decimetric size clasts embedded in a sandy matrix, intercalated with
thinner hyperconcentrated flow deposits consisting of massive sandy
units. T-2 is younger than T-1, only has a thin soil layer (a few cm
deep), and an open forest with young trees. Buried, tilted and impacted
live trees are common in the laharic deposits of T-2, and surfaces tend to
be unstable (Fig. 3).

The third unit consists of recent deposits associated to lahars along
the active flow channel at Montegrande and Arena. Deposits are b4m
thick and consist of alternations of debris-flow and hyperconcentrated
flow deposits. Debris-flow deposits are common along the ravines and
contain block sizes b3m in diameter embedded in a sandy matrix. In
the most stable channel segments an incipient vegetation cover can be
found, characterized by centimetric herbaceous plants (Fig. 3).

Debrisflows at Colimavolcanoare characterized by turbulent, block-
rich fronts, with clasts N1m in diameter, followed by a well-developed
body with laminar flow behavior that has been reported to flow
continuously from the upper portion of the ravine to down valley
locations for N30–40 min or N1–2 h during prolonged tropical storm
events. Such debris flows are also responsible for the largest damage
to infrastructures such as in 1999 and 2007 when electricity pylons at
the base of Montegrande ravine were destroyed completely.

Trees growing in the study area consist of a pine-oak forest.
P. leiophylla Schiede ex. Schltdl. et Cham., is the most abundant conifer
species in Montegrande and Arena. This species is widely distributed
from the Sierra Madre Occidental and the Transmexican Volcanic Belt
to some sectors of the Sierra Madre del Sur, at altitudes ranging from
1500 to 3300 masl (Farjon and Styles, 1997). In Mexico, 20 species of
rmed by lahars after the 1913 Plinian eruption of Colima volcano. Terrace T-1 consists of



Fig. 3. Illustrations of terraces and recent deposits in theMontegrande andArena ravines. Trees growing next to thepresent-day channel and on the terraces showmultiple signs of damage
in the form of (A) tilted and/or (B) buried stems as well as through the presence of (D) injuries. (C) Damage caused to the powerline by a lahar event in the Montegrande ravine.
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Pinus have been used in tree-ring research (Stahle et al., 2000;
Villanueva Díaz et al., 2010), but these did not include P. leiophylla.
Sheppard et al. (2008) stated in their work that they have used
P. leiophylla along with other pine species to identify dendrochemical
signatures of the Parícutin eruption, but did not provide any information
about the potential of the species.

4. Materials and methods

Lahar reconstruction at Montegrande and Arena was performed at
elevations of 1700 and 1900 masl (Figs. 1 and 3) and in areas where
field evidence pointed to frequent lahar activity (mostly from passing
lahars, but also in the form of deposition) and associated damage in
trees. Following geomorphic mapping of the two sectors at a scale of
1:1000, we systematically sampled 78 living P. leiophylla trees showing
obvious signs of burial (by 0.5 to 2m of debris), or tilting and injuries by
past lahars. Trees without signs of lahar disturbance were not sampled,
except for 15 trees located on terrace T-1 which were used to build a
reference chronology. At Montegrande, 56 trees were sampled with
115 increment cores, 3 cross-sections and 2 wedges (120 samples). At
Arena, samples were taken from 22 trees and included 44 increment
cores, 2 cross-sections and 2 wedges (48 samples; Table 1). Sampling
followed the standard procedures as described by Stoffel and
Bollschweiler (2008) and included the extraction of at least two
Table 1
Type and number of dendrogeomorphic samples of 78 Pinus leiophylla analyzed in the
Montegrande and Arena ravines.

Montegrande Arena Total

Increment cores 115 44 159
Cross sections 3 2 5
Wedges 2 2 4
Total 120 48 168
increment cores per tree as well as the gathering of tree-specific data
(treeheight, diameter at breast height, samplingheight,microtopography
and inferred processes, visible growth defects, distance of trees with
respect to the main channel; also see Stoffel et al., 2005 and 2013 for
details).

Sample analyses followed the procedures described by Stoffel and
Corona (in press). These included ring-width measurements using a
Leica microscope connected to a LINTAB measuring device and TSAP
software (Time Series Analysis and Presentation; Rinntech, 2012).
Growth curves of disturbed trees were cross-dated with a local
reference chronology – representing undisturbed growth conditions –
so as to locate potentially missing rings in the disturbed series and
to distinguish climatic from geomorphic signals in the growth ring
series. Disturbances observed in individual trees were then weighted
depending on the intensity of their response to the impact (Kogelnig-
Mayer et al., 2011) and illustrated in a GIS to see the spatial distribution
of trees affected by individual lahar events. Depending on the number of
trees reacting to a lahar, we also distinguish between certain and
possible years, thereby differentiating events datedwith a large number
of growth disturbances (GD) and high confidence from those dated
with fewer trees exhibiting GD and thus lesser confidence. The final
list of years with lahar activity was then compared with information
from historical archives, eruptive chronologies and precipitation data
from the closest meteorological station in the region (San Marcos;
CLICOM, 2006), located ~7 km to the SE of Arena ravine study site at
an altitude of 1200 masl.

5. Results

5.1. Montegrande ravine

The mean age of trees at Montegrande is 79 yr (SD= 9.2 yr), thus
suggesting widespread colonization and fairly stable conditions after
the AD 1913 Plinian eruption. Along the same line of thought, the oldest



Table 2
Growth disturbances associated with lahar activity at Montegrande and Arena ravines.

Montegrande Arena Total

# % # % # %

Compression wood 8 5 5 7 13 6
Injury 14 9 10 14 24 10
Callus tissue 27 17 6 8 33 14
Growth suppression 89 56 35 47 124 53
Growth release 11 7 15 20 26 11
Eccentric growth 9 6 3 4 12 5
Total 158 100 74 100 232 100
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trees can generally be foundon the higher parts of T-1 and farthest away
from the present-day ephemeral channel. The oldest tree sampled at
Montegrande ravine colonized terrace T-1 in AD 1920, whereas the
youngest P. leiophylla reached sampling height in 1978 (Fig. 4).

Analysis of the 120 tree-ring records from Montegrande ravine
exhibits 158 GD related to past lahar activity. Growth suppression
following stem burial or root exposure was observed most frequently
(56%), followed by chaotic callus tissue bordering wounds (17%) and
impact scars (9%), with the latter representing the most intense
dendrogeomorphic growth anomaly. Other effects were observed less
frequently: growth release due to elimination of neighboring trees
(7%), or eccentric growth (6%) and development of compression wood
(5%) due to tree tilting (Table 2).

Based on the analysis of GD in space and time, a total of 15yearswith
lahar activity could be reconstructed for theMontegrande ravine for the
past ~40yr. Eleven of these lahars left a large number of GD in the tree-
ring series and could therefore be reconstructed with high certainty.
These certain events occurred in 1969, 1976, 1982, 1984, 1987, 1991,
1994, 1998, 2004, 2008, and 2011. In 4 cases, event reconstruction
was based on a more limited number of responding trees and the
occurrence of lahars should be considered probable in 2001, 2005,
2007, and 2009 (Fig. 4).

The most important lahar in terms of GD intensity and number of
affected trees occurred in 1994 and resulted in one-third of all GD
recorded in the selected trees. Stem burial and related growth
suppression were observed in 25 trees of terrace T-2 and in 17 trees of
T-1, and 5 trees located next to the active channel showed impact
scars. The lahar of 2004was important as well in terms of lateral spread
and surfaces affected, but were clearly smaller and restricted to the
lower terrace T-2 and next to active channels (Fig. 5).
5.2. Arena ravine

Themean age of trees at Arena ravine is 76yr (SD=16yr). The oldest
tree is dated to AD 1913 and the youngest sample reached sampling
height in 1983. Similar to the situation at Montegrande, older trees are
Fig. 4.Number of live trees sampled and lahar events reconstructedwith dendrogeomorphic te
the same rainfall event in both ravines. Bold lines indicate lahars with growth disturbances in a
trees was more limited and events should be considered probable. For details see text.
typically located on terrace T-1 and apparently colonized the newly
created surfaces immediately after the emplacement of the pyroclastic
flow and lahar of deposits of the 1913 eruption (Fig. 4).

Analysis of the 48 tree-ring records from Arena ravine exhibit 74 GD
related to past lahar activity. Again, growth reactions to disturbance by
lahars are typically in the form of abrupt growth suppression (47%),
impact scars (14%) and callus tissue (8%). At Arena, the removal of
neighboring vegetation seems to be more crucial than at Montegrande,
with frequent observation of growth releases (20%) in the tree-ring
records of survivor trees (Table 2).

A total of 11 lahars could be reconstructed for the Arena ravine over
the past ~30yr. Eight of the events (1979, 1991, 1994, 1996, 1999, 2005,
2006, and 2011) can be reconstructed with high certainty whereas 3
events (AD 1986, 2004 and 2009) were identified in a somewhat
smaller number of trees (Fig. 4). The geomorphic map shows trees
buried and injured by lahars in 1994 (19% of all GD) and 2005 (11%).
All of the reacting trees at Arena are in fact located on the low terrace
(T-2) and next to the main channel (Fig. 6), and reactions are clearly
missing in trees growing on T-1.
6. Discussion

This contribution focuses on a dendrogeomorphic reconstruction of
past lahar activity in the Montegrande and Arena ravines located on
chniques atMontegrande (n=15) and Arena (n=11). Six events were likely triggered by
large number of trees. For lahars presented with dashed lines, the number of responding



Fig. 5. Geomorphic map of Montegrande ravine and location of trees affected by the 1994 and 2004 lahars.
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the SE flanks of Colima volcano, México. Although P. leiophylla
produces both false and missing rings in some years, it clearly
forms annual rings. The growth series could be crossdated and
proved to be very suitable for dendrochronological purposes. The
study was successful in reconstructing lahar chronologies for both
sites and covering several decades, and thus confirms the considerable
potential of an increasing number of Mexican tree species for
dendrogeomorphic research (Bollschweiler et al., 2010; Stoffel et al.,
2011).

Themean age of the trees sampled in both ravines is 78yr, and a vast
majority of individuals (80%) reached sampling height (i.e. 20–80 cm
above ground) between 1920 and 1940, thus pointing to germination
ages somewhere in the late 1910s to mid-1930s (Bollschweiler et al.,
2008; Koch, 2009). The oldest tree of this study germinated in 1913;
because it grows on awell-protected site above T-1, the tree in question
apparently is the only local survivor of the first generation established
after the 1913 Plinian eruption (Figs. 5 and 6). As a consequence of
the very regular occurrence of lahars in the ravines and due to logging
by the local population, trees established just after the 1913 eruption
have proven scarce today.

Almost half of the 232 GD identified in the tree-ring records of
Montegrande and Arena ravines are in the form of abrupt growth
suppression and thus point to the frequent occurrence of stem burial
and root exposure processes. Observations in the field confirm frequent
changes in channel bed locations, avulsions and recent lahar infills by
debris and hyperconcentrated flows within the current lahar channel
as well as on terrace T-2.

Channel incision can be caused by debris flows or hyperconcentrated
flows, and an attribution of causative processes will be virtually
impossible in this case. Massive stem burial and the infliction of
elongated scars (with related callus tissue) have been demonstrated
to be rather scarce in trees affected by hyperconcentrated flows and
debris floods (Bollschweiler et al., 2007; Mayer et al., 2010; Stoffel and
Corona, in press), even more so in trees with thick bark structures as
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is the case of Pinus sp. (Stoffel and Perret, 2006; Šilhán et al., in press).
We can thus assume that much of the observed damage in the trees
sampled atMontegrande and Arena ravines has been induced bymetric
blocks transported in debris flows. In the same line of thoughts, wemay
thus speculate that a majority of the reconstructed events would be
larger lahars (0.3–0.5 × 106 m3) that would have been triggered by
more intense hydro-meteorological situations that are typical during
tropical storms occurring toward the end of the wet season. In those
cases, Colima volcano is typically affected by long-lasting rains, and
lahars are typically registered in all main ravines. In the case of
reconstructed lahars causing a limited number of mostly weak GD in
trees, one could think of more isolated, short-lived, early season
rainfalls forming smaller debris flows (b0.2 × 106 m3; Capra et al., in
review) or of more dilute flows transporting fewer big blocks.

Table 3 provides a summary of the lahar reconstruction based on
tree rings along with the pre-existing historic (post-1913) lahar record,
years of eruptive activity and rainfall data. The historic record of lahars
does not specify the number of lahar occurrences in the same year,
except for the most recent period (2004–2011) for which the record is
based on seismic signals. During this period, at least 5 lahars or
sediment laden flows were recorded every year.

Events recorded simultaneously in the Montegrande and Arena
ravines and showing a large number of heavily impacted trees (i.e.
strong GD in the tree-ring record) could therefore be attributed to
extreme hydrometereological events. By contrast, events recorded in
only one of the ravines and showing amore limited level of disturbance
in trees – both in the number and intensity of GD – could thus be
indicative of moderate rainfalls or more dilute flows.

Several limitations, however, exist to demonstrate this link between
damage to trees and rainfall amounts (intensities). First of all, lahars
recorded in P. leiophylla trees are dated to the year, rendering a clear
attribution of damage to a specific rainfall quite difficult. In addition,
the rainfall data from San Marcos certainly is valuable to capture
tropical hurricanes, but will likely underestimate or even miss
localized thunderstorm cells triggering lahars in single ravines. As a
consequence, Table 3 only aims at presenting possible connections
between lahars reconstructed from the tree-ring records and specific
hydrometeorological events registered at SanMarcos, without assuming
to calendar-date the time series of 20 lahars for the Montegrande and
Arena ravines. In addition to providing the largest record of recorded
liquid precipitation for each of the years with reconstructed lahar
activity, Table 3 also presents possible connection of lahars with volcanic
activity at Colima volcano and the emplacement of block-and-ash flow
deposits that may have fed main ravines with loose material. Fourteen
out of the 20 reconstructed lahars (70%) coincide with years of reported
volcanic activity at Colima (Bretón-González et al., 2002; Saucedo et al.,
2005), namely 1969, 1976, 1979, 1982, 1984, 1986, 1987, 1991, 1994,
1998, 1999, 2001, 2004, and 2005 (Table 3). Our data thus suggest that
the syn- or post-eruptive occurrence of lahars, documented at Colima
volcano since 1913, must have occurred during earlier major eruptive
phases as well. Interestingly, before 1988 all the lahars occurred only in
one of the two ravines (either Montegrande or Arena) and they left
fewer and less intense GD to trees. The observation of changes in the
intensity and number of GD are consistent between the ravines and
cannot be attributed to methodological biases because the age and
overall number of trees available for analysis remain virtually constant
over the past 30–40 years. We can thus speculate that the pre-1988
lahars recorded in the tree-ring series might have occurred during
rainfalls of shorter duration but higher peak intensity that is common
for the early rainy season.

The lahar activity of 1991, 1994, 2004, 2005, 2009, and 2011, by
contrast, is detected in both ravines, and events are associated with
more intense and larger numbers of GD. One might thus assume that
these lahars were triggered by more intense hydrometeorological



Table 3
Lahar chronology inferred from tree-ring records at Montegrande and Arena ravines, lahars reported inside the main active ravines on the southern slopes at Colima volcano and rainfall
data (extreme events) recorded at San Marcos meteorological station, located ~7 km from the Arena sampling site (CLICOM, 2006). Information on hurricanes and tropical storm were
gathered from the Historical Hurricane Track NOAA database (http://csc.noaa.gov/hurricanes/#).

Lahar events identified by tree-ring analysis Lahar events reported on main active ravines on the southern
slopes of Colima volcano

Maximum rainfall data

Year AD Montegrande Arena L Z SC SA M C A References Amount
(mm)

Accumulation
(days)

Hurricanes &
tropical storms

1913-16 **Laharic terrace (T-1) **Laharic terrace (T-1) ♦ X ♦ X X ♦ Saucedo et al., 2010; Gavilanes Ruiz., 2004 – – –

*1969 X – 132 4 –

*1976 X X X X Gavilanes Ruiz., 2004 167 2 –

*1979 X – 90 2 “ANDRES”
*1982 X X Gavilanes Ruiz., 2004 152 1 –

*1984 X – 132 3 –

*1986 X – 101 3 –

*1987 X – 172 2 –

1988 No growth disturbances X X Gavilanes Ruiz., 2004 106 2 –

*1991 X X X Rodriguez-Elizarrarás et al., 1991 65 2 –

1992 No growth disturbances X Gavilanes Ruiz., 2004 203 2 –

*1994 X X X X X Saucedo et al., 2005 104 2 –

1996 X – 146 3 “HERNAN”
*1998 X X Gavilanes (personal com.) 110 2 –

*1999 X ♦ Davila et al., 2007 198 1 “GREG”
2000 No growth disturbances X ♦ X Gavilanes Ruiz, 2004 151 3 “NORMAN”
*2001 X – 98 3 –

2003 No growth disturbances ♦ ♦ Varley (personal com.) 122 2 –

*2004 X X N5 N5 X Davila et al., 2007 121 2 –

*2005 X X N5 N5 X Davila et al., 2007 89 3 “DORA”
2006 X N5 N5 X Davila et al., 2007 150 3 “NORMAN”
2007 X N5 N5 1 Capra et al., 2010 83 3 –

2008 X N5 N5 2 Capra et al., 2010 110 3 “ODILE”
2009 X X N5 N5 2 Capra et al., in press 115 5 –

2010 No growth disturbances 3 N5 3 Capra et al., in press N200 ~4 –

2011 X X N5 N5 2 Capra et al., in press N300 1 “JOVA”

* Volcanic activity reported. ** By tree age calibrated.
N5=Multiples events, but based only on the seismic record it is not clear if all where lahars or only sediment laden streamflow.
♦=Damages to infrastructure and animals; L= La Lumbre; Z=El Zarco; SC=Cordoban; SA= San Antonio; M=Montegrande; C=Cafecito; A=Arena; X= lahar event.
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events with prolonged rainfall. It is noteworthy that the lahars of 1991,
1994, 2004, and 2005 occurred during years with eruptive activity of
Colima volcano, and may thus have had larger sources of loose
sediments from fresh pyroclastic flow deposits. The 2009 and 2011
lahars, in contrast, took place during an inter-eruptive phase, but
were, in the case of the 2011 lahar, triggered by the Jova hurricane
with N300mm 24 h–1 (Capra et al., in review). The lahars of 1996 are
another fine example of hurricane-induced mass wasting (“Hernan”
hurricane; NOAA, 2013).

Subsequent to the 1913 Plinian eruptive episode, a total of 25 lahar
events were documented either with tree rings (20 events), historical
record (18), or in both sources (13). Seven events are documented
only in the tree-ring series (1969, 1979, 1984, 1986, 1987, 1996, and
2001) and coincide with years of reported eruptive activity, except for
1996. In this sense, the reconstruction presented in this paper forms a
clear improvement of the local lahar chronology at Colima volcano.
The fact that five events (1988, 1992, 2000, 2003, and 2010) could not
be identified in the tree-ring record is likely due to insufficient tree
sampling or the fact that very liquid and/or small events may not
damage trees.

7. Conclusions

Lahar activity in Montegrande and Arena ravines was reconstructed
using the number and intensity of GD recorded in the tree-ring series of
impacted P. leiophylla. The approach presented in this paper has proven
useful for the reconstruction of event frequencies covering several
decades of the past and allowed adding seven events to the historic
lahar chronology. At the same time, however, the reconstruction
yielded somewhat more limited information on event magnitudes and
failed to provide evidence on five reported lahars.
We assume that the volume of lahars and channel geometry (i.e.
cross-sectional area) will determine the spread of the flow within the
channel and on the terraces and therefore determine the number and
the intensity of damage in trees. Despite these limitations, P. leiophylla
has been proven to be a valuable dendrogeomorphic recorder of post-
eruptive processes on Mexican volcanoes, and we therefore call
for more dendrogeomorphic research at Colima and comparable
environments and for an extension of existing studies with other tree
species, including subtropical broadleaved trees.
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