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Foreword

Dendrogeomorphology Beginnings and  
Futures: A Personal Reminiscence

My early forays into dendrogeomorphology occurred long before I even knew 
what that word meant. I was working as a young geoscientist in the 1960s and early 
1970s on a problem with slope movements and deformed vegetation. At the same 
time, unknown to me, Jouko Alestalo in Finland was doing something similar. Both 
of us had seen that trees which produced annual growth rings were reacting to geo-
morphic processes resulting in changes in their internal and external growth pat-
terns. Dendroclimatology was an already well established field, but the reactions of 
trees to other environmental processes were far less well understood in the 1960s. 
It was Alestalo (1971) who first used the term, dendrogeomorphology. In the early 
1970s, I could see that active slope-movement processes were affecting the growth 
of trees in diverse ways at certain localities. I wanted to learn more about those 
processes and try to extract a long-term chronology of movement from the highly 
diverse ring patterns.

As a graduate student in Utah I was encouraged to gain expertise in disciplines 
outside geology and geography with which I was comfortable. All non-biology 
majors in the botany course did term papers that combined some aspect of plants 
with their main disciplines. I wrote an original paper on plants as geoindicators, 
mainly because I had discovered in my readings that some endemic species only 
occur in soils developed from certain lithologies. That choice of botanical geoindi-
cators as a term-paper eventually opened doors I had never dreamed of and exposed 
me to a diverse literature that I would normally never have read. In this research 
I discovered a few early papers on various surficial processes that had been studied 
in some fashion through use of plants. A decade later, when studying ice- and water-
driven slope failures on mountain slopes in Utah, I found a slope covered with 
distorted trees and remembered that term paper. Then, upon trying to cut down one 
of the inclined trees, my small camp saw stuck irretrievably in its dense reaction 
wood. This annoying event wonderfully focused my mind upon the solution to two 
problems; how to extract my saw and how to find out what had happened to distort 
those trees into curved trunks, even into corkscrew spirals. We later discovered that 
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the geotrophic growth response in these trees curved them ever upward as they were 
slowly rotating as they simultaneously tipped over and were carried downslope. 
I needed some way to assess these processes quantitatively.

Searching the literature anew, I discovered the work of the Tree-Ring Laboratory 
at the University of Arizona. Discussion of my samples with Val Lamarche, 
Wes Ferguson and Hal Fritts convinced me that it should be possible to obtain a 
chronology of slope movements from my tree-ring data, although it certainly could 
not simply be by using simple ring-width measurements. These scientists impressed 
upon me the complexity of extraneous factors that can affect tree growth, and the need 
to identify and differentiate the desired ‘signal’ from the profuse ‘noise’. Fritts’ (1976) 
five basic concepts of dendrochronology became my mantra, especially the fact that 
robust replication was essential. Ferguson, LaMarche, and Fritts sent me home to 
renew my efforts on better understanding how the trees reacted to the disturbance 
of the soil in which they were rooted. Little by little, after examining many cores 
and cross sections, I saw a way to extract the particular signal I was interested in 
from the enormous clutter of other irrelevant tree-ring data. The event-response 
methodology (Shroder 1978, 1980; Giardino et al. 1984) of tree-ring dating and 
geomorphology emerged from this work.

In Tucson I had met Gordon Jacoby when he was working on detecting past 
seismicity from tree-rings and he later invited me to give a keynote presentation on 
dendrogeomorphology at the International Tree-Ring Conference in Tarrytown in 
1986. At the same time, when he was my student, David Butler and I (Fig. 1) 
had frequently discussed the problems with missing and interannular (‘false’) rings 
that gave dubious chronologies to the uninitiated. I was especially concerned with 
published work that took unreplicated ring counts as gospel and uncritically accepted 
chronologies with little thought as to whether or not the ring count was correct. 
I had encountered this problem in New Zealand with Val LaMarche in 1974 where 
I tried unsuccessfully to extract the timing of debris-flow events from roots of the 
Southern Hemisphere silver beech (Nothofagus menziesii). Back in Nebraska my 
students and I encountered similar lack of replication in dating the roots of Ponderosa 
pine (Pinus ponderosa) in gullies in the Nebraska panhandle. Clearly more work was 
required. Apparently the conversion of rootwood to stemwood and development of a 
new callus margin over corrosion scars as roots are exposed was not straightforward. 
Perhaps some species reacted in predictable fashions and on an annual basis, and 
others did not. Interannular rings or missing rings in disturbed roots remain a significant 
problem that continues to need attention. Great care and rigorous replication were 
indicated then and are still just as important. With those experiences in mind, David 
Butler and I wrote the paper for Jacoby’s conference (Shroder and Butler 1987).

Off and on over the next two decades I periodically revived my interest, read the 
newest literature, got out my increment borers, and taught my students a few old and 
new tricks of the trade. Avalanche-stricken trees and landslides in the La Sal Mountains 
of Utah (Shroder and Sewell 1985), landslides on the Pierre Shale of north-central 
Nebraska, conifer germination on the landforms of the Himalaya (Shroder and Bishop 
1995), trees falling on railroad rights of way, terracette development in the Loess Hills 
of Iowa; all were fair game and chronologies were developed.
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It is gratifying over these past years to see the field develop so robustly, espe-
cially when I remember sterile arguments as to whether dendrogeomorphology 
should ever be included in geography or geology! I considered such stultifying 
disciplinary debates irrelevant – all that mattered was that the science was solid and 
the dendrogeomorphic investigations were productive. In recent decades tree-ring 
laboratories have sprung up in universities across the world, the methods of dendro-
chronology and dendrogeomorphology have continued to be refined and real prog-
ress is being made on the use of tree-ring dating to study various environmental 
problems. A glance at the internet or Henri Grissino-Mayer’s “Ultimate Tree-Ring 
Pages” certainly shows abundant new publications and on-going projects. I must 
admit that I am proud to have had a small part in the beginnings of this tree-ring 
endeavor and was humbled to be offered the opportunity to reflect upon that fact.

The science of dendrogeomorphology has come a long way in the past half cen-
tury, and as long as sufficient care is used in the future assembly of tree-ring based 
chronologies of surficial processes and natural hazards, the methodology should 
continue to be a useful procedure in our geo-toolkits. Nonetheless, strong attention 
to the principles of Fritts (1976), especially cross dating and replication, are as 
germane now as they were decades ago. This new volume on Tree Rings and 
Natural Hazards contributes essential studies to ongoing hazard problems that 
continue to plague so many people worldwide. The history and periodicities of 
natural processes are critical, necessary data to reduce and evaluate future hazard. 

Fig. 1 Jack Shroder (seated) at the University of Nebraska at Omaha in the middle 1970s explain-
ing some of the principles of dendrogeomorphology to David Butler while he was a student. 
The cross-cut tree-trunk section that Shroder is pointing to was sampled from a tree knocked flat 
by rapid-wet debris-flow that occurred some decades previously in the High Plateaus of Utah. 
Such cross sections were easy to use to explain basic principles to new students, but the preferred 
method of data collection was from the many multiple cores stacked on the shelves to the right, 
mainly because fewer trees were killed in the process of data collection
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In the absence of documentary records, relevant periodicities are best established 
from tree rings and this book presents studies of some of those periodicities and 
possibilities. This assembly of a critical collection of classic and ongoing tree-ring 
studies offers a wide range of examples of the study of natural hazards and possible 
applications to solutions to the management of those hazards.

Omaha, NE John (Jack) F. Shroder, Jr.
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Part I
Tree Rings and Natural  

Hazards – An Introduction

European larch (Larix decidua) destroyed by rockfall (© D. M. Schneuwly)
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1  Introduction

Each year, natural disasters claim thousands of lives and lead to economic losses of 
several billion US dollars worldwide. In 2008, natural disasters caused 240,500 
fatalities and losses of more than US$250 billion (SwissRe 2009), making it one of 
the largest annual amounts ever recorded. More than 90% of people killed by cata-
strophic events in 2008 were during two tropical cyclones (Myanmar and 
Philippines) and the 7.9 moment-magnitude earthquake hitting China’s Sichuan 
region in May 2008 (Rodriguez et al. 2009). In February 2009, severe bush fires 
destroyed several villages in Victoria (Australia), killing more than 90 people and 
leaving 700 houses in ashes (Shaban 2009).

The aim of this book is to demonstrate how tree-ring studies can further our under-
standing of the nature, magnitude and frequency of more frequent, smaller scale natu-
ral hazards. Although they have less spectacular impacts, floods, windstorms, 
volcanic eruptions, landslides, rockfall, debris flows and snow avalanches have con-
tributed to more than 10% of hazard-related deaths over the twentieth  century (e.g., 
Wisner et al. 2003; EMDAT 2009; Rodriguez et al. 2009). As small disasters are by 
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definition, more frequent than mega-events, we may be able to appreciate and exam-
ine their causes, frequency and magnitude, in both space and time (including the 
potential impacts of future climatic changes) and, thereby, develop a better under-
standing of these hazards and possibly mitigate future impacts.

A major key to the assessment of ongoing hazard is the documentation of the 
number and size of past events at a site. In many cases, because of the absence of 
documentary records, this information must be developed from natural archives or 
“silent witnesses” (Aulitzky 1992) that remain in the landscape after the event. In 
addition to the geomorphic or sedimentological evidence, key information is 
required on the dating and history of past events. The significant contribution of 
tree rings to these endeavors lies in their capacity to both preserve evidence of past 
events and to provide critical information on their dating with annual or sub-annual 
resolution. Therefore, in many climates, the tree-ring record may represent the most 
valuable and precise natural archive for the reconstruction and understanding of 
past events over the last several centuries. This book will illustrate how tree-ring 
analysis has been used to reconstruct natural hazards and provide information that 
may be used to understand potential future incidence of these events.

The book offers an overview of tree-ring based reconstructions of natural hazards 
that result from mass-movements, water, weather and fire. This introduction provides 
a brief background to hazard and disaster research and outlines the impact of these 
events on tree morphology, tree growth and wood anatomy. It clarifies the approaches 
used for the tree-ring reconstruction of past events and suggests standards and defini-
tions. It also offers an overview of state-of-the-art principles of dendrogeomorphol-
ogy and a short illustration of recent methodological developments.

2  Natural Hazards, Disasters and Risk: Some Definitions

The contributions in this edited book will deal with different types of natural 
hazards and the description of applications of tree rings to studies of past events. 
In addition, terms like risk, frequency, magnitude, recurrence intervals or return 
periods will be used by the authors and therefore deserve a short description here.

1. A natural hazard is a natural process or phenomenon that may result in the loss 
of life, injury or health impacts, property damage, livelihood, injury or health 
impacts, property damages, social and economic disruption, or environmental 
damage (UNISDR 2009, p. 9). Rodriguez et al. (2009) define five sub-groups of 
natural hazards: namely geophysical (i.e. earthquakes, volcanic activity, land-
slides, rockfall, avalanches and subsidence and other mass movements), hydrologi-
cal (floods, flash floods), meteorological (tropical, extra-tropical, and local 
storms), climatological (extreme temperatures, drought, wildfires), and biologi-
cal hazards (epidemics, insect infestation, animal stampede). This book focuses 
on the first three sub-groups and wildfires, but disregards biological hazards, 
extreme temperatures and drought.
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2. A natural disaster represents a serious disruption of the functioning of a com-
munity or a society involving widespread human, material, economic or environ-
mental losses and impacts. A natural disaster may be defined as a situation where 
the ability of a community or society to cope using its own resources is exceeded. 
Disasters normally result from a combination of an existing exposure to hazard, 
the presence of conditions of vulnerability and insufficient capacity or measures 
to reduce or cope with the potential negative consequences of an event (UNISDR 
2009). Other definitions stipulate quantitative thresholds for a natural event to 
become a disaster. For the Centre for Research on the Epidemiology of Disasters 
(CRED; Rodriguez et al. 2009), at least one of the following criteria must be ful-
filled: ten or more people reported killed; more than 100 people reported affected; 
declaration of a state of emergency or a call for international assistance.

3. The term risk describes the probability of an event and its negative consequences 
(UNISDR 2009). In contrast to popular usage, the emphasis of the word “risk” is 
not based on chance or probability in technical settings, but on the consequences, 
i.e. potential losses for a particular reason, location or time.

Natural hazard events can be characterized by their magnitude or intensity, their 
frequency, speed of onset, duration, and areal extent. The number of occurrences 
per unit time is often described as frequency or temporal frequency. The size or 
intensity of an event is defined as magnitude, allowing for a differentiation of 
larger from smaller incidences of the same process at the same site. Based on the 
analysis of frequencies and magnitudes, return periods – also known as recurrence 
intervals – can be derived. They represent an estimate of the average interval of 
time between events of a certain intensity or size. They are statistical measurements 
denoting the average number of occurrences relative to a period of time or number 
of observations (Wolman and Miller 1960).

3  Tree Rings and Natural Hazards

3.1  Basic Patterns of Tree Growth

Dendrochronology depends on the fact that trees growing in areas with strong sea-
sonal climates can form distinct annual growth rings. In conifers (gymnosperms), 
reproductive cambium cells form large, thin-walled earlywood tracheids during the 
early stages of the growing season (Camarero et al. 1998; Rigling et al. 2002), which 
primarily serve the transport of nutrients and water. Later in the season, smaller and 
denser latewood tracheids are developed. These layers are darker in appearance due 
to thicker cell walls and serve to increase the stability of the tree. Tissue formation in 
broadleaved trees (also called angiosperms or flowering plants) is more complex and 
diverse than in gymnosperms. In addition to the tracheids found in gymnosperms, the 
dividing cambium of broadleaved trees also produces vessels. Figure 1 illustrates the 
appearance of tree rings in conifers (a, b) and broadleaved trees (c, d).
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The width and character of each tree ring is influenced by biotic and abiotic 
factors. Biotic factors include the genetic makeup as well as the aging of trees and 
are individual for each species and each tree. Abiotic factors include a wide range 
of environmental factors, e.g. light, temperature, water, nutrient supply or the influence 
of strong wind, that are more or less common for all trees growing at a specific 
site (Fritts 1976). Therefore, trees growing at the same site can record the same 
environmental impacts and fluctuations (e.g., temperature or precipitation) in their 
tree-ring series. More details on tree growth can be found in Fritts (1976), Cook and 
Kairiukstis (1990) or Schweingruber (1996).

3.2  How Do Natural Hazards Affect Tree Growth?

In addition to site-specific information common to all trees at a location, individual 
trees also record the effects of mechanical disturbance caused by external 
processes. Trees can be injured, their trunks inclined, suffer breakage of their 
crown or branches, burial of the basal trunk or exposure of roots. Evidence of these 
events can also be recorded in individual tree-ring series. The analysis of geomor-
phic processes through the study of growth anomalies in tree rings is called dendro-
geomorphology (Alestalo 1971). Dendrogeomorphic research is normally based 
on the “process–event–response” (Fig. 2) concept as defined by Shroder (1978). 
The “process” is represented by any geomorphic agent, e.g., debris flows or snow 
avalanches. Individual geomorphic “events” that affect the tree may result in range 
of growth “responses”. These “events” and associated “responses” are illustrated in 
the following paragraphs.

Fig. 1 Micro-sections of tree rings prepared from conifer and broadleaved trees: In (a) 
Norway spruce (Picea abies) and (b) Cembran pine (Pinus cembra), bands of tracheids form 
the individual increment rings. In broadleaved trees, tracheids and vessels are formed by the 
dividing cambium. Depending on the distribution of vessels in the ring, we distinguish 
between (c) ring-porous (European Ash, Fraxinus excelsior; photo: Schoch et al. 2004) and 
(d) diffuse-porous angiosperms (Sycamore Maple, Acer pseudoplatanus; photo: Schoch et al. 
2004)
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3.2.1  Wounding of Trees (Scars) and Resin-Duct Formation

Scratches on the outer bark and injuries are a very common feature in trees affected 
by geomorphic processes (Lundström et al. 2008). Wounds can be observed on the 
tree’s trunk (Fig. 2a), branches or roots. When impact locally destroys the cam-
bium, increment cell formation is disrupted and new cell formation ceases in the 
injured segment of the tree. In order to minimize rot and insect attacks after dam-
age, the injured tree will (i) compartmentalize the wound (Shigo 1984) and (ii) 
almost immediately start production of chaotic callus tissue at the edges of the 
injury (Fig. 2c; Schweingruber 2001). Through the production of callus tissue, 
cambium cells will continuously overgrow the injury from its edges (Fig. 2b; 
Larson 1994; Sachs 1991) and ideally can lead to the complete closure of the 
wound. The extent of healing of the wound greatly depends on the annual incre-
ment rate, the age of the tree, and on the size of the scar.

Following injury, tangential rows of traumatic resin ducts (TRD) are produced 
in the developing secondary xylem of certain conifer species e.g., European larch 
(Larix decidua), Norway spruce (Picea abies) or Silver fir (Abies alba; Fig. 2d). 
They extend both tangentially and axially from the injury (Bannan 1936; 
Bollschweiler et al. 2008b; Nagy et al. 2000). When wounding occurs during the 
vegetation period of the tree, resin production will start a few days after the event 
and ducts emerge within 3 weeks after the disturbing event (Luchi et al. 2005; 
McKay et al. 2003; Ruel et al. 1998). Therefore, when analyzing cross-sections, the 
intra-seasonal position of the first series of TRD can be used to reconstruct previous 
events with monthly precision (Stoffel 2008; Stoffel and Beniston 2006; Stoffel 
et al. 2008; Stoffel and Hitz 2008; Stoffel et al. 2005b), provided that the incidence 
occurred during the vegetation period. With increasing axial and tangential distance 
from the impact, however, TRD tend to migrate to later portions of the tree ring, 

Fig. 2 Injuries in European larch (Larix decidua): (a) Injured trunk (b) Cross-section with over-
growth starting from the lateral edges of the injury. (c) Callus tissue as observed in the overgrow-
ing cell layers bordering the injury. (d) Tangential row of traumatic resin ducts migrating from 
earlywood towards later portions of the tree ring with increasing distance from the wound 
(Bollschweiler 2007)
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which is why intra-seasonal dating with monthly precision has to be based on a 
large number of samples when working with increment cores (Bollschweiler et al. 
2008a; Schneuwly and Stoffel 2008a, b; Schneuwly et al. 2009). This technique 
cannot be used in pines as this genus does not produce traumatic and tangential 
rows of resin ducts: it can produce copious amounts of resin that is unrelated to 
mechanical wounding (Phillips and Croteau 1999).

Depending on the impact energy and the relative size of the damage, an injured 
tree will concentrate the formation of tree rings to those parts essential for survival 
and limit growth in other segments in the years succeeding the impact (Bollschweiler 
2007). This may result in missing or partial rings from certain areas of the trunk.

3.2.2  Tilting of Trunks

Tilting (or inclination) of trees may result from the sudden pressure induced 
directly by geomorphic impacts or by the associated deposition of material (e.g., 
avalanche snow, debris-flow material) as well as by the slow but ongoing destabi-
lization of a tree through landslide activity or erosion (Lundström et al. 2007, 
2008). Tilted trees are common in many areas affected by geomorphic processes 
(Fig. 3a) and have therefore been used in many dendrogeomorphic studies to date 
previous events (e.g., Braam et al. 1987a, b; Casteller et al. 2007; Clague and 
Souther 1982; Fantucci and Sorriso-Valvo 1999).

The trunk of a tilted tree will always try to regain its vertical position. The reaction 
will be most clearly visible in that segment of the tree to which the center of gravity 
has been moved by the inclination of the stem axis (Mattheck 1993). In the tree-ring 
series, eccentric growth will be visible in the cross-section after a tilting event and 
thus allow accurate dating of the disturbance. In coniferous trees, compression wood 
(also known as reaction wood) will be produced on the underside of the trunk. 
Individual rings will be considerably larger here and slightly darker in appearance as 
compared to the upslope side (Fig. 3b). The difference in color is due to the much 
thicker and rounded cell walls of early- and latewood tracheids (Schweingruber 2001; 
Timell 1986; Du and Yamamoto 2007). In contrast, trunk tilting in broadleaved trees 
leads to the formation of tension wood (Schweingruber 1983; Schweingruber et al. 
1990; Schweingruber 1996; Westing 1965) and the eccentricity will occur on the 
upper side facing the tilting agent. Broadleaves trees also react upon tilting with ultra-
structural modifications (e.g., a gelatinous layer oriented nearly parallel to the fibre 
axis) that are only visible when studied on micro-sections (Pilate et al. 2004).

In addition to the formation of different types of reaction wood, trees may also 
respond with reduced growth after tilting (Bollschweiler 2007). It is believed that 
such reductions in annual tree-ring width are related to the destruction of roots 
resulting from the abrupt or severe tilting. It is worthwhile to note that the growth 
decrease will be normally less visible on the side where the reaction wood (i.e. 
compression or tension wood) is being formed. Figure 3c provides an example of 
the appearance of differing yearly increments in a Picea abies tree tilted by a debris 
flow in 1922.
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3.2.3  Trunk Burial

Debris flows, hyperconcentrated flows, floods or landslides may bury trees by 
depositing material around their trunk base (Fig. 4a). Growth in these trees will 
normally be reduced as the supply of water and nutrients will be temporarily 
disrupted or at least limited (Fig. 4b; Friedman et al. 2005; Hupp et al. 1987; 
LaMarche 1966). Exceptionally, the burial of a trunk can cause a growth increase 

Fig. 3 (a) Tree morphology and (b) cross-sections of a tilted Larix decidua (D. M. Schneuwly). 
(c) Increment curves of a Picea abies tree tilted by a debris flow in 1922 (Stoffel et al. 2005b)

Fig. 4 (a) Sedimentation and subsequent die-off of trees after sedimentation. (b) Micro-section 
showing an abrupt growth decrease in Sweet Chestnut (Castanea sativa) following an event (F. H. 
Schweingruber). (c) Several levels of adventitious roots in Eastern Cottonwood (Populus deltoids) 
(F. H. Schweingruber)
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if the material deposited is rich in nutrients, the water supply guaranteed and the 
depth of the deposited material is not too important (Strunk 1995).

If trunk burial exceeds a certain threshold, trees will die from a shortage in water 
and nutrient supply (Fig. 4a). According to case studies from the Italian Dolomites 
(Strunk 1991), Picea abies may tolerate a maximum burial depth of 1.6–1.9 m in 
environments dominated by fine-grained debris flows composed of calcareous and 
dolomitic material (Strunk 1997). Although there are no data available for other 
species or lithologies, it is believed that survivable burial depths will be (much) smaller 
in regions where debris flows are composed of massive and large crystalline blocks.

Occasionally, buried trees produce adventitious roots close to the new ground 
surface (Fig. 4c; Bannan 1941). As adventitious roots are normally formed in the first 
years succeeding burial (Strunk 1995), the moment of root sprouting can be used for 
approximate dating of the sedimentation processes, as shown by e.g., Strunk (1989, 
1991) or Marin and Filion (1992). When a tree has been repeatedly buried and formed 
several layers of adventitious roots, it is possible to estimate the thickness of sedimentation 
from individual events at the location of the tree (Strunk 1997).

3.2.4  Decapitation of Trees and Elimination of Branches

Bouncing rocks and boulders, debris in flowing water, debris flows and lahars or 
the windblast of snow avalanches may decapitate trees (Fig. 5a) or remove 
branches. The loss of the crown or branches is more common in bigger trees, where 
trunks have lost their suppleness. Apex loss has also been observed as a result of 
rockfall impacts close to the ground level. In such cases, the sinusoidal propagation 
of shockwaves in the trunk results in the break-off of the crown. This phenomenon 
has been described as whiplash or “hula-hoop” effect (Dorren and Berger 2006; 
Stoffel et al. 2005b).

Fig. 5 (a) P. abies topped by rockfall. (b) Candelabra growth in Larix decidua following apex 
loss. (c) Engelmann Spruce (Picea engelmannii) with two “leaders” developed from a prostrated 
trunk knocked to the ground by a snow avalanche
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Following decapitation, trees react with distinct radial growth suppression in 
the years following the impact (see Fig. 5b). One or several lateral branches will 
form a “leader” that replaces the broken crown, resulting in a tree morphology 
called “candelabra” growth (Fig. 5b; Butler and Malanson 1985; Stoffel et al. 
2005c). In addition, it is not unusual that the shock of the impacting material 
causes injuries and provokes the formation of TRD as well (see Section 3.1). 
“Leaders” may also be formed from prostrated trunks knocked over by mass wast-
ing events (Fig. 5c).

3.2.5  Root Exposure and Damage

Erosional processes and the (partial) denudation of roots may generate different 
growth reactions, both in the trunk and in the exposed roots. The type and intensity 
of the reaction(s) will depend on the nature of the erosive event, which may be 
instantaneous or progressive and gradual. If several roots are completely denuded 
during a sudden erosive event (e.g., debris flow, lahar, flood or landslide), they are 
no longer able to fulfill their primary functions and quickly die. The tree subse-
quently suffers from a shortage in water and nutrient supply, resulting in suppressed 
tree growth and the formation of narrow rings in the trunk (see Fig. 4b; Carrara and 
Carroll 1979; La Marche 1968; McAuliffe et al. 2006).

In cases where only part of a root is exposed (Fig. 6a) and its outer end remains 
in the ground, the root will continue to grow and fulfill its functions. In the exposed 
part, however, anatomical changes will occur and individual growth rings similar to 
those in the trunk or branches will be formed. The localization of this change in the 
tree-ring series may allow determination of the moment of exposure (Fig. 6b–d; see 
Bodoque et al. 2005; Gärtner et al. 2001). The continuous exposure of roots is usually 
caused by gradual processes and relatively low denudation rates, e.g. by overland 

Fig. 6 (a) Exposed roots of Scots Pine (Pinus sylvestris). (b) Larger increment rings with distinct 
latewood formed in Silver fir (Abies alba) after sudden exposure (dashed white line). (c) 
Following sudden exposure, the arrangement of vessels in Fraxinus excelsior change from dif-
fuse-porous to ring-porous. (d) In addition to cell changes, tension wood is formed in this root of 
Acer pseudoplatanus (Hitz 2008)
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flow of rain water, the slow opening of cracks in soils (e.g., soil creep, landslides) 
and in disintegrated bedrock (e.g., preparation of rockfall, thrusts), along rivers, 
streams, lakes and oceans (floods, shore erosion) as well as with faulting activity 
and displacements in relation with earthquake activity. Provided that the roots are 
gradually exposed with time, it is also possible to determine the erosion rates 
(Carrara and Carroll 1979).

Root shearing and root damage frequently occurs in areas affected by landsliding 
or along earthquake faults (Allen et al. 1999; Vittoz et al. 2001). As a result of root 
damage, tree-ring growth will be suppressed or eventually cease (Fig. 7). Previous 
studies using ring-width series to determine landsliding and earthquake activity 
include Meisling and Sieh (1980), Lin and Lin (1998), Carrara and O’Neill (2003), 
or Papadopoulos et al. (2007). Rizzo and Harrington (1988) showed that periods of 
decreased growth of red spruce (Picea rubens) and balsam fir (Abies balsamea) 
trees from the northern Appalachian Mountains were significantly correlated with 
wind exposure and related root and crown damage variables.

Fig. 7 Radial growth suppression caused by landsliding. This tree was growing on a slope desta-
bilized by downwasting of Columbia Glacier, Alberta. The abrupt radial suppressions in 1887–
1894, 1955–1960 and 1979–1984 are thought to result from root damage as a landslide block 
moved downslope three times. The tree was cut in 1996. The enlargement shows part of radius A 
(B.H. Luckman, unpublished data)
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3.2.6  Elimination of Neighboring Trees

Geomorphic processes can also eliminate trees along channels or couloirs through 
uprooting and stem breakage and leave neighboring trees intact (Fig. 8a). This 
phenomenon can be observed with e.g., rockfalls, debris flows, lahars, extreme 
floods, landslides or snow avalanches (Butler 1979, 1985; Stoffel et al. 2005c).

In their new environment the uninjured survivor trees have less competition, more 
light, nutrients and/or water (Schweingruber 1996). As a consequence, they will start 
to produce larger increment rings. However, several observations indicate that this 
growth release in survivor trees can be delayed and therefore this reaction cannot 
always be used to date past destructive events with yearly precision (Fig. 8b). 
Nevertheless, the growth release in survivor trees can corroborate the dating of 
events that have been identified in other trees at the same site, e.g., from scars, tilted 
trunks, etc. (Stoffel et al. 2005a).

3.2.7  Colonization of Landforms After Surface-Clearing Disturbances

Many natural processes can eliminate surface vegetation including entire forest stands, 
leaving no direct dendrogeomorphic evidence. In such cases, germination ages of trees 
growing on the bare surfaces can be used to estimate the time of creation of the new 
landforms and/or surface-clearing disturbances to existing landforms. This approach 
provides a minimum age for that surface and has been used repeatedly to date landforms 
or assess the minimum time elapsed since the last devastating event in snow avalanche 
couloirs, debris-flow channels or floodplains (Bollschweiler et al. 2008a; McCarthy and 
Luckman 1993; Pierson 2007; Sigafoos and Hendricks 1969; Winter et al. 2002). 
It involves estimating the time between the exposure of the surface and the germination 
of the first surviving seedling on that surface. This “ecesis” estimate varies with the 
environment, substrate, available seed sources and several other factors. Problems of 
ecesis determination have been extensively discussed in studies that attempt to date the 

Fig. 8 (a) Part of this forest stand has been eliminated by a rockslide event, leaving survivor trees 
uninjured at both sides of the scar. (b) Increment curves of a survivor tree (Larix decidua) remain-
ing intact after a major debris flow in 1890 (Stoffel et al. 2005b)
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formation of glacier moraines (see Koch 2009; McCarthy and Luckman 1993) where 
ecesis estimates may vary from a few years to several decades.

3.3  Sampling Design and Laboratory Analyses

3.3.1  Field Approach and Sampling Design

The types of damage to trees described in the preceding section may result from a wide 
variety of natural processes. Linkage between the damage and the causative process 
depends on a critical evaluation of the sampling site. In many cases, hazard investiga-
tions are undertaken with a specific context where the process or processes involved 
are known and appropriate sampling methods and sampling design may be applied. 
These vary considerably with the nature of the process or investigation and are best 
discussed in the specific context of individual processes. For example, the sampling 
network needed to define past earthquake activity may be very different than trying to 
reconstruct the history of snow avalanches and debris flows on a large debris cone.

At an individual site the choice of sampling design and selection of the trees to 
be sampled will depend on the purpose of the investigation and the processes or 
hazards being sampled. The sampled area and number of trees sampled may be very 
small and specific e.g. on a small landslide or may involve systematic sampling of 
a larger area (e.g. within a large run-out zone of a snow avalanche) or target trees 
damaged at the margins of an event. The choice of individual trees is based on (i) 
an inspection of the trunk surface (i.e. does the tree show obvious signs of past 
disturbance?) and (ii) the location of the trees with relation to the processes/ haz-
ards studied i.e. is the tree located on or adjacent to the area influenced by the 
process studied? (e.g. a debris flow levee). A detailed description on the documen-
tation and numbering of trees in the field is provided by Stoffel et al. (2005a).

The tree-ring record of growth disturbances created by past events is analyzed 
with cross-sections or increment cores. Cross-sections are normally taken at the 
location of the growth disturbance and provide an excellent and very complete 
insight into the tree’s history. However, in many locations (e.g. protection forests, 
National Parks) felling may be prohibited or ill-advised for aesthetic or safety 
reasons. Most tree-ring studies therefore use cores extracted with an increment 
borer. Grissino-Mayer (2003) provides a technical description on the correct use of 
increment borers. In some cases useful information may also be obtained from the 
analysis of cross-sections sampled from tree stumps remaining on the slopes after 
logging (Hughes and Brown 1992; Swetnam 1993; Stoffel and Perret 2006).

The nature of visible growth defects observed in the tree’s morphology will 
strongly influence the sampling height, sampling directions and the minimum num-
ber of samples to be taken per tree. In trees with visible scars, previous geomorphic 
events are most easily dated through the destructive sampling of trees and the 
preparation of cross-sections taken at the location where the injury is largest. This 
approach will facilitate an accurate and intra-seasonal identification of the onset of 
callus tissue production (and TRD formation in certain conifer species) and 
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 therefore allows a reconstruction of the impacting event with a very high temporal 
resolution. Alternatively, wedges can be sawn from the overgrowing callus and an 
increment core extracted from the side opposite of the wound. In this case, the 
sampled tree will survive and a reconstruction of the wounding event will be pos-
sible. When cross-sections and wedges cannot be taken from the injured trees, at 
least two increment cores need to be extracted, one from the overgrowing callus and 
the other from the side opposite to the wound. Internal scars that have been com-
pletely healed over cannot be sampled with cores, except fortuitously. Special atten-
tion needs to be addressed to the sampling of cores from the overgrowing callus: 
Samples taken inside the overgrowing tissue will provide an incomplete tree-ring 
record, as wounds are closed from their edges. On the other hand, samples taken 
too far away from the callus growth will not show any signs of the disturbing event 
at all and thus prevent dating of the event. Figure 9 illustrates the recommended 
position for the extraction of increment cores in injured trees. In addition and in the 
case of certain conifer species, TRD formation will be delayed with increasing 
distance from the wound and improper core location may influence the intra-sea-
sonal dating quality (Bollschweiler et al. 2008b; Schneuwly and Stoffel 2008b).

Tilted trunks are best analyzed with at least two increment cores extracted 
per tree, one in the direction of the tilting and the other on the opposite side of the 
trunk. The reaction wood will be visible on the tilted side in conifer trees (= compression 
wood) and on the side opposite to the tilting direction in the broadleaved trees 
(= tension wood). Individual cores are best extracted at the location where the tilting 
is strongest based on an outer inspection of the tree morphology.

Fig. 9 When sampling injured trees, special attention needs to be addressed to the sampling posi-
tion. Samples taken inside the wound (a) or from the overgrowing callus tissue (b) will provide 
an incomplete tree-ring record, as wounds are closed from their edges. Ideally, increment cores 
are extracted just next to the injury (c) where the presence of overgrowing callus tissue and TRD 
will allow accurate dating. Cores taken too far away from the wound (d) will not necessarily show 
signs of the disturbing event and thus prevent dating
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In the case of buried trunk bases, the sampling of two increment cores in oppo-
site directions (ideally from the upslope and the downslope side) will normally 
allow accurate reconstruction of the event that has led to the sedimentation of mate-
rial around the trunk’s base. It is best to sample these trees as close to ground level 
as possible (ca. 20–40 cm) to extract the maximum number of tree rings and obtain 
maximum information. However, the influence of roots should be avoided.

The analysis of exposed roots is normally based on cross-sections, as they regu-
larly show partially or completely missing rings. The position of samples needs to 
be carefully noted with respect to the ground surface or the non-eroded parts of the 
root. Accurate notes on the position of the roots with respect to the soil level will be 
essential for the understanding and interpretation of continuous erosion processes 
and the determination of denudation rates (Bodoque et al. 2005; La Marche 1968).

The germination of trees on new landforms is best determined by counting the 
annual growth rings in increment cores taken from the root crown level. However, 
branches, obstacles and rot sometimes require sampling positions higher on the 
trunk. In these cases, an age correction factor needs to be added to compensate for 
the time a tree takes to grow to sampling height (McCarthy et al. 1991). A height-
age correction can be achieved by dividing the tree height by the number of tree 
rings to get an average rate for the yearly apical increment. Thereafter, the sampling 
height is divided by this yearly increment so as to obtain an estimate of the number 
of rings between sampling height and the root crown (e.g. McCarthy et al. 1991; 
McCarthy and Luckman 1993; Bollschweiler et al. 2008a). In addition if the pith is 
not present on the core the number of rings to pith has to be estimated. This correc-
tion can be undertaken using a transparent sheet with concentric rings (Bosch and 
Gutierrez 1999; Gutsell and Johnson 2002). An age correction also needs to be 
applied for the assessment of the colonization time or ecesis, i.e. the time elapsed 
between the clearing or creation of the surface and the germination of pioneer trees 
(McCarthy and Luckman 1993; Pierson 2007; Koch 2009).

In some cases a reference tree-ring chronology may need to be developed from a 
nearby forest stand to assist in cross dating of trees at the sampled site to verify the age 
assignment of rings. The reference site should be undisturbed and the trees sampled 
should not show obvious signs of external injury, disease or anomalous tree-ring growth 
to minimize non-climatic influences on ring growth. Usually the oldest trees are selected 
to maximize chronology length. For reference chronologies two increment cores are 
extracted per tree, normally from locations > 90° apart and at breast height (» 130 cm). 
Adequate sample size varies between species and also depends on the strength of the 
common signal. In general, 20–30 trees are is a useful guide for most species to minimize 
the potential influence of geomorphic processes and hidden growth disturbances.

3.3.2  Laboratory Procedures: Sample Preparation and Analysis

In the laboratory, samples are normally analyzed and data processed following the 
standard procedures described in Bräker (2002) or Stokes and Smiley (1968). 
Normally these involve surface preparation, counting of tree rings, skeleton plots 
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(Schweingruber et al. 1990) plus ring-width measurements using a digital positioning 
table connected to a stereo microscope and computer with tree-ring analysis software. 
Development of a reference chronology, where needed, follows standard proce-
dures of measurement, crossdating and standardization (see e.g. Fritts 1976; Cook 
1987; Cook and Kairiukstis 1990; Vaganov et al. 2006).

Ring widths of the disturbed samples may also be measured and the series 
compared graphically or statistically with the reference chronology. These tools 
also allow for an assessment of crossdating accuracy between ring-width series of 
individual disturbed trees and the reference chronology. Once dating of all tree-ring 
series has been checked and missing rings identified, individual growth curves may 
be analyzed visually to identify the tree’s response to geomorphic processes, e.g. 
the initiation of abrupt growth reduction or releases (Schweingruber 2001; 
McAuliffe et al. 2006). In the case of tilted trunks, the growth curve data may be 
analyzed to identify the dating of the tilt (Braam et al. 1987 a, b; Fantucci and 
Sorriso-Valvo 1999; Fig. 3c). In addition, the appearance of the cells (e.g. structure 
of the reaction wood cells) may be investigated on the samples to yield further 
evidence of disturbance (Wilson and Archer 1977). Other features like callus tissue 
overgrowing scars or the presence of tangential rows of traumatic resin ducts 
(TRD) formed following cambium damage can only be identified through a visual 
inspection of the cores and cross-sections (e.g., Stoffel et al. 2005c; Perret et al. 
2006; Bollschweiler et al. 2008b). Finally, the first decade of juvenile growth 
should be excluded from the analysis, as tree rings in seedlings tend to be more 
susceptible to disturbance than larger trees.

All growth reactions identified by analysis of the samples are noted in order to 
identify events. Except for processes with limited volumes (e.g., single rocks or boul-
ders involved in rockfall events; Stoffel et al. 2005b, c; Moya et al. 2010, this volume), 
one growth disturbance identified in a single tree is not considered sufficient evidence 
to identify an event. The reconstruction of past events needs to be based on quantita-
tive (i.e. indices; Butler et al. 1987) or semi-quantitative (Stoffel and Bollschweiler 
2008, 2009) thresholds identified from a number of trees or lines of evidence.

4  The Organization of This Book

The subsequent sections of the book address specific natural hazards, namely snow 
avalanches, landslides, rockfall, debris flows, floods, meteorological hazards (torna-
dos, hurricanes, and wind storms), wildfires, earthquakes and volcanic eruptions. 
Each of these sections is prefaced by an introductory overview of the process 
dynamics and recent applications of tree rings to the analysis of the hazard, followed 
by two case studies and several shorter text boxes that illustrate dendrogeomorphic 
reconstructions of past and contemporary process activity. Although some of these 
contributions are new and original, most are drawn from the existing literature and 
have been reformatted or rewritten by the original author(s). These selections 
attempt to provide a comprehensive overview of the field in a single volume.
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Theoretically almost all of the hazards discussed in this book may result in most 
of the categories of tree damage that have been discussed above. However, some 
types of damage are more typically associated with specific processes or process 
combinations. As a guide to the chapters which follow, Table 1 indicates the most 
common evidence used to reconstruct specific hazardous processes and identifies 
those sections of the book that provide examples of these specific combinations.

This book will be useful to academics and students in the geosciences, environmen-
tal sciences, engineering and biology, plus natural hazard consultants or experts in a 
broad range of organizations. We hope that it will enhance understanding of these 
hazards and the risks they present. Furthermore, we hope it may facilitate and promote 
the adoption of state-of-the-art tree-ring techniques into hazard and risk practices.
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Part II
Snow Avalanches

Avalanche tracks in Jasper National Park, Canadian Rocky Mountains (© M. Stoffel)
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1  Introduction

Snow avalanches are rapid downslope transfers of snow, often with great destructive 
power, which are significant natural hazards in areas of steep terrain. Although 
normally observed in mountain areas, they may occur in lowland environments 
where local topographic conditions are suitable (e.g. Liverman et al. 2001). 
Although avalanches are rarely, if ever, initiated in forested terrain, snow avalanche 
tracks are often a common feature of sub-alpine forests. The calendar dated tree-
ring record of damage in these tracks provides a powerful archive from which to 
examine the nature, magnitude and frequency of past avalanche activity and has 
been exploited for over 40 years. It was one of the first applications of dendrogeo-
morphology (Potter 1969; Shroder 1980) and there are over 50 references to snow 
avalanches in the tree-ring literature (Grissino-Mayer 2009). In this introduction 
I will briefly review some of that work and comment on some of the successes and 
problems associated with this research field.

2  The Nature of Snow Avalanches

Snow avalanches vary in size from a few to several million cubic meters of snow 
ranging in character from dry powder avalanches to dense wet snow or slush 
avalanches. The distribution and characteristics of snow avalanche activity depend 
on the interaction between (i) terrain variables that control slope characteristics and 
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the accumulation patterns of snow and (ii) the meteorological and climatic conditions 
that control the amounts, distribution, physical characteristics and stability of snow 
on a sloping surface. The terrain characteristics usually determine the locations 
within the landscape where snow can accumulate to sufficient depth on an adequate 
slope (usually between 25° and 55°) to generate avalanches. Ultimately however, 
avalanches result from the mechanical failure of the snow cover when it becomes 
unstable. This may be the result of direct loading during precipitation events (either 
snow or rain on snow), changes in the physical characteristics of the snow cover 
over time, or inherent instability of the snow cover due to its depositional history 
and stratigraphy. An overview of avalanche types and related processes is given in 
McClung and Schaerer (1993).

3  Location and Distribution

Most avalanche sites associated with forests occur below major gullies or couloirs 
linking starting zones above treeline to run-out fans on lower valley sites. The 
location and distribution of snow avalanche sites can be predicted and mapped 
based on topographic features except where changes in forest cover, e.g. following 
fire or logging (Germain et al. 2005) make new sites available. Year-to-year vari-
ability in the magnitude and frequency of avalanches depends on the meteorologi-
cal variables that control the amounts, strength and stratigraphy of the seasonal 
snow cover. Avalanche activity does not necessarily depend on the absolute 
amounts of snow but the rate, manner and history of snow accumulation and its 
mechanical strength. The mix of avalanche types will depend on the climatic 
regime of a particular region. In maritime or heavy snowfall sites “direct action” 
avalanches are triggered by loading during precipitation events in response to the 
rate, volume and physical characteristics (i.e. density) of the snowfall. Such ava-
lanches are relatively easily predicted and are strongly related to precipitation 
amounts and history. However, drier, more continental (or interior) regions may 
exhibit a mix of avalanche types. “Delayed action” avalanches do not usually have 
an immediate meteorological trigger but result from inherent instability in the 
snowpack due to the presence of weak layers (e.g. depth hoar or sugar snow) or 
sliding surfaces within the snowpack that lead to failure following a minor trigger-
ing event (a skier, rockfall, cornice collapse, etc). The number and frequency of 
these types of avalanches depend on the history of accumulation and subsequent 
metamorphism of the snowpack. Wet spring thaw related avalanches are often of 
this type and are particularly damaging.

Snow avalanches almost always occur during the dormant season of tree growth 
and the evidence for avalanche damage in trees is manifest only in the rings of the 
subsequent growing seasons. It is therefore impossible to differentiate multiple 
events within a single year as the preserved record integrates the effects of all 
avalanches in the preceding winter (although the results of large single avalanches 
may be mapped). Therefore tree-ring studies at snow avalanche sites are largely 
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restricted to the reconstruction of the size, magnitude and (annual) frequency of 
events rather than a study of process dynamics. i.e. avalanche years rather than 
avalanches per se. Only rarely does dendrogeomorphology provide direct evidence 
of avalanche processes themselves e.g. where tree shear has been used to infer 
avalanche pressures (e.g. Mears 1975) or the distribution of debris used to infer trans-
port processes in the formation of avalanche plunge pools (Smith et al. 1994). 
Relationships between avalanche characteristics (i.e. avalanche winters) and climate 
variables will depend on the dominant types of avalanches. In areas where many 
avalanches release independently of precipitation events, there will be little rela-
tionship between avalanches and total snowfall amounts (see e.g. Germain et al. 
2010, this volume).

4  Evidence of Avalanche Activity

The dendrochronological evidence used to evaluate snow avalanche activity has 
been reviewed many times from the classic manual of Burrows and Burrows (1976) 
to the most recent papers of Butler and Sawyer (2008), Stoffel and Bollschweiler 
(2008) and Germain et al. (2009). Most tree-ring studies occur where avalanches 
are initiated on open slopes above the forest cover and a well defined avalanche track 
and runout zone terminates within the forest. Inferences about avalanches have 
been made on the composition and age of vegetation within those tracks but most 
tree-ring studies involve examination of avalanche damage to vegetation. External 
evidence includes tree death or breakage (often shear scars), tilting or uprooting 
(e.g. Akifyeva et al. 1978), scarring and development of leaders (i.e. epicormic 
branches or “reiterates”) where apical dominance has been lost. Tree-ring studies 
examine internal evidence of damage such as reaction or tension wood series to 
define tilting events, locally missing rings, growth eccentricity, radial suppression 
events or, more recently, the development of tangential rows of traumatic resin 
ducts (TRD) in some coniferous species. This internal evidence is usually used to 
date the external damage. It also may be used to determine the date of the last 
significant event by studies of vegetation dynamics within the site. The tree-ring 
data are usually from damaged trees based on multiple cores, wedges or cross 
sections. While the latter are preferable because of the presence of micro rings and 
complex growth patterns (Fig. 1), cross sectioning may not be possible for conser-
vation, aesthetic or practical reasons (e.g. tree size) though discrete wedge cuts 
in scar faces may be possible. Most studies have been carried out on coniferous 
species where, generally, annual rings and damage (e.g. reaction wood, TRD) are 
more clearly defined, though studies on deciduous species are becoming available 
(e.g. Mundo et al. 2007; Casteller et al. 2010, this volume).

The types of tree-ring evidence used to infer avalanche impact in trees may 
result from a wide range of geomorphic or biotic processes e.g., rockfall, debris 
flow, windthrow, insect outbreaks etc. In some cases processes can be separated 
based on the timing of damage or anatomical details – e.g. Stoffel et al. (2006) 
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differentiate between snow avalanche and debris flow damage by the position of 
TRD within the annual ring as snow avalanches (winter/spring) and debris flows 
(summer/ fall) occur in different seasons. Recently Stoffel and Hitz (2008) have 
used anatomical differences to distinguish dormant season injuries from rockfalls 
and avalanches. In many cases however, spatial replication (at least two well sepa-
rated trees), the location within avalanche tracks and the spatial pattern of damage 
(and/or position on the tree) is usually accepted as sufficient evidence to identify 
avalanche vs. other sources of damage within the avalanche track, unless there is 
strong morphological evidence for multiple debris-flow or significant rockfall 
activity at the site. In such cases more detailed mapping, sampling and anatomical 
work may be necessary to distinguish the geomorphic processes causing damage.

Fig. 1 A cross section of alpine fir (Abies lasiocarpa) from Parker’s Ridge, Banff National Park, 
Canada, showing multiple avalanche scars on the upslope (1965, 1973, 1974, and 1979) and 
downslope (1973/1974) sides plus several reaction wood series. The tree lived from 1929 to 1982
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5  Developing Avalanche Chronologies

Although many studies have used ring-width measurement alone, the most common 
approach to developing an avalanche history is some variant of tree-ring “event-
response analysis” initially promoted by Shroder (1980). Tree-ring data are used to 
identify individual “damage” events (i.e. avalanches) and build up an “event chro-
nology” for the site. External scars, reaction wood events (in conifers) and growth 
asymmetry have been the most frequently used data as they allow the dating and 
determination of multiple events from the same tree. However, all of these phenom-
ena vary in their expression within the tree e.g. reaction wood series differ in duration, 
radial encompassment and degree of development. Thus the investigator must make 
critical decisions about these data to build the event chronology, i.e. whether to 
“score “data as presence or absence, above a certain threshold value or in a series of 
graduated classes. Similarly, where multiple lines of evidence are available, the 
investigator must decide how to weight different lines of evidence e.g. reaction 
wood vs. corrasion scars or TRD. Different studies have adopted different approaches 
to this problem (see Frazer 1985; Reardon et al. 2008; Germain et al. 2009 and the 
discussion in Butler and Sawyer 2008), most of which produce reasonable “event 
chronologies”. The event chronologies from individual trees are then compiled into 
a site chronology from which the occurrence and spatial extent of avalanches can be 
identified. These site chronologies are often expressed as an avalanche index for 
each year of record. This is usually some variant of the number of trees showing a 
response in a given year divided by the number of records available for that year 
(i.e. number of trees sampled) to compensate for the decreasing replication back in time 
(see Butler and Sawyer 2008; Germain et al. 2010, this volume for a discussion).

Sampling strategies depend on the purpose of the investigation. Normally damaged 
and/or dead trees are targeted within the avalanche track but sampling may follow a 
systematic or random pattern. Special attention is often given to the lateral track 
margins and the downslope runout zone to define the maximum extent of past 
avalanches. Where detailed avalanche frequency data are desired, sampling tends to be 
more intensive, particularly targeting older trees to maximize the length of record.

Two key questions arise around sampling: what is the minimal evidence required 
to identify an avalanche event within a given track and what is the optimal number 
of trees to be sampled to characterize avalanche activity in that track? In recent studies 
authors have suggested that synchronous evidence of avalanche damage should be 
present in at least 10%, 20% or 40% of the sampled trees containing records for a 
given year (Butler and Sawyer 2008; Butler et al. 2010, this volume, Germain et al. 
2010, this volume, Reardon et al. 2008) and at least two trees. While such thresholds 
may be met in the most active parts of the track, these criteria become critical when 
establishing dating for older/ more extensive avalanche events where poor replica-
tion (fewer older trees or limited numbers of survivor trees) reduces sample numbers 
below these critical thresholds and thereby shortens the usable length of the ava-
lanche history that can be reconstructed. In some cases older avalanches may be 
identified from strong evidence within a single tree (e.g. Burrows and Burrows 1976; 
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Frazer 1985; Luckman and Frazer 2001; Stoffel et al. 2006) based on the context at 
the site, the strength of the evidence and the purpose of the investigation. Though not 
ideal, this may be necessary where the sample population is limited in either the 
temporal or spatial domains. There is also no easy answer for the related question of 
what is the minimum number of trees needed to ensure a reasonable sampling of the 
avalanche history of a site. Germain et al. (2010, this volume) suggest diminishing 
returns when sampling more than 40 trees in a track. Butler and Sawyer (2008) sug-
gest ten “good” trees could be adequate but obviously 100 trees would be better! 
Clearly the optimal number depends on the nature of the investigation, the age distri-
bution of trees sampled and the desired length of the avalanche record. Though ava-
lanche-damaged trees provide abundant evidence and a good record within the main 
track, older damaged trees and trees at the margin of the track may be far more critical. 
Two trees with 200 years of record may be more important for the avalanche history 
of a track than 30 trees that are only 50 years in age. Therefore, where practical, the 
critical number should be defined over a common period rather than an absolute figure 
and may have to differ e.g., between the main track and the downslope limits.

As a result of the avalanche destruction of trees within the track most well 
replicated event chronologies are usually less than 100 years, though still significantly 
longer than observational records. Several studies have compared historically docu-
mented and tree-ring derived records (e.g. Reardon et al. 2008; Muntán et al. 2010, 
this volume). Such comparisons rarely show 100% correspondence indicating that, 
where possible, a combination of the two approaches provides the most complete 
chronology. However, invariably the longer tree-ring derived record provides the 
greatest information about former high-magnitude events. Nevertheless the differ-
ential preservation of evidence makes it difficult to establish changes in the frequency 
of events over periods longer than the age of most trees within the track. In many 
cases the problem remains as to whether reconstructed changes in avalanche fre-
quencies are real or reflect differential preservation of the evidence. Such studies 
must be assessed based on the sampling strategies used and the availability of sup-
porting evidence, e.g. from appropriate climate data.

As the field has progressed and the acceptable evidence becomes more standard-
ized, studies have progressed from individual sites, through specific valleys to studies 
with a more regional focus. Many recent studies have used site or regional chronolo-
gies to define the probability or recurrence intervals of avalanches (or avalanches of a 
given magnitude). These data are used to map individual large avalanches, avalanche 
frequency, magnitude and the probability of avalanches within the track (Reardon et al. 
2008). However such reconstructions must recognize that as most evidence for older 
events is destroyed by younger avalanches, the older parts of the reconstructed record 
are censored to an unknown degree and therefore represent minimum frequencies. 
In addition individual trees are not consistent recorders of evidence over time i.e. the 
propensity to record damage varies with the age (and size) of the tree. Most authors 
ignore the first 10–20 years of record from young small trees for obvious reasons, but 
major tilting or scarring events may mask the evidence of later events in the same tree 
and, clearly, older and larger trees tilt less easily than younger ones (but young trees 
may tilt and bend rather than shear!). Therefore older trees at the track margin may 
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record earlier but not later events of equivalent magnitude. Nevertheless, despite these 
difficulties these historical and magnitude-frequency data do provide conservative 
estimates that are sufficient for first-order planning assessments of hazard zoning or 
avalanche defence. Exceptional events will always occur but these data can indicate 
the possible consequences of such events and allow planning accordingly.

6  Final Remarks

Tree-ring studies yield important information about the magnitude and frequency 
of snow avalanches that provide significant contributions to studies of avalanche 
hazard and defence, especially at sites where little previous avalanche history is 
known. Although the techniques and nature of the evidence are well established, it 
is difficult to provide prescriptive sampling designs or sample numbers for these 
studies because the needs vary depending on the specific purpose of the investiga-
tion, the nature of track vegetation and avalanche history of the site. Probably the 
most extreme events in last few 100 years can be defined if the forest is old enough 
but quantitative estimates of avalanche frequency and magnitude should probably 
be restricted to the last 50–100 years. Studies are now being carried out in mountain 
areas and with new species away from the North American and Alpine sites where 
many of the techniques were developed. The following four contributions provide 
a cross section of this ongoing work. The two shorter papers show initial applica-
tions of tree-ring studies to new areas (and species) in Spain and Argentina. 
Casteller et al. also provide an example of the use of tree-ring data to calibrate 
computer models of avalanche activity (also suggested by Germain et al. 2010, this 
volume). The paper by Butler et al. (2010, this volume) explores the potential use 
of tangential rows of traumatic resin ducts (a relatively new initiative) as an indica-
tor of avalanche activity at sites where many previous studies have been done. 
Finally Germain et al. (2010, this volume) discuss a wide range of methods and 
the building of regional chronologies of avalanche activity to develop a regional 
picture of avalanche history and hazard for Gaspésie in Québec. These papers all 
illustrate promising future directions in this research, namely; the application of 
standard techniques to new areas, combining tree-ring studies with modeling data 
to predict avalanche hazards, the exploitation and better definition of new anatomi-
cal evidence of hazard plus the attempt to expand analyses and provide regional 
syntheses of hazard and relationships with climate.
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1  Introduction

Snow avalanches are major hazards to humans occupying or visiting mountain 
ranges around the world. Accurate dating of past high-magnitude snow avalanches 
is important for a better understanding of their frequency, extent, and climatic driving 
factors. As climates change, prediction of shifts in avalanche frequency and/or 
magnitude are better enabled when a thorough understanding of past avalanche 
occurrences exists.

Tree rings are a primary data source for the dating of past snow-avalanche 
occurrence. A recent development in dendrogeomorphology, the use of traumatic 
resin ducts in annual rings of select conifers, has shown great promise for expanding 
the utility of tree-ring dating of geomorphic processes such as avalanches, rockfalls, 
and debris flows (see below). This work has, to date, been restricted almost exclu-
sively to the analysis of geomorphic processes in the Alps of central Europe. In this 
work, we seek to determine if traumatic resin duct analysis can be used to assist in 
the dating of snow avalanches in the mountains of western North America. We also 
bring together past work on tree-ring dating of snow avalanches in a major 
American national park, in order to more fully assess the synoptic climatic patterns 
associated with major avalanche winters there.
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2  Glacier National Park Study Area

Glacier National Park, Montana (henceforth GNP), and its Canadian neighbor 
Waterton Lakes National Park (WLNP), Alberta, collectively comprise the Waterton-
Glacier International Peace Park along the 49th parallel (Fig. 1). Both Parks were 
extensively glaciated during the Pleistocene, creating an avalanche-prone landscape 

Fig. 1 (a) (above) Map of US Highway two study area along southern boundary of Glacier 
National Park, Montana, USA. Arrow in inset map points to Waterton Lakes study site in Alberta. 
Arrow on main map points to Snyder Lake study site. (b) (below) Three-dimensional view of the 
study area and the numerous snow-avalanche paths. Left black arrow points Goat Lick avalanche 
path, middle black arrow to I-Beam path, right arrow to Shed 7 path. Three-dimensional image is 
comprised of 1-m Ikonos image merged with and draped over a 10-m Digital Elevation Model
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of steep mountainous slopes and deep U-shaped valleys. Elevations range from 
ca. 960–1,000 m asl in the glacial valleys in western Glacier Park to more than 
3,000 m on the Parks’ highest peaks. GNP is split approximately in half by the 
Continental Divide, producing differing local climatologies; the western half expe-
riences a modified Pacific-maritime climate, with maximum precipation levels on 
the high western slopes near the Continental Divide. All of WLNP is east of the 
Continental Divide, and shares with the eastern half of GNP a more severe and 
windy, interior continental climate (Butler et al. 1992).

More than 1,200 avalanche paths exist in the Parks (Butler et al. 1992). Tree-ring 
dating of snow avalanches has been carried out in the central and southern portions of 
GNP (locations shown in Fig. 1) (Butler 1979; Butler and Malanson 1985; Butler and 
Sawyer 2008), and in 2001 a pilot study was also carried out in adjacent WLNP; those 
data are reported here for the first time. This latter study was initiated to determine if 
broad regional patterns of avalanching that have been reported from GNP (Butler 1986, 
1989; Butler and Sawyer 2008; Reardon et al. 2008) extend as far north as WLNP.

Butler (1986, 1989) identified two broad-scale synoptic patterns that produce 
widespread avalanching in the study area: pronounced meridional flow associated 
with Arctic air outbreaks resulting in catastrophic avalanching caused by heavy 
snowfall from rapid advection of warm, moist Pacific air over the Arctic air; or 
strong zonal flow with frequent storms from the Pacific Ocean to the west, resulting 
in heavy snowfalls. Reardon et al. (2008) noted that the meridional flow pattern 
characterized almost all major avalanche events in John F. Stevens Canyon along the 
southern border of GNP, the area of the Park with the greatest avalanche hazard for 
human activity. Over 40 snow-avalanche paths are located within this canyon, with 
the paths primarily located between the towns of Essex and Summit (Fig. 1). Snow 
avalanches there frequently disrupt highway and rail traffic on US Highway 2 (US 2), 
and the Burlington Northern – Santa Fe Railroad (BNSF) that runs parallel to US 
2 (Butler and Malanson 1985, 1990; Sawyer and Butler 2006; Reardon et al. 2008). 
The bulk of these hazardous snow avalanches originate on unmanaged slopes to the 
north in GNP, with some also coming from the adjacent unmanaged National Forest 
to the south. Although this region is sparsely populated, transportation through JFS 
Canyon serves as an important link between several otherwise isolated commu-
nities. When US 2 is closed by avalanches, a 300-km detour is required in order to 
drive from the western to the eastern side of GNP. Avalanche closure of the tracks 
of the BNSF creates costly interruptions and stoppages in the transport of goods 
between Midwestern US cities and major Pacific coast ports, and creates the potential 
for hazardous cargo spills in the pristine environment of the canyon.

3  Tree-Ring Features Analyzed for Dating Snow Avalanches

When snow avalanches impact forests, trees may be tilted and/or uprooted, 
trunks can be scarred, branches may be trimmed, surrounding trees may be 
removed, and material may be deposited against or around the trunk of trees. 
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Typical tree-ring features analyzed for the study and dating of snow avalanches 
include corrasion scars initiated by impact; initiation and continuation of reac-
tion wood in response to tilting; suppression rings associated with stress caused 
by tilting, burial, and/or branch trimming; or release rings created as a tree 
responds to the removal of competing neighboring trees (Germain et al. 2005; 
Decaulne and Sæmundsson 2008; Casteller et al. 2008; Reardon et al. 2008; also 
see Butler and Sawyer 2008, and Stoffel and Bollschweiler 2008, for recent 
reviews of earlier papers describing dendrogeomorphic techniques employed in 
the study of snow avalanches). These tree-ring features allow for to-the-year 
identification of past snow avalanche occurrence. Most practitioners have agreed 
that corrasion scars and reaction wood growth provide the most unequivocal 
evidence for avalanche-induced trauma that can be separated from climatic 
variations that can also induce suppression/release ring patterns similar to those 
avalanching may initiate (Germain et al. 2005; Butler and Sawyer 2008; 
Decaulne and Sæmundsson 2008; Reardon et al. 2008).

The newest tree-ring technique that furthers the dating of snow avalanches is the 
use of traumatic resin ducts (TRD) in conifers scarred and tilted by avalanche activity. 
Larocque et al. (2001) used TRD initiated by basal stem burial, together with corra-
sion scars and reaction wood, to date slushflows in the Gaspé peninsula of Québec, 
Canada. More recently, Stoffel and associates have initiated the widespread use of 
TRD as a tool in dendrogeomorphology that provides to-the-year, and in some cases 
seasonal, dating of geomorphic process occurrences, including snow avalanches 
(Stoffel et al. 2006; Bollschweiler et al. 2008; Stoffel 2008; Stoffel and Bollschweiler 
2008; Stoffel and Hitz 2008). TRD appear under a microscope as asymmetric, atypi-
cal cells differing in appearance from normal earlywood or latewood cells (excellent 
examples of TRD photomicrographs appear in Stoffel and Bollschweiler (2008)).

4  Tree-Ring Analysis of Snow Avalanches in Glacier  
National Park

Tree ring sampling described in this section employed standard dendrogeomorphic 
techniques. Species were recorded in the field for each tree; cores or cross-cut discs 
were collected and air-dried, and subsequently sanded; cross-dating, in accordance 
with the methods of Stokes and Smiley (1968), was employed; and tree-ring event 
responses were recorded for each year following Shroder (1978, 1980).

The first application of tree-ring analysis for the dating of past high-magnitude 
avalanche events was from the central portion of GNP in the Snyder Creek valley 
(Fig. 1) (Butler 1979). Tree rings from that study were collected in 1975, and 
extend back to the early twentieth Century. Butler (1979), using a relatively high 
minimum threshold cutoff, identified major avalanche events in the valley in 1945, 
1950, 1954, 1963, 1965, 1966, 1972, and 1974. A re-examination of these data, 
utilizing a lower minimum threshold of 20% as advocated by Butler and Sawyer 
(2008), adds the winters of 1933, 1948, and 1957 to this data set (Table 1).
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Table 1 Comparison of high-magnitude snow avalanche years with high SWE years

Snyder Creek Goat Lick I Beam Shed 7 Waterton High SWE a

1925
1933

1935 1935
1937

1939
1943

1945 1945 1945
1947 1947

1948 1948
1949

1950 1950 1950 1950
1951

1952 1952
1954 1954 1954 1954

1956
1957 1957 1957

1959
1963 1963 1963

1964
1965 1965 1965 1965
1966

1967
1969
1970 1970

1972 1972 1972 1972 1972 1972
1974 1974 1974 1974
b

1976
1979 1979 1979
1982c 1982 1982 1982
b

1985
1987 1987

1988
1989

1991 1991 1991 1991
1996 1996 1996
1997 1997

b

2002 2002 2002
aSWE data from Reardon et al. (2008)
bLast tree-ring year for Snyder Creek, 1975; for Goat Lick, 1983; for Waterton, 2001; for I Beam 
and Shed 7, 2002
cGoat Lick experienced large avalanche below level of sampled trees
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Butler and Malanson (1985) created tree-ring histories of high-magnitude ava-
lanches for the Goat Lick and Shed 7 paths in the Stevens Canyon region of GNP 
(Fig. 1) (all avalanche path names in Stevens Canyon are informal names used by 
the US Geological Survey). Those samples were collected in 1983, and the ages of 
the samples extend back into the 1920s (Table 1). Years of major avalanche events 
from these paths were broadly similar both to each other and to the Snyder Creek 
record from central GNP (Table 1); in 6 years all three paths experienced large 
avalanches, and in four additional winters one of the two southern paths matched 
with Snyder Creek.

Butler and Sawyer (2008) extended the Shed 7 path history to that shown in 
Table 1, and also created the first chronology for the I Beam path, located between 
the Goat Lick and Shed 7. Although the I Beam chronology was only based on a 
sample of ten trees uprooted by avalanching in 2002, the record cross-dated with 
four major avalanche winters from Snyder Creek, and with 6 from either or both 
Goat Lick and Shed 7.

Recently, Reardon et al. (2008) used dendrogeomorphic techniques to create 
a chronology of high-magnitude avalanching on another avalanche path in 
Stevens Canyon, Shed 10.7, located a few kilometers down canyon from Shed 
7. An exact comparison of their record with the others described here is ham-
pered by their use of a 10% minimum threshold event-response value. 
Nevertheless, in comparing their record to the records from Goat Lick and Shed 
7, they noted that 10 years identified in their study corresponded to those at 
either Goat Lick or Shed 7, and 4 avalanche years (1935, 1950, 1957, and 1979) 
were common to all three paths (Reardon et al. 2008). It is also notable that two 
of these years (1950 and 1957) correspond to the record from Snyder Creek, 
roughly 40 km to the northwest (Fig. 1). Although the tree-ring record for 
Snyder Creek ends in 1975, a visit there in 1983 revealed widespread damage 
very probably attributable to a high-magnitude avalanche on that path in 1979 
(Butler 1985) that would also match with Shed 10.7 as well as with Goat Lick, 
I Beam, and Shed 7.

Because the comparison of the Snyder Creek record with the Stevens Canyon 
records reveals such widespread temporal correspondence, a preliminary recon-
naissance of an avalanche path along the Cameron Lake road in WLNP (Fig. 1) 
was undertaken in 2001, with ten cross-cut samples collected from damaged 
trees in the runout zone. Sampled trees in this pilot project were small, and the 
tree-ring record only extends back into the 1960s. This record only overlaps the 
Snyder Creek record by about 10 years, and only about 20 years for the Goat 
Lick record. Nevertheless, the WLNP record corresponds with every other 
sample path from Snyder Creek and Stevens Canyon in 1972; with every avail-
able Stevens Canyon path in 1982 and 1991; and at least one other sampled path 
in two of the other three recorded years of high-magnitude avalanche activity. 
This path did not record a 1979 event, but the sampled trees were probably sim-
ply too small (and possibly protected beneath the snowpack) to be affected by 
an avalanche in that year.
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5  Implications for the Avalanche Climatology of the Region

Widespread avalanching during many winters, from the eastern side of the 
Continental Divide in WLNP to Stevens Canyon on the western side of the Divide 
on the southern tip of GNP, as well as at points throughout the Parks including 
Snyder Creek (Butler 1979, 1986) is evidence of a regional avalanche climatology 
covering the entire Peace Park. Reardon et al. (2008) suggested that these periods of 
widespread avalanching coincide with episodes of meridional flow and intrusion 
of cold Arctic air masses over which moist Pacific air is subsequently advected, 
leading to heavy snowfall and avalanching. Rainfall often accompanies this advec-
tion and acts as an additional catastrophic avalanche trigger of wet-snow avalanches 
(Reardon et al. 2008), a conclusion also noted previously by Butler (1986). Most 
years with major avalanches coincide with years in which the El Niño Southern 
Oscillation (ENSO) and mean January-February Pacific Decadal Oscillation (PDO) 
indices were neutral (Dixon et al. 1999; Reardon et al. 2008).

Reardon et al. (2008) compared their avalanche chronology of high-magnitude 
avalanches at Shed 10.7 with the annual 1 March snow water equivalent (SWE) 
snow course record from Marias Pass, located on the Continental Divide 16 km 
northeast of Shed 10.7 at Summit (Fig. 1). Their results demonstrated a strong 
correlation between positive snowpack anomalies (in excess of 10% above the long-
term mean) and winters with high-magnitude avalanches. In Table 1, we tabulate 

Fig. 2 Tree sampling areas on Shed seven avalanche path (arrows). Note downed trees on roof of 
railroad snowshed man stands on, and on ground beyond snowshed
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these same years against our chronologies of high-magnitude avalanche winters at 
Snyder Creek, Goat Lick, I Beam, Shed 7, and Waterton. The results illustrate a 
good relationship between episodes of widespread avalanching (years 1950, 1954, 
1965, 1972, 1974, 1991, 1996, and 2002) and years with high SWE anomalies, not 
only in Stevens Canyon but at Snyder Creek in central GNP (1950, 1954, 1965, 
1972, and 1974) and in WLNP (1972, 1991, 1996).

Interestingly, the most widespread avalanching in recorded history occurred in 
February 1979 (Butler and Malanson 1985; Butler 1986; Sawyer and Butler 2006; 
Reardon et al. 2008), but that year does not coincide with a high positive SWE 
anomaly. Park Service officials in GNP noted that “just about every place in the 
park that can avalanche has avalanched yesterday and today (Butler 1986, p. 79). 
The catastrophic avalanching was triggered by a “Pineapple Express” of moisture-
laden Pacific air flowing in from the southwest, producing widespread extended 
rainfall on a deep but not abnormally thick snowpack (Butler 1986).

6  Initial Observations on Traumatic Resin Ducts and Their 
Use for Dating Snow Avalanches in Glacier National Park

The particular benefit of TRD is their circumferential extent (on average, in almost 
one-fifth of the total circumference; Bollschweiler et al. 2008). This circumferential 
extent makes identification via increment-core sampling much easier, whereas in 
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the past the use of cores for dating snow avalanches has been particularly challenging 
when trying to date onset of corrasion scar growth. The seasonality of TRD 
occurrence within an annual tree ring can also assist in differentiating between 
geomorphic processes such as snow avalanches and debris flows (Stoffel et al. 
2006), or avalanches and rockfalls (Stoffel and Hitz 2008).

The aforementioned work by Larocque et al. (2001) is the only known application 
of TRD for dendrogeomorphic purposes in North America. The bulk of analyses of 
TRD (also called traumatic resin canals) in North America have focused on biotic 
infections as causal agents (Cruickshank et al. 2006). TRD are known to develop in 
North American species of the genera Abies (fir), Picea (spruce), and Pinus (pine), 
and in the species Pseudotsuga menziesii (Douglas fir) (Cruickshank et al. 2006).

Widespread avalanching occurred throughout the JFS Canyon region, stopping 
traffic on both US 2 and the BNSF, in the winter of 2001–2002. Large, mature 
conifers were uprooted and deposited by avalanches in the furthest reaches of 
individual path runout zones, outside the boundary of GNP (Fig. 2), providing an 
opportunity for tree-ring sampling of downed trees without sacrificing living trees 
within or along the margins of avalanche paths in the protected national park.

Cross sectional discs were collected from ten uprooted trees in the I Beam path 
and 12 trees in the Shed 7 path. Analyses of the corrasion scars and reaction 
wood from these discs provided the chronology of high-magnitude avalanche 
winters for each path described herein and by Butler and Sawyer (2008). Because 
of the serendipitous deposition of avalanche-damaged trees from which cross-cut 
samples could be extracted, we also used these samples to determine if TRD 
occurred in their circumferences.

We examined each of the cross-cut samples under a binocular microscope for the 
presence of TRD in the annual rings. The majority of the samples examined did 
not possess corrasion scars; these samples also did not illustrate TRD. TRD were 
identified, in association with corrasion scars, in five Douglas fir (Pseudotsuga 
menziesii) and four subalpine fir (Abies lasiocarpa) samples. We recorded the 
longevity (how many years duration) of TRD in every case where TRD were initi-
ated. The angular circumferential extent of the TRD in each annual ring was also 
recorded. We also noted any delays in initiation of TRD between the ring in which 
scarring occurred and the ring in which TRD were initiated. We employed the Mann-
Whitney U test, because of the small sample size, to determine if there existed any 
difference in the longevity of TRD between Douglas fir and subalpine fir samples; 
we did the same to determine if there existed any difference between the angular 
extent of TRD between the two species.

Every corrasion scar examined, in both species, also illustrated the initiation of 
TRD. In nearly every case (all but one, a Douglas fir), TRD were initiated in the 
same annual ring as the year in which scarring occurred (Fig. 3); the lone exception 
had a 2-year lag response. In all cases, TRD endured for at least 4 years (Fig. 3), 
after which drop-off occurred. Nevertheless, most samples showed a continuation 
of TRD in annual rings beyond 4 years after scarring initiated TRD production. The 
Mann Whitney test illustrated that no difference in TRD longevity existed between 
the two species under examination.
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The angular extent of TRD associated with individual scars varied, depending 
on the size and severity of the corrasion scar. In general, year two often had the 
widest angular extent of TRD, followed by a relatively rapid drop-off in circum-
ferential extent. Occasional secondary increases in extent were noted; we have 
no explanation for such features at this time. The Mann Whitney test illustrated no 
difference in the angular extent of TRD between Douglas fir and subalpine fir.

These initial observations showed the presence of TRD in association with 
corrasion scars from a year of known avalanching, establishing the utility of TRD 
in tree-ring studies of avalanching in North America. Our next step is to go back 
through our samples collected from 1975 to 2002, and seek out TRD to discern if 
we can identify previously unrecorded avalanche episodes contained therein.

7  Conclusion

This study is the first known illustration of traumatic resin ducts in avalanche-affected 
tree rings in western North America. TRD were identified in avalanche-affected tree 
rings from both Douglas fir and subalpine fir, two species with widespread distribu-
tion throughout the western cordillera of North America. The two sampled species 
showed virtually no difference in the form, longevity, or angular extent of TRD in 
affected annual rings. Given the absence of a difference in their utility, and their 
respective widespread distributions in the western USA and Canada, the potential 
exists for using TRD in annual rings of affected trees throughout the region. Future 
studies should also focus on examining additional widespread genera such as Picea, 
Larix (both certainly useful genera in studies in the Alps by Stoffel and associates), 
and Pinus to determine their possibility in dendrogeomorphic studies of snow 
avalanches. Attention should also be given to intra-annual variations in positioning 
of TRD, as described by Stoffel et al. (2006) and Stoffel and Hitz (2008), to determine 
if snow avalanches induce TRD at different points within an annual ring than do 
other geomorphic processes.

Examination of the avalanche chronologies from across GNP and an initial 
chronology from WLNP illustrates the widespread nature of high-magnitude 
snow avalanche winters in the area. Although exceptions occur, such as in the cata-
strophic avalanche cycle of February, 1979, the most widespread signals coincide 
with years of anomalously high snowpacks (SWE), and are triggered by meridional 
intrusions of cold Arctic air that cause advection of moist Pacific air, inducing 
heavy snowfall and in some cases rain-on-snow events.
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Winter 1995–1996 was an exceptional snow avalanche season in the Pyrenees. 
Núria Valley, at the SE Pyrenees, registered four avalanches that reached a rack 
railway that runs along the valley floor. One of these avalanche paths, Canal del 
Roc Roig, was studied by dendrochronological means. Muntán et al. (2004) 
reported tree-ring evidence for two previously known snow avalanches and provided 
striking evidence for one undocumented event that occurred in 1929–1930. 
Subsequently, to unveil past avalanches more extensive research based on a higher 
sample density was carried out. The results of this research are outlined here.

A total of 777 samples, mostly increment cores, from 265 Mountain pine (Pinus 
uncinata) were analysed. A local reference chronology from old unaffected trees 
was built to date snow avalanche samples. Disturbed P. uncinata trees showed the 
following ring responses: compression wood, growth suppression, growth release, 
wounds, traumatic resin ducts and death of the tree. Compression wood and growth 
suppression were the most frequent. Resin ducts are ordinarily abundant in this 
species, so only very few unmistakable tangential rows of traumatic resin ducts 
were quantified. For the total count, the different tree-ring responses had identical 
weight, and disturbed trees were considered equal regardless of the number of 
responses per tree.

Dating of past snow avalanches was done in accordance with the following 
criteria. (1) High proportion of trees showing synchronic growth disturbances. 
(2) No similar growth disturbances in the reference chronology. (3) Coexistence 
of a variety of tree-ring responses. (4) Spatial concordance between in situ affected 
trees and avalanche trajectory. (5) Growth disturbances starting in the early 
earlywood.
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Three documented snow avalanche seasons, on account of the damage to the 
railway (1971–1972, 1985–1986, and 1995–1996), showed respectively 26.3%, 
16.9%, and 35.7% of trees with dendrochronological evidence (Fig. 1). In line with 
Butler and Sawyer (2008), who recommend tempering an index value with historical 
records for specific sites, after the documented 1985–1986 snow avalanche, 16% 
was used as the threshold to consider the occurrence of events. As a result, other 
avalanche seasons were identified: 1915–1916, 1929–1930, 1973–1974, 1981–
1982, and 1990–1991. However, trees are scarce and younger than 75 years at the 
runout, and this hampered the interpretation of extent for events prior to 1925. 
Eventually, from a total number of eight avalanche winters for the twentieth 
century, five could be assessed only by dendrochronological means. These results 
highlight the potential of dendrogeomorphology to yield information on avalanche 
occurrences, provided that a high sample density fieldwork is performed.

Winters 1995–1996 and 1929–1930 held the highest proportion of growth-
disturbed trees (35.7% and 42.6% respectively) corresponding to high-magnitude 
snow avalanches, and coming close to 40%, the index value first used by Butler 
and Malanson (1985). Based on the spatial distribution of trees, the extent of 
these major avalanches was mapped (Fig. 2). The dendrogeomorphic map of the 
1995–1996 avalanche showed that the starting zone was broader than the mapped, 
in a winter survey, shortly after the avalanche released (see also Molina et al. 2004). 
Tree-ring data determined that the 1929–1930 event was a first magnitude snow 

Fig. 1 Frequency histogram of trees displaying tree-ring responses to growth disturbances per 
year (total number of trees, 245). Black bars indicate the most likely years of snow avalanches. 
In brackets, number of growth-disturbed trees per avalanche season. Dead trees were omitted to 
enable comparison with past events, from which wood debris had already disappeared. The local 
reference chronology was reliable from 1875 (EPS ³ 0.85; Expressed Population Signal, Wigley 
et al. 1984)
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avalanche, even wider than 1995–1996. In situ affected trees at the starting zone 
comprised the whole catchment. These results demonstrate that dendrogeomor-
phology can be used to improve maps performed by conventional techniques, and 
is an essential tool to map past unknown events.
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1  Introduction

Although frequencies of avalanches are much higher in the Canadian Cordillera, 
archival research, coroner’s investigations and newspaper searches revealed the 
occurrence of many snow avalanche events in eastern Canada (Liverman et al. 2001; 
Hétu and Brown 2006; Hétu et al. 2008), highlighting the great destructive capacity 
of snow wasting even on short slopes. Historical records indicate that avalanches 
are the second most deadly natural hazard in the Province of Québec with over 71 
victims between 1825 and 2008 (Hétu et al. 2008). Snow avalanches primarily 
affect backcountry recreational activities in highlands but also dwellings and trans-
portation corridors in inhabited areas (Germain 2005; Hétu 2007; Hétu et al. 2008). 
It is therefore a priority to improve our knowledge of this phenomenon for better 
management of this deadly natural hazard, particularly regarding the following 
topics: (i) recognition of snow-avalanche prone areas and hazard mapping. This 
implies the assessment of predisposing factors (local topography, slope aspect, 
vegetation) in the specific context of Québec where deadly avalanches have mainly 
occurred on very short slopes outside mountainous areas (Hétu et al. 2008); (ii) the 
frequency-magnitude of snow avalanches, including extreme events like the 
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avalanche event which occurred in Kangiqsualujjuaq (east of Ungava Bay) in 1999 
(nine fatalities and 25 injured); and (iii) the specific climatic and meteorological 
conditions responsible for avalanche occurrence and variability for the last century 
which is critical for the understanding of present and future avalanche activity in 
the context of climate change (Larocque et al. 2001; Boucher et al. 2003; Dubé 
et al. 2004; Hétu and Bergeron 2004; Germain et al. 2005, 2006; Hétu 2007; 
Hétu et al. 2008; Germain et al. 2009).

In the Province of Québec, there is no structural protection nor any daily forecasting 
procedures to reduce avalanche risks, as compared with western Canada (Hägeli and 
McClung 2003), France (Jomelli et al. 2007) or Switzerland (Salm 1997), where 
prevention plans against avalanche initiation and snow avalanches are available and 
provide land-use prescriptions to minimize the impacts of avalanches. However, 
because backcountry recreational activities in the Chic-Chocs Mountains (Gaspé 
Peninsula) are growing rapidly (Boucher 2000), the Haute-Gaspésie Avalanche 
Center (Centre d’avalanche de la Haute-Gaspésie) now produces bi-weekly bulletins 
to inform backcountry users on snow conditions and avalanche risks. However, 
linking snow avalanche activity and weather conditions using standard forecasting 
methods (Laternser and Schneebeli 2002; Hägeli and McClung 2003; Jomelli et al. 
2007) is a difficult task in this region because of the lack of avalanche surveys and 
the scarcity of weather stations providing long-term records, both at low and high 
elevations. On the other hand, tree-ring data from several sites spread over large 
areas may help in understanding the spatio-temporal variations of avalanches (Butler 
and Sawyer 2008; Stoffel and Bollschweiler 2008; Germain et al. 2009). In that 
respect, ~10 years ago we started a long-term research program on snow avalanches 
in the Chic-Chocs Mountains. The objectives can be stated as follows:

1. To provide a tree-ring-based chronology of snow avalanches (frequency-magnitude) 
in several avalanche paths, particularly high-magnitude snow avalanches

2. To outline specific conditions responsible for avalanche occurrence in low-elevation 
coastal valleys but also in the alpine–subalpine highlands of the Chic-Chocs 
Mountains, two areas with contrasting climatic conditions and vegetation cover 
but significant avalanche hazard

3. To establish a regional tree-ring database based on the study of several avalanche 
paths, which will allow the assessment of the role of regional (climate and 
weather conditions) versus local (topography, slope aspect, forest cover and 
disturbance) factors in avalanche initiation

4. To test and evaluate various sampling procedures and statistical techniques to 
enhance dendrogeomorphological methods for the study of snow avalanches

Tree-ring analysis has been used for the study of several geomorphic and geological 
phenomena (cf. Shroder 1980; Solomina 2002), but its accuracy has yet to be inves-
tigated (Butler and Sawyer 2008; Stoffel and Bollschweiler 2008), with regard to the 
appropriate sample size and number of tree responses needed for the recognition 
of past events. Our research program on snow avalanches in the Chic-Chocs 
Mountains has focused on appropriate sampling design and statistical methods. 
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Many efforts were devoted to the evaluation of different types of responses, sample 
sizes, and the minimum number of samples required for the recognition of past 
avalanche events.

After a brief description of the study area, we describe methodologies and 
statistics used so far and summarize results from coastal and highland sites. 
Subsequently we address methodological issues, stressing the contribution of each 
method and its usefulness for risk assessment. Problems raised by tree-ring-based 
studies of snow avalanches are also discussed. Finally, some areas where new 
developments are needed are outlined.

2  The Study Area

The Chic-Chocs highlands and the coastal valleys near Mont St. Pierre are located 
in the northern Gaspé Peninsula (Fig. 1). In the mountains, snow avalanches affect 
mainly backcountry skiing whereas in the low-elevation coastal valleys, snow 
avalanches may reach roads and affect the transportation system for several hours 
or days. Clearly there is a need for good quality data on the frequency-magnitude of 
snow avalanches in this context.

The climate of the Chic-Chocs Mountains is complex largely due to orographic 
effects and the influence of oceanic air masses on precipitation and temperature, which 
results in frequent thermal inversions and high cloudiness (³70%, Gagnon 1970). 

Fig. 1 Location of the study areas in the northern Gaspé Peninsula



54 D. Germain et al.

Rain can occur in any month during the snow season, even on the highest summits. 
The mean annual temperature ranges from +3°C at sea level to −4°C at 1,200 m 
elevation (Gray and Brown 1979). The annual precipitation ranges from 800 mm at 
sea level to 1,600 mm in the mountains, with 40% falling as snow.

The pattern of snow accumulation is very different in the coastal valleys compared 
to the Chic-Chocs highlands. In the low-elevation valleys, avalanches occur on 
small, open patches along forested slopes: elsewhere, strong winds blowing on these 
scree slopes often result in snow accumulation in forest fringes, reducing the prob-
ability for an avalanche to release. Moreover, there is no possibility for snow drifting 
from the wooded plateau to the steep slopes (Germain et al. 2005; Hétu 2007) 
and for snow cornice formation in the upper rock wall. Thus, snow avalanches are 
climatically controlled and are primarily a response to major snow precipitation 
events. In the Chic-Chocs highlands, snow drifting by prevailing north-westerly 
winds favours avalanche activity due to deep snow accumulation and formation of 
cornices. These differences in the climatic controls of avalanching between coastal 
valleys and alpine–subalpine environment of the Chic-Chocs are favourable to 
high-magnitude snow avalanche activity following several weather scenarios 
(Germain et al. 2009).

3  Methods

Two main sectors in the northern Gaspé Peninsula, without previous records of 
avalanche events were investigated using tree-ring techniques. Since our objective 
was to build a tree-ring-based chronology of high-magnitude avalanches, we used 
the definition based on that provided by Germain et al. (2009, p. 147), namely “a 
high-magnitude snow avalanche is regarded as one of sufficient size to exceed the 
normal boundaries of a given avalanche path, characterized by small scattered and 
generally impacted trees, entering the mature forests downslope”. We thus assumed 
that high-magnitude avalanche should result in a greater number of damaged trees 
and consequently a higher probability of being recorded by tree-ring techniques.

The characteristics of tree-ring sampling in the snow avalanche paths studied are 
presented in Table 1. It should be noted that avalanche years, e.g. 1898, denote the 
winter of 1897–1898.

3.1  Site Selection, Sampling Design and Laboratory Analysis

3.1.1  Site Selection

The selection of snow avalanche paths for sampling was based primarily on evidence 
of past large avalanche events deduced from damaged trees. Physical damage 
included impact scars, broken trees, tilted stems and asymmetrical branch thinning. 
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Some types of damage may induce sprouting of lateral buds that produce new leaders 
(reiterates). The sites studied included eight avalanche paths on scree slopes in the 
low-elevation coastal valleys of Mont St. Pierre and Rivière-à-Claude (Fig. 1), plus 
12 alpine–subalpine snow avalanche paths and one subalpine slushflow site. 
Avalanche path accessibility was also considered given the low density of roads in 
the region.

3.1.2  Sampling

Most trees sampled were located in open or semi-forested run-out zones and along 
trimlines. At some sites, however, trees were sampled along 1-m wide lateral 
transects through the lower part of avalanche tracks and run-out zones and along a 
1-m wide transect parallel to the long slope profile (Boucher et al. 2003; Dubé et al. 
2004). The sample sizes varied from 5–243 trees (1,049 in total, Table 1). Because 
some study sites were located within a recreational park area, the sampling concen-
trated on trees showing evidence of multiple events in order to reduce the number 
of trees sampled. Cross-sectional discs were collected at various levels along the 
trunk (curve in the stem, scars, base of reiterates, etc.).

3.1.3  Laboratory Analysis

Cross-sectional discs were finely sanded and analyzed under a binocular microscope 
for the age determination and the dating of growth-ring anomalies. Growth-ring 
dating was made possible by ring counting along two or three radii. Frost rings and 
narrow rings were also recorded. To develop our snow avalanche chronologies, we 
used tilted trees with reaction wood lasting for at least 2 years and trees with impact 
scars, as these types of damage provided the most reliable evidence for past snow 
avalanches (Larocque et al. 2001; Boucher et al. 2003; Dubé et al. 2004; Germain 
et al. 2005, 2009). Drastic changes in the direction of reaction wood were consid-
ered as distinct snow avalanche events. Because small-diameter tree stems are highly 
susceptible to stem deformation on steep slopes (Johnson 1987; Dubé et al. 2004; 
Germain et al. 2005, 2009), the 20 innermost rings were not considered in the 
analysis of reaction wood.

Traumatic resin ducts and new leaders developed from dormant axillary buds on 
the stems or from a branch which shifted from a subhorizontal (plagiotropic) axis 
to a stem-like vertical (orthotropic) axis were also used tentatively at some sites, in 
conjunction with other types of response (Larocque et al. 2001; Dubé et al. 2004). 
Because traumatic resin ducts may form in response to various environmental 
stresses (defoliation by insects, tree dieback, etc.), they were not useful indicators 
for avalanche activity. Accurate dating of the initiation of leaders or radial growth 
release in branches transformed into stem-like structures revealed a 1–8 year time 
lag for surviving trees to respond to stem damage (Dubé et al. 2004).



57Tree-Ring Based Reconstruction of Past Snow Avalanche Events and Risk Assessment

3.2  Statistical Treatments of Tree-Ring Data Sets

3.2.1  Scree Slopes in Low-Elevated Coastal Valleys

Our approach was based on the process-event-response developed by Shroder 
(1978, 1980). For each year t at each site, the avalanche activity index (AAI; 
0–100%) was calculated following Shroder’s methodology, which is based on the 
percentage of responses in relation to the number of trees alive in year t:

 
1 1

NtAAIt Rt *100%
n n

i i= =

   
=       ∑ ∑  

where R represents the response to an event for year t and N the number of trees 
alive in year t. For each avalanche path, event-response histograms were produced 
based on a combination of reaction wood and impact scars evidence. Each stand-
scale chronology of high-magnitude avalanches was based on ³10% threshold on 
the event-response histogram. Only years with a sample size ³10 trees were considered 
in avalanche chronologies to avoid overestimation caused by low tree numbers in 
the event-response calculations. Avalanche tracks studied by Dubé et al. (2004) and 
Germain et al. (2005) were used at the stand scale.

The regional-scale chronology of high-magnitude avalanches for the low-elevation 
sites was based on ³10% threshold on the event-response histogram, for the three 
undisturbed stands (T-5, T-3 and RC) on active scree slopes (Dubé et al. 2004). 
The two disturbed sites (T-9 & T-10) studied by Germain et al. (2005), which 
originated from fire and logging, were not considered at the regional scale.

3.2.2  Highlands of the Chic-Chocs Mountains

The tree-ring data from alpine–subalpine snow avalanche paths were analyzed 
using five different statistical methods (Germain et al. 2009). In this paper, however, 
we focus on the process-event-response developed by Shroder (1978, 1980) using 
combined tree responses (i.e., impact scars and reaction wood) to avalanche. For 
this reason, the avalanche chronology presented here differs slightly from that 
produced by Boucher et al. (2003) and Germain et al. (2009). Each stand-scale 
chronology of high-magnitude avalanches was also based on ³10% threshold on the 
event-response histogram.

In order to provide an estimate of the overall avalanche activity in the alpine–
subalpine zone, we developed a regional avalanche activity index (RAAI; 0–100%; 
Germain et al. 2009). For each year t, the RAAI was calculated as follows:
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where AAI represents the avalanche activity index for a given avalanche path for 
year t and P the number of paths that could potentially record an avalanche in year 
t, with a sample size ³10 trees. Therefore, the AAIs calculated for all active paths 
were averaged over the total number of paths in a given year t. Because of overes-
timates created by low path numbers in the response calculations, only years with 
a sample size ³3 avalanche paths were considered in the RAAI. In order to ensure 
the representativeness of the RAAI, with regard to high-magnitude avalanche 
occurrence, the percentage of active avalanche paths (PAAP; 0–100%) for each 
year was also calculated based on the number of high-magnitude avalanches 
recorded in year t divided by the number of avalanche paths that could potentially 
record an avalanche in year t (sample size ³10 trees).

We used a binary stepwise regression model (i.e., specification of avalanche year or 
not with values of 1 and 0, respectively) to assess the role of regional vs. local factors 
in avalanche initiation. The regression was carried out with all weather factors until a 
significant determination coefficient was obtained for a given RAAI threshold value.

3.3  Return Interval and Annual Probability

Tree-ring-based avalanche records allowed us to estimate the return interval (RI) of 
high-magnitude avalanches for each path. The return intervals calculated are maxi-
mum values because of the decreasing sample size and the possible loss of evidence 
going back in time. Annual probability (AP) of widespread snow-avalanche activity 
was also calculated and was found to be inversely related to the return interval, as 
AP = 1/RI (Mears 1992). We also evaluated RI and AP at the regional-scale for both 
sectors studied.

4  Results

4.1  Low-Elevation Coastal Valleys

In low-elevation coastal valleys in the northern Gaspé Peninsula, two distinct 
snow-avalanche regimes can be recognized: (i) natural avalanches that occurred on 
active scree slopes and; (ii) avalanche activity on treed slopes disturbed by fire and 
logging.

4.1.1  Snow-Avalanche Regime on Active Scree Slopes

Of the three stands studied by Dubé et al. (2004), stand T-5 yielded the longest 
record of avalanches going back to AD 1860 with a sample size ³10 individuals 
(Table 1). At stand T-5, years with avalanche activity index values ³10% were 



59Tree-Ring Based Reconstruction of Past Snow Avalanche Events and Risk Assessment

1871, 1898, 1952, 1956, 1966, and 1996. At stand T-3, they were 1947, 1950, 1952, 
1956, 1958, 1966, 1972, 1975, 1977, 1988 and 1996. Finally, at stand RC, the seven 
following years were recorded as avalanche years: 1939, 1942, 1952, 1955, 1956, 
1966, and 1977. One should note that at this stand the event-response for the year 
1996 was 9%, i.e., just below the threshold value. In spite of the limited temporal 
extent of avalanche records from T-3 and RC (1939–1997; see Table 1), these two 
scree slopes yielded a higher frequency of high-magnitude avalanches over the 
interval common to all three tracks.

At the regional scale, event-responses estimated from the 110 trees sampled in 
the three stands investigated showed 7 years of high-magnitude snow avalanches 
(³10%): 1871, 1898, 1952, 1956, 1966, 1977, and 1996. The two oldest years were 
only recorded at stand T-5, which recorded six out of these seven snow avalanche 
years (Fig. 2). Of the 5 years after 1939, corresponding to a sample size ³10 trees 
for all stands, all were recorded at stand T-3 and four at stand RC (Fig. 2).

4.1.2  Snow-Avalanche Activity on Treed Slopes After Fire and Logging 
Disturbances

At site T-9, the 1938 fire was dated with several fire scars and documented from 
historical data. This human-induced fire burned 185 ha of forests at the outer edge of 
the plateau and in the upper part of the slope. The forest opening created local condi-
tions conducive to snow drifting and accumulation of large amounts of snow in the 
burned, vegetation-free area in the upper steep slope. The tree-ring data indicated two 
periods of avalanche activity (AAI ³10%), i.e., 1941–1945, and 1989–1995 (Fig. 2).

Fig. 2 Number of high-magnitude avalanche events through time on undisturbed scree slopes 
(light diamonds) and disturbed treed slopes after fire and logging (black dots)
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At site T-10, where a clear cut occurred in 1986 on the plateau (~2,250 ha of 
forest harvested), tree-ring analysis showed high avalanche activity index for the 
years 1988, 1989, 1990, 1991 and 1995 for avalanche path C-1 and 1988, 1989, 
1990, 1992, 1993, and 1995 for avalanche path C-2. Four of the 6 years (1988, 
1989, 1990, and 1995) were recorded in both paths. Additional data from two adja-
cent avalanche paths (C-3 & C-4) also indicated past avalanche events in 1987, 
1988, 1989, and 1990. Once again, the forest opening on the plateau created conditions 
conducive to snow drifting and formation of cornices, as opposed to the three undis-
turbed scree slopes. The avalanche window in the post-logging site was shorter 
(<10 years) than that of the post-fire site where avalanche activity was recorded 
55 years after fire. This is an indication that avalanche activity after tree removal 
largely depends on the capacity of woody vegetation to reach heights and density 
sufficient to control snow drifting and thus avalanche activity.

4.2  Snow-Avalanche Regime in the Highlands  
of the Chic-Chocs Range

4.2.1  Reconstructed Tree-Ring Local Avalanche Record

The 689 trees sampled in the 12 alpine–subalpine avalanche paths provided 244 
avalanche events, which correspond to 86 years. Of the 12 avalanche paths investi-
gated, paths HBS and Val-7 yielded the longest records, going back to 1838 and 
1870, respectively. The HBS and Val-7 tree-ring records showed no avalanche 
activity index ³10% before 1895 in spite of sample sizes ³10 individuals.

High-magnitude avalanches occurred 44 times corresponding to 31 years before 
1950, i.e., 56% of all years between 1895 and 1950, compared to 200 times after 
1950 corresponding to 49 years, i.e., 98% of all years between 1950 and 2000 
(Fig. 3). This means that after 1950 at least one avalanche event was recorded each 
year, except 1999. Twelve of the 49 avalanche years were recorded on ³6 avalanche 
paths (50% of all paths investigated, PAAP > 50%): 1969, 1971, 1977, 1981, 1984, 
1986, 1988, 1990, 1991, 1993, 1994, and 1995.

On the yearly and decadal scales, the records indicated that high-magnitude 
avalanche events increased significantly between 1895 and 2000 (R2 = 0.55; 
p < 0.0001), especially after 1950 (Fig. 3). Less than ten avalanche events per 
decade were recorded between 1900 and 1950 and 40 on average per decade after 
1950. Avalanches were twice as frequent during the 1990s (55 occurrences) than 
between 1950 and 1970.

Tree-ring data from a subalpine site documented by Larocque et al. (2001) 
indicated the occurrence of three slushflow events in the last century: 1925, 1964, 
and 1988. A slushflow event was also visually documented in January 2006. The lack 
of synchrony between snow avalanches and slushflows for 2 years (1925 and 1964, 
but not 1988 where eight avalanche events were recorded in the alpine–subalpine belt) 
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suggests a strong influence of meteorological conditions in the initiation of 
slushflows which usually occur in response to increased water content in the snow-
pack through rainfall and/or snowmelt (Larocque et al. 2001).

4.2.2  Chronology of Regional Snow Avalanche Activity

Using a RAAI ³10% as a threshold (R2 = 0.67; p < 0.0001) for identifying 
widespread, regional avalanche activity, 19 years of high avalanche activity were 
identified for the period between 1895 and 2000: 1898, 1936, 1939, 1941, 1965, 
1969, 1970, 1971, 1977, 1981, 1984, 1987-1992, 1994, and 1995. Fifteen out of 
the 19 avalanche years (1898, 1936, 1969-1971, 1977, 1981, 1984, 1988–1992, 
1994 and 1995) were also characterized by a high PAAP value (³33%). The PAAP 
explained more than 63% (p < 0.0001) of the variance of the RAAI over the 
1895–2000 period. Statistically, the data showed a random scatter around zero 
with a Durbin-Watson d-statistic of 2.0 (p < 0.01), which satisfied the assumption of 
constant variance and non-correlated residuals (Clark and Hosking 1986). This 
means that 65% of all tree anomalies (damage) were related to high-magnitude 
avalanche events, likely during major snow avalanche cycles as reported in the 
western United States (Birkeland and Mock 2001), Switzerland (Hächler 1987), 
Austria (Höller 2009), and France (Glass et al. 2000). Therefore, the RAAI 
enabled us to identify 1939, 1941, 1965 and 1987 as high-magnitude avalanche 

Fig. 3 Number of high-magnitude avalanche events through time in highlands of the Chic-
Chocs Range
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years at the regional scale, with RAAIs of 13%, 11%, 10% and 16%, respectively, 
in spite of the low number of high-magnitude avalanches recorded those years at 
the local scale.

4.3  Risk Assessment

4.3.1  Scree Slopes in Coastal Valleys

The return intervals (RI) and annual probabilities (AP) of high-magnitude avalanches 
on undisturbed scree slopes are presented in Table 2, with RI of 12 years and AP 
of 12% on average. At stand T-3, RI was short (~5 years) with ~19% probability 
that avalanches occur in any 1 year. Stand T-5 had the longest estimated return 

Table 2 Number of events, return interval, and annual probability (%) of high-magnitude 
avalanches

1900–1949 1950–1999

Path N yearsa N events RI AP RI AP RI AP

Low-elevation coastal valleys
T-5 137  6 22.8  4  0  0 12.0  8
T-3  58 11  5.3 19 – –  4.8 21
RC  58  7  8.3 12 – –  9.6 10
T-9  68  9  7.6 13 – –  7.0 14
T-10 1  66  8  8.3 12 – –  6.3 16
T-10 2  53  5 10.6  9 – – 10.0 10
Average  73  8 10.5 12  0  0  8.3 13

Highlands of the Chic-Chocs range
Val-1  28  6  4.7 21 – – – –
Val-3  29 10  2.9 34 – – – –
Val-4  83 19  4.4 23  6.4 16  3.5 29
Val-7 130 31  4.1 24 16.7  6  1.8 55
Val-8  26  4  6.5 15 – – – –
MSA  49 11  4.5 22 – –  4.5 22
HBN 103 17  6.1 17  8.3 12  5.4 18
HBS 157 15 10.5 10 50.0  2  4.1 24
GC  92 42  2.2 45  3.2 31  2.2 45
MA  56 14  4.0 25 – –  4.0 25
BLS 104 27  3.9 26 16.7  6  2.3 43
BLN  62 37  1.7 59 – –  1.7 59
Average  81 20  5.0 29 16.9 12  3.4 34

Slushflow site
CM  83  4 20.8 5 25  4 19.0 5
aYears with ³10 individuals.
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interval (~23 years) for a 137-year record. No high-magnitude avalanche was 
recorded during the first half of the twentieth century, but four occurred after 1950 
(Table 2). RC showed intermediate values (~8 years).

At the regional scale, the return interval of high-magnitude avalanches was 
estimated for the period 1839–1997. Using only those events recorded at two or 
three stands, RI was estimated as 19 or 12 for all three or two of three sites.

The risk assessment of avalanches after forest disturbances is hard to evaluate 
for several reasons: (1) forest disturbances, especially fire occurrences, sizes and 
intensity, cannot be predicted; (2) the frequency-magnitude of avalanches on 
disturbed treed slopes is closely related to the capacity of woody vegetation to 
achieve a density and heights for efficient snow drifting control; and (3) RIs and 
APs may be under-estimated for heavily disturbed areas where specific land-use 
prescriptions do not exist, especially for logging activities.

4.3.2  Alpine–Subalpine Avalanche-Prone Areas

Depending on the location within the alpine–subalpine belt, RIs varied from 1.7 to 
10.5 years in paths BLN (north slope) and HBS (south-east slope), respectively 
(Table 2), with an average return interval of 5 years. APs varied from 10% to 
59% in paths HBS and BLN, respectively, with an average of 29% calculated for 
all paths.

RIs and APs for the first (1900–1949) and second halves (1950–1999) of the 
twentieth century were calculated for each avalanche path with an avalanche chro-
nology ³100 years (Val-4, Val-7, HBN, HBS, GC, BLS). RIs decreased sharply 
after 1950, particularly in the HBS path where only one high-magnitude avalanche 
event was recorded before 1950 compared to 12 after 1950, which corresponds to 
a shift of RI from 50 to 4.1 years (Table 2). APs increased after 1950 with values 
of 29%, 55%, 18%, 24%, 45%, and 43% as opposed to ~16%, 6%, 12%, 2%, 31%, 
and 6% before. The increase was smaller for avalanche path HBN, with values of 
18% and 12% after and before 1950, respectively (Table 2). The number of years 
for which at least one third of the paths were active (PAAP ³33%) also increased 
after 1970, indicating a significant change in avalanche activity rather than in the 
preservation of evidence of that activity.

The average interval between high-magnitude avalanche years at the regional-
scale was 5.5 years (19 of 105 years). However, 15 (79%) of these 19 years 
occurred after 1950, which corresponds to a much shorter return interval of 3.3 
years (15 of 50 years) and reinforces our interpretation for increased avalanche 
activity after 1950, both locally and regionally, in the highlands of the Chic-Chocs 
Range (Germain et al. 2009). Finally, with an average RI of 5 years and AP of 29%, 
the alpine–subalpine avalanche-prone areas showed shorter RI and higher AP than 
undisturbed scree slopes in the coastal valleys, with RI of 12 years and AP of 12% 
on average, and a slushflow subalpine site with a return interval longer than ~20 
years calculated for a 83-year period (1925–2008).
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5  Discussion

5.1  Comparison of Snow-Avalanche Regime Between  
Scree-Slopes in Low-Elevated Coastal Valleys  
and Alpine–Subalpine Highlands

In the absence of historical data on avalanche occurrences, our research program 
provided tree-ring-based records of avalanches for a mountainous region of eastern 
Québec where avalanches are widespread and frequent. Despite contrasted climatic 
conditions and vegetation cover, the two sectors studied are characterized by high-
magnitude avalanches with great destructive power. In the Chic-Chocs highlands, 
~65% of all trees sampled randomly were damaged during the 19 avalanche years 
identified (Germain et al. 2009). We calculated a RI of 5.5 years for the period 
between 1895 and 1999, which is very close to that calculated for the Austrian Alps 
(nine events in more than 50 years) (Höller 2009). This interval is also close to 
the interval of 5 years reported by Fitzharris (1981) and Johnson et al. (1985) for the 
Rocky Mountains of western Canada, and 4.9 years reported by Hebertson and 
Jenkins (2003) for the Wasatch Plateau, Utah (USA).

At the regional scale, no synchronism in high-magnitude avalanche occurrences 
was apparent between inland subalpine sites and undisturbed scree slope sites in 
coastal valleys, which suggests the influence of local factors on avalanche activity. 
The location of the starting zones in open (alpine tundra) or semi-forested (subalpine) 
areas in the Chic-Chocs highlands creates conditions for snow drifting and cornice 
formation as opposed to wooded plateaus that dominate scree slopes and vertical 
rockwalls in the coastal valleys. In this low-elevation environment, strong winds 
blowing on active scree slopes, which form small open patches along forested 
slopes, usually decrease the probability of an avalanche to release (Hétu and 
Bergeron 2004). Therefore, the return interval of avalanche events is longer (12 years) 
and strongly related to snowstorms and snowy winters in coastal lowlands (Dubé 
et al. 2004; Hétu 2007).

The number of avalanche events recorded after 1950 was much higher than 
during the first half of the century, at both local and regional scales (Figs. 2 and 3). 
High avalanche frequencies in the western USA during the second half of the twen-
tieth century were also documented using tree-rings. For instance, on the Wasatch 
Plateau, Utah, Hebertson and Jenkins (2003) recorded 14 avalanche years between 
1928 and 1996, ten of them (71%) after 1950. In Glacier National Park, Montana, 
Butler and Malanson (1985) documented an increase in avalanche frequencies after 
1975, compared to the previous 25 years. In the Chic-Chocs Range, the higher 
frequency of snow avalanche activity seems to be related to an increased climate 
variability, which creates propitious conditions for snow avalanche release following 
several scenarios: (1) above-average total snowfall, (2) high-frequency of snow-
storms, (3) major rain events and facet-crust development, (4) sequences of freezing 
rain and strong winds, and (5) early-season weak layers of faceted crystals and 
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depth hoar (Germain et al. 2009). However, given the possibility of poorer preservation 
of the earlier record, methodological issues and quality of the data for reconstruct-
ing chronologies of snow avalanching are discussed below.

The multi-decadal trend in increased avalanche activity in the Chic-Chocs 
Mountains and the anticipated climate change, which may favour increased climate 
variability (frequency of snowstorms, significant rise in air temperature, heavy 
snowfall and strong winds), should be considered more thoroughly to prevent and 
mitigate avalanche hazards. For instance, appropriate land management plans 
should identify safety margins in settlements located in avalanche-prone areas.

5.2  Methodological Issues and Quality of the Data

By utilizing evidence found in living (and, when possible, dead) damaged trees, 
dendrogeomorphic investigations offer a longer temporal perspective on avalanche 
frequency and magnitude. On the other hand, avalanches may destroy evidence of 
earlier events, as well as the susceptibility of a tree to record damage. Therefore, 
the sampling design, sample size, and tree-ring responses can impact the quality of 
the record, which also varies with tree species, age and size. Because the tree-ring 
records from both sectors showed an increased frequency of snow avalanches after 
1950, it raises the question of the quality of the data, the influence of sample size, 
and the threshold value for the acceptance of an avalanche event.

5.2.1  Tree-Ring Reconstruction of High-Magnitude Snow Avalanches  
or Extreme Events?

Specification of return periods in the run-out zone is the first and most important step 
for avalanche hazard assessment and zoning (McClung 2000). It is therefore 
surprising that many studies that dealt with tree-rings for the reconstruction of past 
snow-avalanches did not clearly state the objectives. Because the distribution of 
run-out distances in space follows a Gumbel distribution (McClung and Mears 
1991), the location of sampled trees may induce significant discrepancies in the 
evaluation of return periods. We must keep in mind that some avalanches cannot be 
recorded by trees because snow masses were too small to reach the run-out zone or 
to cause obvious damage to trees such as impact scars. Conversely, large avalanches 
can cause extensive damages and high mortality reducing the subsequent potential 
of tree-ring records (Rayback 1998).

In the Chic-Chocs Mountains, sampling covered the present run-out zone and its 
immediate forested peripheral area entirely so as to locate distant damaged trees 
and to minimize the effect of the sampling design. Past avalanche events were 
confirmed as high-magnitude events by analyzing the location of damaged trees. 
Hence, we did not focus on extreme events for which damaged trees were only to 
be found farther down on very gentle slope (<10°) and in mature forest stands.
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5.2.2  What Are the Best Indicators of Past Snow Avalanche Activity?

To develop snow avalanche chronologies, various tree responses have been used so 
far. Impact scars, sequences of reaction wood, and growth release or suppression 
appeared the most useful responses (Burrows and Burrows 1971; Carrara 1979). 
In the northern Gaspé Peninsula, we used living trees with impact scars and tilted 
trees with reaction wood, as these tree damage types provided the most reliable 
evidence of past snow avalanches (Larocque et al. 2001; Boucher et al. 2003; Dubé 
et al. 2004; Germain et al. 2005, 2009). However, to ensure the reliability of our 
avalanche records, we opted for the following procedures: (i) the 20 innermost 
rings were not considered in the analysis of reaction wood because small-diameter 
tree stems are highly susceptible to stem deformation on steep slopes; (ii) we used 
sequences of reaction wood lasting for at least 2 years; (iii) a drastic change in the 
direction of reaction wood was also considered as originating from distinct snow 
avalanche event, and (iv) when possible, two types of responses or more were used 
as complementary tools for avalanche reconstruction.

Traumatic resin ducts have also been used successfully as valuable tools for docu-
menting various geomorphic processes by Stoffel et al. (2006) and Casteller et al. 
(2007). In the Chic-Chocs Range, however, the formation of traumatic resin ducts 
seemed related to other environmental stresses, namely insect activity causing defo-
liation during severe epidemics. Larocque et al. (2001) showed that only a few annual 
rings with rows of traumatic resin ducts were related to avalanche disturbances.

Additional, less well documented tree response types (e.g. as used by Carrara 
1979) consist of shoot initiation and radial growth release in branches transformed 
into stem-like structures, which marks a change in axis direction. However, these 
responses remain poorly documented. At a stand studied by Dubé et al. (2004), 
12 and 11 new leaders were produced 8 and 6 years after the 1956- and 1966-avalanche 
events, respectively. Therefore, traumatic resin ducts shoot initiation and radial 
growth release in branches may be used as complementary tools to the main type 
of responses, namely impacts scars and reaction wood.

5.2.3  What Are the Optimum and Minimum Sample Sizes?

In a recent paper, Butler and Sawyer (2008) argued that a few damaged trees may 
be sufficient for the development of an avalanche chronology, but 100 such trees 
would be better. It is clear that the larger the sample size, the higher the probability 
to record past avalanche events. However, because the avalanche activity index is 
based on the percentage of responses in relation to the number of trees alive for a 
given year (following Shroder’s method) a very large sample size may increase the 
noise and make deciphering past avalanche events even more difficult.

The cumulative distribution function (CDF) of avalanche chronologies, which 
describes the probability distribution of avalanche chronologies for variable 
sample sizes, were plotted for sites at low-elevation coastal valleys (Fig. 4a) and 
alpine–subalpine belt in the Chic-Chocs Range (Fig. 4b), respectively. In both cases, 
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the data follow a logarithmic law (R2 = 0.94 & 0.97; p < 0.0001). With a sample size 
increasing from 10 to 25–30 trees (Figs. 4a and b), the probability to extend avalanche 
chronologies is high, but with sample size >40, this probability will increase only 
slightly, indicating that a good selection of trees for sampling is an important prereq-
uisite for the development of avalanche chronologies. In that connection, the higher 
avalanche frequency calculated for the period after 1950 in the northern Gaspé 
Peninsula is not related to the sample size. Indeed, no significant correlations were 
found between the number of avalanches recorded and the length of the chronolo-
gies (R2 = 0.30; p > 0.05) and between the number of avalanches and trees sampled 
(R2 = 0.21; p > 0.10), which varied greatly from one path to another.

The sampling design is unquestionably an important issue, but also the location, 
dendrometric parameters (heights, diameters, presumed ages) and anomalies 
(damages originating from multi-events) of trees. Table 1 shows the oldest growth 
ring dated at each avalanche path, which indicates that tree longevity rather than 

Fig. 4 Cumulative distribution function of avalanche chronologies as a function of sample size 
for scree slopes in low-elevation coastal valleys (a) and for alpine–subalpine avalanche paths in 
the Chic-Chocs Range (b)
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tree life expectancy in avalanche-prone areas appears to be the main limiting factor 
for avalanche chronology development. Obviously, the number of old trees 
decreases back in time, but we argue that a minimum of ten trees is required for 
calculation of any avalanche activity index. Burrows and Burrows (1971) and 
Stoffel et al. (2006) used a single tree to conclude past avalanche events. Tree 
responses for years with <10 trees should be considered as additional pertaining 
information, but not for chronology building and ensuing calculation of frequen-
cies, return intervals, etc. A single tree is definitely not enough, particularly for 
risk assessment. When the sample size has to be minimized for some reasons 
(e.g., recreational or protected areas) sampling should be done so as to maximize 
the information, by collecting several discs from a limited number of trees (Stoffel 
et al. 2006; Germain et al. 2009).

5.2.4  What Is the Minimum Number of Tree-Ring Responses for Past 
Avalanche Event Identification?

One of the main difficulties in tree-ring analysis on trees showing damage from 
multiple events is to statistically distinguish avalanche events from other types of 
disturbances (slope or wind effects on stem deformation). Following the approach 
based on the process-event-response developed by Shroder (1978, 1980), each stand-
scale chronology of high-magnitude avalanches is based on the ability to identify 
growth anomalies in the field, but also on a quantitative threshold value for the 
identification of avalanche events. Butler and Sawyer (2008) considered that 20% as 
a minimum number of trees needing to respond in order to invoke an avalanche event 
was more appropriate than 40% (Butler and Malanson 1985; Butler et al. 1987; 
Bryant et al. 1989) because of the small size of sampled trees (£12) along some 
avalanche paths and based on data from historical records of avalanches.

In the northern Gaspé Peninsula, a 20% threshold value is not appropriate given 
the sample size (average >50) per avalanche path. With a 20% threshold, no 
avalanche events at site HBS would be recorded. Dubé et al. (2004) calculated 
an avalanche activity index of 9% for the year 1996 in stand RC, although the 
treed area devastated was over 50 m2. Thus, it is not surprising that historical and 
tree-ring records of avalanches may not totally correspond (Luckman and Frazer 
2001; Butler and Sawyer 2008) for several reasons: (1) the quality and reliability of 
surveys vary from site to site; (2) a significant change in avalanche survey may have 
occurred over time and; (3) local factors (slope aspect or gradient) may be respon-
sible for differences in avalanche occurrences in two adjacent sites. Butler and 
Malanson (1985) indicated that knowledge of site-specific geomorphic conditions 
helps choosing an acceptable threshold value.

A 10% threshold value appeared appropriate for the avalanche paths studied in 
the northern Gaspé Peninsula (Larocque et al. 2001; Boucher et al. 2003; Dubé 
et al. 2004; Germain et al. 2005, 2009). Figure 5 shows that the relative number (%) 
of recorded avalanche years for variable threshold values follows an exponential 
distribution (R2 = 0.96; p < 0.0001). Using threshold values of £5%, 10% and 20%, 
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a total of 50% 20% and 10% of years were identified as avalanche years. A threshold 
of £5% may include several small avalanches, and a threshold of ³20% may only 
include extreme events that cause extensive damage. The exponential distribution 
(Fig. 5) clearly justifies a 10% threshold, which likely corresponds to high-magnitude 
snow avalanches, thus excluding small events because the sampling covered the present 
run-out zone and its immediate forested peripheral in order to minimize the 
effect of the sampling design.

At the regional scale, Dubé et al. (2004) and Germain et al. (2009) used a 10% 
threshold value. However, for the regional chronology in alpine–subalpine high-
lands, this threshold was established by using a robust statistical method rather than 
subjectively. Indeed, Germain et al. (2009) established this value from a binary step-
wise regression model which identified the minimum possible value for avalanche year 
identification. Avalanche years were characterized by a regional avalanche activity 
index statistically different from those calculated for non-avalanche years. The 
regional avalanche activity index takes into account the number of paths that could 
potentially record an avalanche for a given year, with a sample size ³10 trees.

5.3  Risk Assessment: The Contribution  
of Dendrogeomorphology

Several recent papers suggest that climate change is likely to cause shifts in the 
magnitude and frequency of natural hazards (Jomelli et al. 2004; Germain et al. 
2009), increasing the exposure of populations to severe disasters, particularly in 

Fig. 5 Percentage of recorded avalanche years for different threshold values. The relative number 
of recorded avalanche years is the mean number of avalanche years for a given threshold value 
divided by the length of the chronology at each avalanche path
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mountain environments. Snow avalanches should figure among the most worrying 
processes because of their great destruction capacity (Gürer et al. 1994; Keiler 2004). 
In this respect, the tragedies that occurred recently in Europe and the Canadian 
Cordillera (Jarry and Sivardière 2000; Campbell et al. 2007) raise the question of 
the accuracy of the present avalanche zoning procedures given the possible 
impacts of climate change. The long-term reconstruction of diachronous events still 
represents great interest for risk determination and mapping (Salm 1997). Indeed, 
the return interval of high-magnitude avalanches for a given run-out distance is 
still, more than ever, an essential part in land-use planning (McClung 2000).

Because the snow avalanche regime may have been altered by defence struc-
tures, forecasting and explosive control and by changes in land use during the last 
century (Laternser and Schneebeli 2002), historical records may provide a better 
identification of past events but can hardly be used for precise zoning. Conversely, 
dendrogeomorphic methods may help characterizing the relative degree of hazard 
in alpine and subalpine environments where historical records are lacking.

A tree-ring-based avalanche record allows estimation of return intervals and 
annual probabilities of high-magnitude avalanches at both local and regional scales. 
However, land managers and engineers show little interest in tree-ring data despite 
of their usefulness for establishing spatiotemporal variations of high-magnitude 
events and calculation of run-out distance. Based on extreme events, i.e., ³50 year 
return interval, run-out distances are usually evaluated using physical or statistical 
models that need to be calibrated with historical and/or field data. Statistical run-
out models known as alpha-beta (Lied and Bakkehoi 1980; McClung and Lied 
1987) or runout-ratio models (McClung et al. 1989; McClung and Mears 1991) are 
easier to use because they are based on topographic parameters. Dendrogeomorphic 
methods may be very useful for the calibration of such models, but surprisingly 
very little attention has been paid so far to tree-ring-based avalanche records. 
Knowledge of avalanche frequencies at the head of run-out zones would allow 
theoretical estimation of effective return intervals as a function of position along a 
given slope (McClung 2000). Tree-ring methods thus appear as a practical tool for 
zoning applications when used in conjunction with run-out models.

6  Conclusion

The important points made in our long-term research program in snow avalanches 
in the northern Gaspé Peninsula can be stated as follows: (i) the dendrogeomorphic 
methods provide valuable information on the frequencies (return intervals and 
annual probabilities) of past snow avalanches; (ii) impact scars and tilted trees with 
reaction wood are the most reliable evidence of past avalanche events; (iii) the 
probability to extend avalanche chronologies was high with a sample size of 25–30 
trees, but increased only slightly with a sample size >40; (iv) a 10% threshold value 
was appropriate for high-magnitude avalanche identification; and (v) the threshold 
value can be established using a robust statistical method rather than subjectively.
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However, in spite its utility in providing data on frequency-magnitude of 
geomorphic processes, the accuracy of this methodology has yet to be examined, 
particularly in regard to distinguishing the effects of other processes, i.e., snow 
creep, soil creep, and wind that may contribute to noticeable impacts on the tree-rings. 
In this respect, the use of a statistical technique to establish a threshold value should 
allow us to go one step further in spatiotemporal modeling. Finally, the scarcity of 
investigations dealing with spatial mapping (GIS) of avalanche return periods and 
with tree-ring sequences and icefall activity and slushflows are promising research 
directions, testifying that this approach is still at the developmental stage.
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Snow avalanches pose a considerable risk in the Patagonian Andes. Despite this, 
avalanche hazard maps are rare for this region. One way to reduce this risk uncer-
tainty is to apply numerical models that predict avalanche runout. These models 
require that the avalanche release areas must be precisely determined (Maggioni 
and Gruber 2003) and the friction parameters used by the models must be adjusted 
to local terrain and snow conditions (Furdada et al. 2002). These parameters can be 
estimated by simulating avalanche events for which the extent of runout is known. 
Dendrochronological methods become a valuable tool for precisely defining the 
spatial extent of past events in the Andes where directly observed evidence is not 
available. Tree-ring studies are also important for reconstructing years of avalanche 
occurrences in such cases (Casteller et al. 2008).

Here, we present the results of a study related to the largest tragedy in the history 
of Argentinean mountaineering, in which nine people were killed by a slab avalanche. 
This occurred on 1 September 2002 at Cerro Ventana, Bariloche, in northern 
Patagonia (41°12¢36″S, 71°22¢32″W). Detailed information about the avalanche 
features were compiled in the field, providing the required inputs to run the avalanche 
models. As the lower part of the avalanche track is forested by the broadleaf Lenga 
beech (Nothofagus pumilio), we were able to examine different tree-ring indicators 
associated with the 2002 event and previous undocumented avalanches at the site. 
The tree-ring data used to estimate the maximum extent of the 2002 event are 
verified by the field observations.

Two sampling strategies were applied: (i) purposeful sampling of 15 trees 
with clear external evidence of past avalanche disturbance along the track, and (ii) 
systematic sampling of all 24 trees, regardless of the presence of external damage, 
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in a 28 m2 plot located in the run-out zone of the track at 1,455 m elevation. Cross-
sections were taken in all cases. In the purposeful sampling, scars from the 2002 
avalanche were found in seven of the ten trees sampled between 1,440 and 1,490 m 
(Fig. 1); none of the five trees below 1,440 m showed damage from the 2002 
event. These 15 trees also contained evidence of several earlier avalanche events. 
In particular, three scars, one variation in eccentricity, and seven abrupt growth 
changes were noted in 2000. Avalanche events in 1943, 1949, 1978, 1985 and 1991 
are also suggested by limited evidence from these trees. Avalanche-damaged trees 
extend down to 1,380 m, indicating that the 2002 event was not the most extensive 
from the site. In the systematic sampling, evidence of the 2002 event was recorded 
in 19 of the 24 sampled trees: seven trees showed scars and 12 unscarred trees 
showed abrupt growth changes.

RAMMS is a numerical model for avalanche dynamics (Christen et al. 2008) 
and was used to simulate the 2002 event. Four simulations were conducted using 
the observed snow release depth of 0.6 m (release volume of 10,300 m3) and the 
following coefficients: (a) m = 0.47, x = 1000 m s−2; (b) m = 0.42, x = 1000 m s−2; 
(c) m = 0.38, x = 1000 m s−2; (d) m = 0.40, x = 700 m s−2, where m and x are the dry 
and viscous friction coefficients, respectively. An erodible snow layer of 0.6 m was 
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Fig. 1 (a) Cross section of a Nothofagus pumilio tree damaged by avalanche events in 1998 and 
2002. (b) Detail of the eccentricity variation from 1998 and the 2002 scar. (c) Similar growth 
trends are recorded for both radii prior to the first avalanche impact in 1998. The 2002 avalanche 
produced the scar shown in (b)
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incorporated in Simulation d, which resulted in an additional eroded snow volume 
of 21,000 m3. The modeled run-out altitude in Simulation c coincides with the 
dendrochronologically-reconstructed value of 1,440 m, and varies between 40 m 
upslope and 9 m downslope for Simulations a and d, respectively (Fig. 2). Maximum 
avalanche velocities provided by the model range from 15.40 to 17.85 m s−1; 
unfortunately, no recorded avalanche velocities are available for comparison. 

Fig. 2 Four numerical simulations of the 2002 avalanche event (for details see text). The boundary 
of the 2002 event is shown by a dashed line. The solid lines indicated by 1–1¢ show the maximum 
extent of each simulated event. The extent of the observed and simulated events coincide in figure c. 
The contour interval is 10 m. The shaded areas within and adjacent to the avalanche track show 
the modeled distribution and depth of avalanche show (see Casteller et al. 2008)
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The maximum simulated snow depths deposited in the track vary from 1.95 to 3.5 
m (detail not shown) and are considerably lower than the 7 m observed, even with 
the model that includes snow entrainment (Simulation d). This limitation reflects the 
low resolution (30 m) of the topographical model (ASTER DEM), which does not 
accurately show the terrain features that funneled the avalanche along a narrow 
path, resulting in lower simulated snow deposition depths and a greater simulated 
width for the avalanche in the run-out zone.

Our results support previous studies suggesting that tree rings from N. pumilio 
can be used to date and determine the extent of past snow avalanches (Mundo et al. 
2007). Also, though only a preliminary study, this paper demonstrates that tree-ring 
data can be used to calibrate numerical avalanche models for the Patagonian Andes. 
Ultimately, advances in snow avalanche modeling and in tree-ring applications will 
provide regional hazard maps for this mountainous area.
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Part III
Landslides

Trees disturbed and destroyed by the 1959 Madison Canyon rockslide,  
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1  Introduction

Dendrochronology is increasingly being use in natural hazard studies, especially in 
those concerned with estimating risk. Central to such studies are frequency–magnitude 
relations, which relate the size of hazardous events to their average recurrence. 
Frequency–magnitude curves are best established from observational data, but 
the historic record may be too brief to capture extreme events, or it may be otherwise 
non-representative of longer periods. Earth scientists thus use the recent geologic 
record to add depth to the observational database by estimating both the size distri-
bution of prehistoric events and the frequency of events of different size. The latter 
requires knowledge of the ages of prehistoric events, which is where dendrochronology 
comes into play. Some past earthquakes, landslides, floods, and other events can be 
dated using tree rings and the ages then used to quantify relations between event 
frequency and magnitude. The equations that define frequency–magnitude relations, 
in turn, are the basis for probability-based forecasts of hazard.

The papers in this section of the book deal with landslides. Dendrochronology 
is particularly suited to landslide research because potentially unstable slopes in 
temperate and tropical environments may be treed and because the rings of trees 
damaged or killed by a landslide can record the age of the event.

2  Landslides

A landslide is the movement of a mass of rock, sediment, soil, or artificial fill under 
the influence of gravity (Fig. 1). Landslides range in volume from tens of cubic 
meters to tens of cubic kilometers; their velocities range from millimeters per year 
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to more than 100 m per second. Landslides are primarily associated with mountainous 
terrain, but they also occur in areas of low relief, for example in roadway and 
building excavations, mine-waste piles, and river bluffs.

Landslides kill thousands of people each year and cause tens of billions of 
dollars in damage. One of the most deadly landslides on record occurred during an 
earthquake in Peru on May 31, 1970. An earthquake dislodged a large mass of rock 
and glacier ice on Nevado Huascarán, a high peak in the Cordillera Blanca. The 
failed rock mass rapidly fragmented, producing a debris flow that killed 20,000 
inhabitants of the towns of Yungay and Ranrahirca (Plafker and Ericksen 1978). 
Large landslides can also block rivers, creating impoundments and causing upstream 
flooding. Sudden failure of landslide dams may cause devastating downstream floods. 
Because of the threat that landslides pose to public safety and infrastructure, 
research aimed at better understanding slope stability and failure has accelerated 
in recent years. This acceleration has been accompanied by basic research into 
slope failure processes, mechanisms of debris movement, and landslide history, 
causes, and triggers.

Landslides commonly are classified according to their velocity, type of movement, 
and source material (Fig. 2; Turner and Schuster 1996). Water also is important 
because it commonly causes or triggers slope failure and also exerts a strong 

Fig. 1 Rock avalanche at Tetsa River in northeast British Columbia. Tree rings can be used to 
date landslides such as this (Photo by Marten Geertsema)
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influence on movement. The scheme shown in Fig. 2, although simplified, provides 
an understanding of the range and complexity of landslides. The main landslide 
types are briefly described below.

A fall involves rolling and bouncing of rock and, less commonly, sediment, from 
a cliff or down a steep slope. Failure typically occurs along steeply inclined frac-
tures or other discontinuities in the source rock or sediment.

A topple involves the forward rotation of a large mass of rock or sediment about 
a pivot point under the influence of gravity. Movement occurs along steeply 
inclined fractures. Topples range from shallow movements to deep-seated displace-
ments of large volumes of rock. The process operates almost imperceptibly, but a 
threshold of stability may be reached, whereupon the toppling block suddenly fails, 
producing a fall or a slide.

A slide involves movement of an intact or disintegrating mass of rock or sediment 
along a well defined basal failure plane. Slides are subdivided into translational and 
rotational types. Translational sliding takes place on planar or undulating surfaces. 
The slide mass commonly disintegrates as it moves downslope, but the fragments 
tend to retain their positions with respect to one another. Rotational sliding involves 
translation of rock or sediment along a concave-upward, curved failure surface, 
producing what is termed a slump. Movement rates range from millimeters per 
hour to meters per second. Many slides are complex phenomena, involving both 
translational and rotational movements.

Flows are a large and varied group of landslides that share one similarity – the 
failed material moves as fluid, commonly a non-Newtonian fluid. In wet flows, 

Fig. 2 Simplified classification of landslides (Clague 2007, Fig. 1)
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rock fragments are partly supported by interstitial water. Debris flows are the most 
common type of wet flow; they consist of a mixture of water, rock fragments, and 
plant detritus that moves down a steep stream course or ravine as a slurry. Mudflows 
are similar to debris flows, but the solid fraction consists of sand, silt, and clay, with 
little or no gravel or coarser material. Sediment flows also happen in oceans and 
lakes, especially off deltas and at the heads of submarine canyons. Those that travel 
down submarine canyons into deep ocean waters are termed turbidity currents.

Rock avalanches (also known as sturzströme) are large, fast-moving flows of 
fragmented rock. Rapid flow results from the release of large amounts of energy 
due to particle interactions and comminution. Rock avalanches are the fastest of all 
landslides, in some cases achieving speeds of 100 m per second or more. They also 
travel long distances where unimpeded by topography. Rock avalanches are rarer 
than other types of landslides, but they are important and of scientific interest 
because of their long travel distances and because of the destruction and death they 
cause. One of the most famous examples is the Frank Slide, which killed about 
70 people in the mining town of Frank, Alberta, in April 1903 (McConnell and 
Brock 1904; Cruden and Krahn 1978).

Many landslides do not fit comfortably into classification schemes. Prominent 
examples include sackung and lateral spreads. Sackung, a German word meaning 
“sag”, is the deep-seated downslope movement of a large, internally broken rock 
mass, with no single, well defined basal failure plane. Movement is manifested at 
the land surface by cracks, trenches, and scarps at mid and upper slope positions, 
and by bulging of the lower slope. Lateral spreading involves extension of a slab of 
earth material above a nearly flat shear plane. The moving slab may subside, rotate, 
disintegrate, or flow. Lateral spreading in silts and clays is commonly progressive – 
failure starts suddenly in a small area, but spreads rapidly, ultimately affecting a 
much larger area.

Finally, many landslides, including most large ones, are complex, that is they 
involve more than one type of movement. A rockslide, for example, may evolve 
into a debris flow by entraining water or saturated sediments along its path.

3  Dating Landslides with Trees

Dendrochronologists use three general strategies to date landslides. The first strategy 
is to determine the age of the oldest tree living on the landslide deposit. The surface 
of the deposit obviously must have been colonized by trees after the landslide, 
thus the oldest tree provides a minimum age for the event. This strategy has been 
successfully used, for example, to date exceptional regional rainstorms that triggered 
large numbers of debris flows in British Columbia (Schwab 1998).

The assumption underpinning this strategy is that the tree became established 
soon after the landslide. However, trees do not immediately seed on new landslide 
surfaces – there is a period, termed the ecesis interval, between the time the new 
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surface becomes available and the time that trees become established on it. Ecesis 
intervals in northwest North America range from a year or two to almost 100 years, 
depending on the tree species, the nature of the substrate, and climate (Sigafoos 
and Hendricks 1969; Smith et al. 1995; Wiles et al. 1999; Luckman 2000; Lewis and 
Smith 2004). A correction may be applied for a specific area if the ecesis time is 
known in the modern environment.

A more serious problem, which commonly restricts the strategy to landslides 
less than 1,000 years old, is that the living trees on a landslide deposit may not be 
first cohort; in other words, the original cohort died and was replaced by second-
growth or younger forest. In such cases, of course, the living trees provide, at best, 
a gross minimum age for the landslide.

A second strategy is to date trees that were affected, but not killed, by landslides. 
Catastrophic landslides, including rockslides and rock avalanches, remove trees 
along their paths, but some trees at the lateral margins and fronts of these landslides 
survive the trauma. Damage to the crown or root systems may produce a sudden 
reduction in the thickness of the annual rings, known as suppression. In other cases, 
landslides produce a marked increase in ring width (release) by eliminating competi-
tion from nearby trees (Paolini et al. 2005). In both cases, the landslide is easily 
dated by counting back from the outermost ring to the ring where tree growth 
changed. Trees also are scarred or tilted by landslides (e.g., Shroder 1978; Clague 
and Souther 1982; Bégin and Filion 1985, 1988; Braam et al. 1987a, b; Osterkamp and 
Hupp 1987; Corominas and Moya 1999; Fantucci and Sorriso-Valvo 1999). After the 
landslide, the trees repair the damage – new tissue is progressively emplaced over 
scars (Fig. 3), and the tilted trees may gradually right their stems to a vertical posi-
tion. Conifers right their stems by adding compression wood preferentially on the 
down-tilted side of their trunks (Fig. 4). In both instances, the age of the landslide 
can be easily determined by counting back from the cambium to the first ring 
emplaced after the tree was damaged by the landslide. Dating is not so straightfor-
ward in the case of slow-moving earthflows and sackung. Tilted trees may archive 
the initiation of movement, but if the movement is continuous, the tree may never 
right itself. Episodic movement may leave a complex pattern of stem rings, comprising 
asymmetric rings formed during times of movement and symmetric ones when no 
movement occurred (Shroder 1978; Braam et al. 1987a, b).

A third strategy is used to date trees that were killed by the landslide. In some 
cases, scarred or tilted trees at the margin of the debris, although dead, still stand. 
Floating ring-width chronologies derived from these stems potentially can be cross-
dated with local or regional master chronologies derived from living trees. In other 
cases, where trees were overridden and destroyed by the landslide, growth-position 
roots and boles of trees may remain beneath the debris or exposed along the path 
of the landslide. Again, ring-width chronologies from the boles possibly can be 
crossdated with local or regional master chronologies (Bégin and Filion 1988). 
In still other instances, logs and stems, entrained by the landslide, occur within the 
debris (Filion et al. 1991). The strategy of crossdating the subfossil series into living 
tree-ring chronologies can be problematic. The outer-ring age of an entrained stem 
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Fig. 3 Example of landslide-tilted trees (a) Western red cedar (Thuja plicata) tilted and partly buried 
by debris of the 1963 Dusty Creek landslide in the southern Coast Mountains of British Columbia. 
(b) Section of tilted Alaska yellow-cedar (Chamecyparis nootkatensis) showing change in the ring 
width in 1963. Compression wood, formed between 1963 and 1980, is concentrated on the lower side of 
the trunk. (c) Photographic enlargement of part of the section shown in (b). The beginning of the produc-
tion of compression wood occurred in 1963 prior to the formation of a late-wood layer (Modified from 
Clague and Souther 1982, Fig. 9; reproduced courtesy of National Research Council of Canada)
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or in-situ root bole will coincide with the age of the landslide only if the tree was 
killed by the event. This assumption probably is valid in the case of overridden in-situ 
boles with preserved bark. However, the assumption becomes more tenuous when 
dealing with incorporated stems and other woody debris lacking bark. In such 
cases, the researcher must date many stems and also consider the possibility that 
deadfall was entrained by the landslide, in which case the age of the outermost ring 
is older than the landslide.

Fig. 4 Example of a landslide-scarred tree. (a) Scar produced by impact of airborne debris of the 
Dusty Creek landslide on Western red cedar (Thuja plicata). Wood tissue in the scar area was 
ripped off and sliced during impact. (b) Partial section of tree shown in (a). Note the increase in 
ring width after 1963. Arrows in (a) and (b) indicate where living tissue is advancing over the scar 
(Clague and Souther 1982, Fig. 10; Reproduced courtesy of National Research Council of 
Canada)
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4  Concluding Remarks

Dendrochronology, when integrated into geomorphic and stratigraphic studies, is a 
powerful tool for assessing landslide hazard and risk. It is the only technique that 
can provide annual, even seasonal, precision on the dates of prehistoric landslides 
and historic landslides for which no observational data exist. It may prove particu-
larly useful in testing the hypothesis that several landslides suspected of being 
seismically triggered or caused by an unusually severe storm, are, in fact, the same 
age. It also can be used to establish chronologies for periods of earthflow activity 
and stability that, in turn, can be linked to fluctuations of climate on different 
timescales. Dendrochronology, however, is generally limited to dating landslides that 
are no more than several hundred years old. Another limitation of the technique is 
that living trees on landslide deposits and subfossil tree stems entombed within the 
debris may not closely date the time of the landslide. Caution is thus required in 
interpreting the relation between dendro-dated trees and the landslides with which 
they are associated.
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1  Introduction

Dendrogeomorphology, first introduced by Alestalo (1971) has been applied 
successfully in the spatial and temporal analysis of mass movements by many 
authors: Shroder (1978) investigated landslides in the Table Cliffs Plateau of Utah 
finding peak periods of mass-movement reactivation. Many authors (Terasme 1975; 
Shroder 1978; Hupp 1984; Strunk 1992; Denneler and Schweingruber 1993) found 
that trees subject to stress due to mass-movement have manifested strong and sudden 
decreases in ring growth. This effect on tree growth was also found by Orombelli 
and Gnaccolini (1972) in dating the Vajont landslide in Italy through the study of 
tilted conifers. Another important kind of information on the causes of landslide 
movement was pointed out in the papers of Jibson and Keefer (1988) and Filion 
et al. (1991). Those authors discovered coincidence between the dating of tree 
disturbances and past strong earthquakes in the Mississippi Valley and Rivière du 
Gouffre, respectively. Dendrochronology was used by Hupp (1984), Van Asch and 
Van Steijn (1991) and Strunk (1992) to evaluate the frequency of landslide activity. 
Kashiwaya et al. (1989) have investigated the relationship between tree-ring width 
and heavy rainfall in the landslide-prone area of Kobe district in Japan.

2  Study Site

The aim of this study was to investigate phases of past activity of a large-scale 
deep-seated gravitational slope deformation involving the part included between 
the Vallone Pizzotto canyon and Greci Village, of the right side slope of the torrent 
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Fig. 1 Location of the study zone

Fig. 2 Dendrochronological samples, geomorphological scheme and regional sketch map of the 
study area. The Vallone Pizzoto canyon landslide and fan complex East of Cozzo Burrara. Key to 
the symbols: 1= Holocene deposits; 2 = high-grade metamorphics; 3 = low-grade metamorphics; 
4 = metabasite and metalimestones; 5 = dolostones; 6 = normal fault (tics on the down-thrown 
block); 7 = thrust fault (teeth on the upthrust side); 8 = strike-slip fault; arrows if stems are reclin-
ing by: a: > 30°; b: 10°/30°; c: 1°/9°; 10 = sample number; 11 = highway; 12 = principal landslide 
scarp; 13 = principal landslide scarp, non active; 14 = secondary scarp; 15 = sliding-type landslide; 
16 = flow-type landslide; 17 = sackung deformation type; 18 = alluvial fan, active; 19 = alluvial 
fan, non active; 20 = slope convexity (teeth on the downslope side); 21 = slope concavity 
(teeth on the upslope side); 22 = stream erosion scarp
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Elicetto, near the city of Lago, northern Calabria (Figs. 1 and 2). The deformation 
is of the sackung type (Zischinsky 1969) and is ca. 1,300 ha in extent. It is active, 
as clearly indicated by the current activity of the landslide at its upstream and 
downstream boundaries, and by inclinometric and topographic data (Sorriso-Valvo 
et al. 1996). The slope comprises essentially allochtonous terrains emplaced during 
the Alpine Orogeny. They consist of low- to medium-grade metamorphics repre-
sented essentially by ophiolite-bearing phyllites with metacalcarenite and quartzite 
bands, and by porphyroids. High-grade metamorphics (white schists and gneiss) lie 
over the lower-grade metamorphics, forming the top of the slope. Carbonate rocks 
outcrop just north of the deforming slope; they represent the basement onto which 
the metamorphic units are thrust. This basement outcrops extensively in a tectonic 
window that is geometrically protruding through the allochtonous nappes. All the 
rocks are very intensely jointed and faulted. Thrust faults pervasively affect 
the parent rocks at every dimensional scale. Only the major tectonic structures are 
mapped in the geo-structural scheme of Fig. 2. As the sackung activity is reflected 
in the activity of the overlying shallow slides, it was decided to trace back the activity 
stages of the shallow slides by means of dendrogeomorphic analysis. We performed 
this analysis essentially on the oldest white oaks (Quercus pubescens) scattered on 
the landslide area, and black pines (Pinus nigra) outside it. We tried to also find the 
causes that could have trigged the events of reactivation of the mass movement.

3  Material and Methods

3.1  Sampling Strategy

The entire Vallone Pizzotto-Greci slope was investigated through dendrogeomor-
phic techniques. Using an increment borer, the sampling strategy was to collect 
cores from the oldest trees living on the site, belonging to the same species, and 
displaying signs of past disturbances such as anomalies in the tree-stem morphology. 
In fact, many trees showed a tilting and sometimes an S shape of the stem, which 
is a sign of a recovered straight stem growth after a tilting event (Alestalo 1971; 
Braam et al. 1987). From each of the trees sampled, usually two cores were 
collected: one on the side opposite to the direction of tilting, and the other orthogonal 
to or facing the first one. For each tree sampled, we recorded: (a) its position on the 
topographic map; (b) the direction and degree of the stem tilting; (c) the directions 
of the core sampling. In total, 38 trees were sampled; 24 trees from different 
parts of the landslide and 14 trees from the stable surrounding zones.

3.2  Dendrochronological Analysis

All samples were subjected to standard procedures used in dendrochronological 
research such as samples surface preparation, skeleton plots, cross dating, and 
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ring-width measurement with a micrometer to construct growth curves (Stokes and 
Smiley 1968). The ring-width measurements were then checked with the pro-
gram COFECHA (Holmes 1983). The “visual growth analysis”, introduced by 
Schweingruber et al. (1990), was a very important tool for the identification of sudden 
growth decrease (suppression) or increase (release) in the cores. Most previous 
research on mass movements has used different species of conifer trees, while this 
research is based principally on deciduous oak species, as in the case of another den-
drogeomorphic study developed in central Italy on a landslide by Fantucci and 
McCord (1995), who used trees of Turkey oak (Quercus cerris). Here, we used a 
classification of growth anomaly developed by Schweingruber et al. (1990) and 
added a fourth class of reduction to indicate the situations in which the growth reduc-
tion was so strong that some rings were missing (Table 1). Indeed, in some cases the 
suppression was so strong that it was impossible to read single rings, so the average 
value of growth computed for the whole period of suppression was assigned to each 
single ring of the strongest suppression period. This was done to have a complete 
growth curve for all the cores examined, even if the ring growth was estimated in the 
periods of strongest suppression. In order to investigate the possible causes that could 
have induced the growth anomalies in the trees living on the landslide, both seismic 
and hydrological time-series were considered. The seismic data are related to those 
earthquakes whose intensity in the study area had reached at least degree of VII on 
the Mercalli-Cancani-Sieberg (MCS) seismic intensity scale. The earthquakes that 
affected the study area in the period 1820–1995 are listed in Table 2.

In order to correlate the meteorological data with growth anomalies, data from 
the rain gauge station of Aiello Calabro were considered. This station is 5.7 km 
from the landslide site. Unfortunately, the daily rainfall series were not complete. 
To overcome this problem, the missing meteorological data were estimated using 
the data of the rain gauge at Fiumefreddo Bruzio, 10 km from the site. The homo-
geneity of the data of this station was tested with those of Aiello Calabro by means 
of a Mann-Kendall test (Holmes et al. 1986). The test resulted positive, thus, we 
could make the estimation required.

The monthly precipitation data were then grouped seasonally into winter 
(December to February), spring (March to May), summer (June to August) and autumn 
(September to November). The reason for this grouping is twofold: first, the study 
area lies in a Mediterranean climate zone, i.e. with strong seasonality for rainfall 

Table 1 Classes of stress release and suppression (Modified from Schweingruber et al. 1990)

Class Anomalies type Percentage of increase or decrease

III Strong release >200%
II Medium release 101–200 %
I Light release 30–100%
I Light suppression 40–55%
II Medium suppression 56–70%
III Strong suppression >70% without missing rings
IV Very strong suppression >70% with missing rings
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and temperature; second, other studies conducted in study zones relatively close to 
the study area demonstrated that the reactivation of deep-seated landslides is related 
to precipitation periods of 50–90 days preceding the landslide (Sorriso-Valvo et al. 
1993). For each season, the average rainfall for the period of available data (1913–
1987) was calculated. Then, all the seasons where rainfall exceeded the mean value 
by 1.5 times the mean square residuals were considered as extremely wet seasons. 
This threshold is subjective, but there are no standard values to refer to. Climatic 
events able to trigger mass-movement are recorded in historical chronicles. We 
could obtain information over a time span that extends back to the early 1800s.

4  Results

4.1  Stem Tilting

The map of direction and degree of inclination of trees sampled (Fig. 2) indicates a 
first important difference between the morphological characteristics of sampled 
trees living on the slope and those in the surrounding stable areas or on the ridge 
top. In fact, the latter all had straight stems without any evidence of disturbance, 
whereas the former were mostly affected by stem tilting, with 51.3% of trees 
sampled showing this feature. On the landslide body, 78% of trees sampled have a 
tilted stem while the remaining 22% have straight stems. The main tilting direction 
within the sector is NE-S, with a maximum in the ESE direction. Regarding the 
relationship between tilting direction and slope direction, 78% of the tilted trees 
lean downslope or nearly downslope (this reflects the ESE peak in tilt direction); 
17% lean orthogonal to the downslope direction; 5% dip upslope (Table 3).

4.2  Tree-Growth Curves and Growth Suppression

The effects of growth anomaly can be seen in Fig. 3 comparing the ring-growth curves 
for the undisturbed trees with some of the most representative ring growth curves for 
the disturbed trees. In the cores of the disturbed trees, a sudden growth decrease is 

Table 2 Earthquakes that affected the study area

Date Distance from epicenter (km) H (km) Io Mk Epicenter

12 October 1835  30 03  9 5.4 Castiglione
11 February 1854  20 04  9 5.6 Cosenza
04 October 1870  20 07  9 5.8 Cosenza
08 September 1905  50 11 10 6.5 S.Eufemia
28 December 1908 130 08 11 6.8 Calabria

h = focal depth; Io = epicentral intensity in MCS scale; Mk = magnitude (Postpischl 1985).
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Fig. 3 Growth curves of disturbed (C9b, C29b and C10a) and undisturbed trees

Table 3 Classes of trees’ tilting Direction (%)

No tilting 22
N-NE 4
NE-E 17
E-SE 30
SE-S 17
S-SW 10
SW-W –
W-NW –
NW-N –
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clearly evident, compared to the normal growth of the undisturbed trees. Sometimes, 
the effect of the growth decrease was so strong that the trees never regained regular 
growth, as in the cases of samples C9b and C29b (respectively due to the events in 
1871, 1845 and 1890). The strong suppression often caused a ring growth close to 
zero; in some cases the cores showed a very intense suppression after the stressing 
event, so that many rings were missing, or the existing ones were so narrow that 
they became indistinguishable. In other cases, trees regained their regular growth 
decades later, as was the case for sample C10a. The undisturbed ring growth curve 
in Fig. 3 was obtained using the mean ring width of eight trees not affected by 
growth anomalies.

4.3  Visual Analysis of Growth Anomaly

The visual growth analysis was made on all cores sampled on the landslide area. 
Then, all the anomalies found were used to create a graph based on a modified 
Shroder formula (Shroder 1978) to calculate the anomaly index (It) for each of the 
event-response cases. The modified It used was calculated considering for each 
year the number of observed rings affected by suppression, the intensity of suppres-
sion as expressed by a coefficient of intensity of suppression, and the total number 
of samples analyzed in that year. The It was calculated as follows:

1

1

( ( ) * ( ))
( ) 100%*

( )
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n
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anomaly index It

Ntot t

=

=

=
∑

∑
where Sup(x )t = number suppressions of each class (x) in year t; Fx = weight 
coefficient. It is expressed by integers in a rank scale from 1 to 4, according to 
increasing intensity of suppression (i.e. slight, moderate, strong and very strong); 
(Ntot)t = total number of samples analyzed in year t.

In this way, it was possible to give more emphasis to those events that had 
induced strong growth suppressions in trees. To construct the graph, only the growth 
reduction anomaly was considered, because the recovery anomalies were very few 
and always subsequent to the suppression anomalies, thus they were not directly 
related to the events. The results of the visual growth analysis are represented 
through the It graph in Fig. 4. It (shaded bars) is scaled on the left-hand axis. The 
horizontal axis indicates the period of analysis (1820–1994), the percent of disturbed 
samples (solid line) is scaled on the right-hand axis. The first registered disturbance 
occurred in 1845. The events that occurred during the period between 1860 and 1895 
were stronger than those that occurred during the subsequent period, reaching 45% 
of the disturbed cases. Then, another period of disturbance followed between 1905 
and 1950, with more than one low-intensity event that had involved a decrease in the 
percentage of cases from 40% to 23%. The last period, between 1951 and 1995, was 
the least disturbed with a percentage of disturbed cases never exceeding 16%.
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4.4  Correlation Between Growth Anomaly Events  
and Geological Causes

In the study zone, such events occurred in the winters of 1863–1864, 1882, 1894, 
1896, 1910, 1919, 1927, 1936, 1937; coincident with growth in 1863, 1882, 1910, 
1927, and 1936, i.e., in 55% of the cases. Using the dates of the main growth 
anomaly events, the dates of the earthquakes and those of the seasonal precipitation 
values, we composed the skeleton plot shown in Fig. 5. In this figure, the dates in 
which the growth anomalies are related to the dates of seismic and meteorological 
events are marked by the lines with solid triangles.

Fig. 4 Graph of visual growth anomaly index related to landslide area. It = anomaly index (solid 
bars); samples = percentage of disturbed samples (line)

Fig. 5 Skeleton plot of the study case. Bottom figures are years; top figures with solid triangles 
are anomaly years corresponding with either seismic or rainfall events. The solid line means that 
the growth anomaly occurred in the same year of the causative event, whereas the dotted line 
means that the anomaly occurred the year following that of the causative event. Rainfall data time 
series began in 1913
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5  Discussion and Conclusion

The method used to investigate the periods of disturbance, proved to be of great 
help in determining the temporal sequence of diffused slope movement in the study 
area, and, to a lesser extent, clarifies the possible causes of triggering events of the 
mass-movement activity. The trees sampled outside the slope had regular growth 
patterns, without evidence of tilting and distortion of stems. Available information 
on the geomorphology and on the deformation occurring in the study zone indi-
cates that the slope is deforming through deep-seated creeping and landsliding 
(Sorriso-Valvo et al. 1996). The movement is expanding rapidly in the northern part 
of the slope where deformation occurs up to the top. However, the seismic profile 
suggests that the entire mountain is undergoing a unilateral sackung (Hutchinson 
1988), with essentially translational displacement and no or very little rotational 
activity. On the slope, instead, leaning trees indicate that the movement is active. 
This agrees with inclinometric data (Sorriso-Valvo et al. 1996). Tilted trees represent 
78% of the sample population (Table 3), 78% of which lean downslope, indicating 
that the velocity of the mass movement decreases with depth, but no toppling has 
been detected. One tree leans upslope, indicating a local rotation. The remaining 
17% of the stems which lean orthogonal to the slope are difficult to explain. By 
visual inspection of Fig. 2, it seems that they are located along or in the proximity 
to the outcrops of the shearing surfaces of the landslide, where ground deformation 
is controlled by very local geometry. Dendrochronological analysis was conducted 
by means of visual growth analysis and an anomaly index (It). The visual growth 
analysis indicated that anomalies consisted of sudden growth decrease of the growth 
(suppression) induced by stress after ground disturbance, followed in some cases 
by sudden increase (release), induced by the high moisture content, typical of the 
landslide body. From the graph in Fig. 4, it is possible to infer that after a sudden 
increase of It between 1840 and 1860, there is a period of strongly oscillating values 
that however decrease to a stationary level around 1950. The reason for this pattern 
is difficult to explain. However, as historical records (Sorriso-Valvo et al. 1996) 
indicate that slope movement began to affect this zone soon after the 1850s, we can 
tentatively assume that the cause of the growth anomalies has been the landsliding, 
with a maximum influence in the period between 1860 and 1895. Causes of the 
mass-movement may be many. By comparing (Fig. 5) the time series of possible 
causative events (earthquake, extremely wet seasons) with that of ring-growth anomaly, 
it appears that 80% of the earthquake dates correspond with growth anomalies 
found in sampled trees. The converse is of course not true: only 15% of anomaly dates 
correspond with an earthquake, confirming that the reasons for an anomaly can be 
other than earthquakes. However, the growth anomaly in 1871 and 1909 are delayed 
by 1 year with respect to the date of earthquakes because they occurred during the 
dormant season (October 1870 and December 1908, respectively), thus the effects 
of the stress on the trees are recorded in the following year. The two anomalies of 
1854 and 1905 are instead related to seismic events which occurred during the 
growing season of the same year. The meteorological data are moderately related 
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to mass-movement reactivation as the seismic data: indeed, considering the period 
for which rainfall data is available (1913–1987), only 55% of the anomaly cases 
can be connected to extreme precipitation values. On the other hand, correspon-
dence between seasonal extreme values and anomaly is low (spring 28%, summer 
33%, autumn 33%, and winter 50%; average 35%), but as expected higher than that 
for earthquakes. If information from historical records of landsliding is considered, 
then 55% of the recorded events correspond with an anomaly record, while 31% of 
the anomaly records correspond with a historical landslide record. Correspondence 
is nearly equal for instrumental and historical data. Conclusions based on 
instrumental rainfall data (after 1913) suggest that only a minority of extreme 
meteorological events may produce slope movement intense enough to be recorded 
in the tree-ring series, and that only 30% of anomalies can be explained in terms 
of extreme events. This weak connection is probably due to the fact that the rela-
tionship between rainfall and mass-movement activity is complex. For instance, the 
ca. 30 m deep, slow-moving sackung-type deformation should respond to much 
longer periods of increased rainfall. On the other hand, the continuous creeping of the 
sackung might irregularly trigger the movement of shallower landslides in non-
extreme events years. Coincidence between the seismic and hydrologic-meteorologic 
time series can be found only for the 1908–1909 earthquake and the 1910 rainfalls. 
An anomaly has been found in 1910. It is only one case, and It cannot be used for 
any kind on inference. Thus nothing can be said on the combined effects of the two 
causes. We can conclude that we obtained a moderate degree of success in the use 
of the dendrochronological analysis in the identification of the temporal occurrence 
of causes of landslide movement. A higher degree of coincidence between disturbing 
causes and anomalous tree growth has been obtained using archival data for extreme 
rainfall periods. This might have depended on the much higher annual rainfall 
depth in the period from the beginning to the 1880s. On the other hand, we could 
successfully distinguish the dendrochronological series of trees growing in the 
unstable area from those outside the unstable area. In addition, the period of 
maximum instability could be well defined between 1860 and 1895.
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A significant amount of dendrogeomorphic research has focused recently on the 
effects of isolated rockfall activity on tree growth and annual rings (reviewed in 
Stoffel 2006, and Schneuwly and Stoffel 2008). By comparison, however, only a 
few studies have used tree-ring analysis in the dating of large-scale rockfall 
avalanches, or bergsturz (see Butler et al. 1986). Butler et al. (1986, 1991, 1998) 
examined a number of rockfall avalanches in Glacier National Park, Montana, 
USA, and used tree-ring analysis of trees severely tilted and/or scarred along the 
margins of the rockfall-avalanche deposits to date three of those deposits – Slide 
Lake at 1910 (Fig. 1), Slide Pond at 1946 (Fig. 2), and Napi Point at 1954.

Recently, several dendrogeomorphic works examining snow-avalanche occur-
rence have advocated “weighting” tree-ring data, in some cases by concentrating 
only on unequivocal corrosion scar and strong reaction wood evidence (Germain 
et al. 2005; Butler and Sawyer 2008; Reardon et al. 2008). I suggest here that similar 
weighting is useful in dating the year of occurrence of rockfall avalanches.

Tree rings (Butler et al. 1986, 1991) illustrated the age of the Slide Lake rockfall 
avalanche as occurring in 1910; subsequent to that confirmation, previously unknown 
historical documents were located that confirmed the year of occurrence as 1910 
(summarized in Butler et al. 1998). The tree ring evidence for 1910 was, however, 
only marginally stronger than was evidence for years a few years earlier (1908 and 
1909) or later (1911 and 1912) (Oelfke 1984), when using all tree-ring growth 
responses present from trees tilted and scarred by the rockfall avalanche (corrasion 
scars, reaction wood onset and continuation, suppression, and release rings): 1908 
had an index value (see Butler and Sawyer 2008) of 10, indicative of 10% of 
sampled trees illustrating response for that year (cross-cut samples from 21 trees 
of an original sample of 30 trees were sufficiently old to extend back to the early 
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twentieth century); 1909, index value (IV) of 24; 1910, also an IV of 24; 1911 an IV 
of 10; and 1912 an IV of 14 (Table 1). Using a weighted system similar to that 
described for snow avalanches by Reardon et al. (2008), in which only corrasion 
scars and associated onset of reaction wood, or strong onset of reaction wood without 
scarring that lasted for a minimum of three years, were used to calculate annual index 
values, the Slide Lake data illustrated a much clearer picture supportive of the date of 
1910 (Table 1): 1908 IV of 5, 1909 IV of 10, 1910 IV of 19, 1911 IV of 10, and 1912 

Fig. 1 Composite photograph of the Slide Lake deposit taken in 1910 by US Geological Survey 
geologist M.R. Campbell (U.S.G.S. M.R. Campbell photos 891 and 892 used to create composite)

Fig. 2 Photo from helicopter taken by author in 1995, showing Slide Lake in lower right portion 
of photo and its damming rockfall-avalanche deposit and Slide Pond and its damming rockfall-
avalanche deposit (center left). Note difference in revegetation on the surfaces of the 1910 Slide 
Lake versus the 1946 Slide Pond deposits
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IV of 0. Essentially, using the strongest data (scars and strong, long-lived onset of 
reaction wood) produced an Index Value almost twice as strong for 1910 as for any 
other year. Applying the same system (without using weighting versus using weight-
ing), the following results emerged for the 1946 Slide Pond and the 1954 Napi Point 
rockfall avalanches: Slide Pond, 1944 9 versus 4, 1945 4 versus 4, 1946 70 versus 65, 
1947 57 versus 22, and 1948 13 versus 4; Napi Point, 1952 9 versus 0, 1953 9 versus 
0, 1954 83 versus 83 (these were excellent samples!), 1955 17 versus 17, and 1956 
17 versus 13. Using only the clearest, most distinct displays of scarring and strong 
and continuous reaction wood clearly pinpointed the year in all three cases in which 
the large and potentially very hazardous rockfall avalanches occurred, and is recom-
mended for dating of other rockfall avalanche deposits of unknown age.
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Table 1 Full index number versus weighted index number for study sites

Site Full index number Weighted index number

Years 1908–1912
Slide lake 10, 24, 24, 10, 14 5, 10, 19, 10, 0

Years 1944–1948
Slide pond 9, 4, 70, 57, 13 4, 4, 65, 22, 4

Years 1952–1956
Napi point 9, 9, 83, 17, 17 0, 0, 83, 17, 13

Year of occurrence in bold.
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1 Introduction

Landslides are widespread in tectonically active zones, in mountains and in areas 
where fine-grained deposits predominate, particularly in lowlands influenced by 
postglacial marine transgression. Late and postglacial marine clays in Norway 
(Bjerrum 1954a, b) and eastern Canada (La Rochelle et al. 1970; Leroueil et al. 1983) 
are particularly prone to multiple rotational slips (Hutchinson 1968). Identification 
of causal processes involved in landslide activity has been discussed by several 
workers (Sharpe 1938; Terzaghi 1950; Varnes 1958; Selby 1982). In such an attempt 
one must be able to distinguish between direct and indirect causes. In general, the 
direct causes were more easily identified, as for example seismic or volcanic activity, 
oversteepening of slopes undercutting at the toe of a slope by stream action, fluc-
tuations in depth of water bodies, prolonged rainfall, storm surges or rapid snow 
melting, and overloading of surfaces. While the inherent characteristics of deposits 
(lithologies, weathering states) and slope were considered as prerequisites for sliding 
occurrence, climate influence has been generally identified as an indirect cause.

Landslides in many regions are ancient and the conditions under which they were 
formed may be relict. In some areas, their presence is an indication of shifts in tem-
perature, and in amount, distribution and intensity of rainfall during the Pleistocene 
and the Holocene. Identification of mode of failure and causal processes is compli-
cated in ancient landslides, because of rapid degradation of the sliding surface 
(Brunsden and Jones 1972; Carson 1979), lack of geotechnical or meteorological data, 
and absence of archival records or eye-witness accounts. In areas with a high fre-
quency of mass movements inducing several generations of landslides, it may be use-
ful to establish their chronology in the context of past geomorphic, climatic and 
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ecologic conditions. In this connection, the fluvio-marine terraces located at the mouth 
of the Grande Rivière de la Baleine, northern Quebec (Fig. 1), provide evidence of 
long-term landslide activity, as the sandy surfaces and underlying marine clay deposits 
were disrupted by seven major landslides (Demangeot 1974) since their formation 
around 3,200 BP. (Hillaire-Marcel 1976). The main objectives of this study were there-
fore to establish the landslide chronology along a 12 km stretch of the Grande Rivière 
de la Baleine estuary, and to discuss the climatic conditions prevailing at the time of 
their formation using recent dendroclimatic reconstructions in subarctic Quebec 
(Parker et al. 1981; Jacoby 1983; Payette and Filion 1985; Payette et al. 1985).

One major problem in reconstructing landslide activity over a long period of 
time arises from availability of datable material and use of suitable dating tech-
niques. In a recent paper, Goulden and Sauchyn (1986) reviewed briefly some 
techniques that have been used to date landslides. Some provide absolute dates 
(radiocarbon dating), while others yield relative dates (morphological parameters, 
weathering-rind thickness, size and coverage of lichens on boulders exposed by 
landsliding, soil properties). Tree-ring dating of landslides was not mentioned 
by these authors, although this technique gives an accurate absolute dating as to the 
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year or even to the season of occurrence. Its application in geomorphological studies 
has been extensively discussed by Alestalo (1971) and Shroder (1978, 1973, 1975). It 
was successfully applied in many studies dealing with mass movements (Agard 1979; 
Begin and Filion 1985). In this study, we have focused on tree-ring analysis to 
obtain accurate dates of recent landslides, and on the 14C technique for ancient ones. 
Landslides from the Poste-de-la-Baleine area were considered in this respect, 
because they developed in a forest environment where buried tree stumps and other 
organic material could be used in tree-ring and 14C dating.

2  Study Area

The Poste-de-la-Baleine area is located along the eastern coast of Hudson Bay 
(Fig. 1). The geological basement is made of Precambrian granitic and gneissic 
rocks (Eade 1966). Deglaciation occurred around 8,000 BP. (Hillaire-Marcel 1976). 
Three terraces are found along the river, the uppermost being dated at 3,200 BP. 
According to emersion curves (Hillaire-Marcel 1976; Allard and Seguin 1985). Its 
surface declines in elevation toward the west, from 45 m above sea level up the river 
to 30 m near the mouth where it is truncated by the coastline.

The terrace stratigraphy and landslide morphology were described recently 
(Begin and Filion 1987). The overall stratigraphic pattern shows the following 
sequence, from bottom to top: morainic material, 10 m thick marine clay sediments, 
and 15–20 m thick fluvial and deltaic sands. The clay deposits were made of 
55–70% of fines (<2 m). The water content and liquidity limit ranged respectively 
between 24% and 44% and 28–57%.

Four out of seven major landslides depicted within the 12 km long terraces 
occurred in the upstream sector of the river, while the other three landslides were 
located in the downstream sector, in front of Poste-de-la-Baleine settlement (Fig. 1). 
Occurrence of various sliding levels, and degree of degradation and paludification 
of some landslide surfaces suggest that they were formed at different periods, although 
they all belong to the same, single or multiple rotational type (Begin and Filion 
1987). This slip-flow double movement is typical of quick-clay deposits overlain by 
sand and it is most obvious in recent landslides near the Poste-de-la-Baleine 
settlement. All mass movements in the study area have eroded approximately 10% 
of the initial surface and about 17 × 106 m3 of flow material.

3  Methods

Postulated old landslides (A–C) were dated using the 14C method, and dendro-
chronological techniques were used for dating of recent landslides (D–G). Three 
14C dates were performed at Teledyne Isotopes, and three at the Laboratoire de 
Radiochronologie of Laval’University. The radiocarbon dates (Libby’s half-life, 
5,568 years) were calibrated to calendar dendroyears using tables and methods 
from Stuiver and Becker (1986).
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The calibrated AD/BC age ranges are first obtained from intercepts method and 
then from probability distribution (p) method. The age ranges shown on Table 1 are 
those with the highest probability of date occurrence within two sigma.

Landslides D–G were dated with dendrochronological techniques. The tree-ring 
analysis was performed on buried tree stumps found in an upright position in flowed 
sediments, and also on stumps located at the surface of rotated blocks. In the case of 
buried trees which died in the hazard, the absolute age of landslides was obtained by 
dating the last growth-ring year (landslides D and G). The trees found at the surface 
of rotated blocks have recorded sliding movements by developing reaction wood in 
response to stem tilting. Sometime after tilting, the trees have been cut by Indians 
or by the staff of the Hudson Bay Company (Delwaide and Filion 1987). In this 
case, the age of landslides was obtained by dating the first year of reaction wood 
(compression wood) on the well preserved side of the stump (landslides E and F). 
The eccentric growth pattern was not studied in itself because of rotten wood in the 
opposite direction. All the trees analyzed were white spruce (Picea glauca).

The growth-ring analyses were performed on discs sampled at the root collar. 
Nine stumps were used for dating landslides D and F, and about 20 for landslides E 
and G. Ring width was measured with a Henson micrometer (precision of 0.01 mm). 
Cross-dating was facilitated by the presence of light rings (Filion et al. 1986), i.e. 
annual rings mostly made of earlywood cells with one or a few layers of latewood-
cells typical of a shortened growing season. Growth-ring patterns were also used in 
association with existing master chronologies (Parker et al. 1981; Payette et al. 
1985) and a local chronology built from 15 trees growing on the upper terrace.

The age of the largest and presumably oldest trees found in landslides E, F and 
G was determined for an evaluation of the minimum age of each landslide. This 
procedure may be useful in absence of other field methods (Shroder 1978). 
Accordingly, 122 trees were sampled in landslide E, 150 in landslide F, and 33 in 
landslide G, so as to represent the flowage zone, the floor of flowbowl and the land-
slide scarp. The increment cores were taken as low as possible, i.e. 30 cm above the 
ground surface using a Pressler probe.

Archival records from Hudson Bay Company were used for historical informa-
tion dealing with geomorphic and climatic proxy data. These documents belong 
to the Public Archives at Ottawa and to the Hudson Bay Company at Winnipeg 
(Canada), and spanned more or less continuously the 1744–1931 period.

4  Results

4.1  Landslides from the Upstream Sector

Landslide A is presumably the oldest landslide in the study area, because it is found at 
the highest altitude. The floor of the flowbowl is at 38 m above the present sea level, 
and the base level of the frontal slope circumscribing the flowage zone is at 30 m. 
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This elevation corresponded probably to the effective river level at the time of 
landslide formation. Because the original terrace surface has not been found, no 
organic material was available for dating. However, it seems likely that it occurred 
between c. 3,200 and 2,200 BP, i.e. between the time of the upper terrace formation 
and inception of landslide B located nearby at a slightly lower level (Fig. 1).

The floor of the cavity of landslide B was at a mean elevation of 33 m, about 3 m 
below the surface of landslide A. The base level of the frontal slope formed into the 
slipped masses is at 11 m above the present sea level. Landslide B was formed at 
about 2,200 ± 80 BP (1–13,271) (Table 1). This 14C date was obtained from char-
coal recovered from a buried organic horizon corresponding to the original surface 
of the upper terrace and it gives a maximum age for landslide occurrence. It is the 
oldest date for landslide formation in the study area. Several soil profiles observed at 
the edge of this landslide surface showed many microfaults, indicating that the upper 
part of the deposit was frozen at the time of sliding. This suggests that the landslide 
occurred probably during spring.

The surface of landslide C is at an altitude of 28 m, 5 m below the surface of land-
slide B. The sampling of basal peat covering the floor of the flowbowl, about 1.8 m 
as maximum thickness, yielded a date of 890 ± 70 BP (UL-77) (Table 1) which is an 
approximate but minimum age for the formation of landslide C. Sliding thus occurred 
between c. 2,200 (age of landslide B) and 900 BP. Additionally, three young radiocar-
bon dates (Table 1) were obtained from buried organic matter. Two dates (UL-78:180 
± 60 BP, and I-13,270: 260 ± 80 BP) appear to indicate minor movements at the base 
of the main scarp (CI and C2, on Table 1) and the last one (1–13,273: 320 ± 80 BP) 
subsidence of the slope at the lower limit of the flowage zone (C3, on Table 1).

A tree-ring date of AD 1846 has been determined for inception of landslide D. 
Cross-dating based on growth patterns and light-ring occurrences showed that the 
last complete ring was formed in 1845 (Fig. 2), and that sliding occurred most 
likely in spring 1846. A radiocarbon date of 160 ± 60 BP (UL-147) yielded AD 
1654–1896 age ranges (probability distribution of 0.83 within two sigma) (D on 
Table 1). The outer rings were removed from the stem section to avoid contamina-
tion during dating. It is the most recent landslide to have occurred in the upstream 
sector and in the study area.

4.2  Landslides from the Downstream Sector

When landslides E and F occurred their flowage zones merged and the slipped 
material flowed into the river. At the contact zone between the two earthflows, 
arrangement of the ridges suggest that the landslides occurred simultaneously. 
Many trees survived to sliding, particularly those growing at the surface of rotated 
blocks, and developed reaction wood and eccentric growth pattern later on (Fig. 3a 
and b). In many samples, the outer portion of 1818-ring was made of compression 
wood suggesting a change in stem position during the growing season (Fig. 3a). 
Many trees that toppled over during sliding were unable to grow for the rest of the 
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season, and recovery began in 1819 (Fig. 3b). Cross-dating of these tilted trees with 
our local chronology (Fig. 3c) allows us to show that landslides E and F occurred 
in 1818, probably in July (Table 1).

Landslide G occurred in AD 1839. Many trees were found in their normal posi-
tion buried by landslide debris and exposed by stream erosion. The last complete 
ring among several sampled trees was formed in AD 1838. (Fig 4a–c), which 
suggests that sliding occurred in spring 1839 before the beginning of the growing 
season (Fig. 4a–d and Table 1).
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4.3  Tree Regeneration in Landslides E, F, and G

Age of the oldest spruces growing in landslides from the downstream sector is shown 
in Fig. 5 according to position in landslide, i.e. along the main scarp, on the floor of 
the flowbowl, and in the flowage zone. Tree regeneration started 15 years after incep-
tion of landslides F and G, and 25 years in landslide E. Spruce establishment began 
first at the proximity of seed-bearers, i. e. along the scarps near the undisturbed terrace 
edges where mature trees were growing. The floor of flowbowls were colonized lately 
and only superficially, because of eolian activity eroding the sandy outcrops. Finally, 
the flowage zones were characterized by a low potential in spruce regeneration.
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5  Discussion

The Grande Rivière de la Baleine terraces were disturbed by seven major landslides 
since their formation (3,200 BP). The age of the second oldest movement (2,200 BP) 
gives the minimum age for landslide occurrence in the area, because the presumed 
oldest landslide A has not been dated. Mass movements reoccurred in the upper 
part of the river, ate. 900 BP (c. AD 1018–1260). From the eleventh to thirteenth to 
the nineteenth centuries, the area was relatively stable, showing only minor move-
ments at the base of the main scarp and at the outer limit of the flowage zone in 
landslide C. The most active period in landslide activity occurred during the first 
half of the nineteenth century. Between 1818 and 1847 four large landslides 
occurred, and since that time no major disturbance was observed.

Thus, two contrasted periods appear from the chronology of landslide activity in 
the area. The first one lasted for a long time and included only three landslides 
(A–C), i. e. sometime after the inception of the estuarine terraces (3,200 BP) but 
before occurrence of landslide B (2,200 BP) until the beginning of the nineteenth 
century. The second period spanned only 30 years, but it was characterized by the 
occurrence of four landslides (D–G) including two synchronous events (landslides 
E and F). Because these recent landslides were dendrochronologically dated, it is 
possible to evaluate the conditions responsible for their formation and the climatic 
context in which they developed.

5.1  Recent Landslides

The two major landslides (E and F) located in the downstream sector occurred 
simultaneously in July 1818. In most of the sampled trees used for tree-ring analysis, 
a sharp reduction in growth was observed in 1816 and 1817. Far from being of local 
origin, this drop appears to be significant in all tree-ring chronologies from northern 
Quebec and Labrador (Cropper and Fritts 1981; Parker et al. 1981; Jacoby 1983; 
Filion et al. 1985; Payette et al. 1985).

Moreover, the 1816 and 1817 tree rings were identified as light rings (Filion 
et al. 1986), because of the absence of latewood probably caused by low tempera-
tures in August and by an untimely stop of the growing season. These authors showed 
that about two thirds of the light-ring years corresponded to years (or triads) of major 
volcanic eruptions around the world. The 1815 Tambora eruption in Indonesia was 
the most important, and caused a drop in northern-hemisphere temperature of about 
0.4–0.7°C (Lamb 1977; Bryson and Goodman 1980). Its influence on the northern 
Quebec climate lasted for 2 years, as suggested by the successive occurrence of 
1816 and 1817 light rings. These two light rings were identified in more than 75% 
of individual spruce stems sampled in an old-growth lichen-spruce woodland at the 
tree line (Filion et al. 1986).

According to historical data from New England, the temperature in 1816 was 
3–6°C below normal in June and July, and about 2–3°C in August (Hughes 1979; 
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Stommel and Stommel 1979). Information from the Hudson Bay Company’s 
archives indicated that the Grande Rivière de la Baleine (Great Whale) trading post 
was abandoned in autumn 1816, and was reoccupied only in 1857. The 1816 and 
1817 tree-ring characteristics showed that the climatic conditions were inimical to 
tree growth. Temperature was lower, which caused most likely a reduction in 
evaporation. The summer precipitation was probably higher, inducing water-logged 
ground conditions, and probably a higher river level with accelerated stream erosion. 
The relationship between precipitation and mass movements has been suggested 
and, in some cases, demonstrated convincingly by several workers (Terzaghi 1950; 
Nilsen and Turner 1975; Shroder 1978; Caine 1980; Rogers and Selby 1980). These 
particular conditions during 2 successive years culminated in July 1818 to produce 
the two major landslides.

The 1839 and 1846 landslides (G and D) occurred during spring, as suggested 
by the last complete tree ring. These 2 years are part of a long climatic sequence of 
reduced tree growth (Fig. 4d). The reduction in growth conditions between 1815 
and 1860 appears to be general in tree-ring curves from northern Quebec and 
Labrador. As deduced from long tree ring records, the first half of the nineteenth 
century was probably one of the coldest intervals of the Little Ice Age in northern 
Quebec. Higher landslide incidence during this period seems to reflect the persis-
tence of cold and humid conditions. Slope instability appeared to have been general 
in subarctic Quebec during this period. Several instability phases associated with 
slope solifluction were identified by Bégin and Filion (1985).

These climatic conditions have also largely influenced forest succession in the 
newly-exposed mineral surfaces. The time lag between landslide occurrence and 
seedling establishment was relatively long, about 15–25 years. A similar time lag 
was reported by Begin and Filion (1985) in a landslide at Clearwater Lake, about 
175 km northeast of Poste-de-la-Baleine. The tree regeneration pattern in subarctic 
areas is closely associated with climatic conditions, because seed production and 
germination are typically sporadic (Hustich 1970; Payette and Filion 1985). 
Landslide dating using age of the oldest trees appears questionable in this context, 
because it underestimates landslide age; this technique provides at best a minimum 
age to sliding in subarctic environments.

5.2  Ancient Landslides

Only two radiocarbon dates were available for ancient-landslide dating. The 
undated landslide A occurred probably between 3,200 and 2,200 BP, as suggested 
by its slightly higher position relative to landslide B. The latter occurred sometime 
after 2,200 BP. This date gives a maximum age to landslide because it was obtained 
from a buried charcoal layer corresponding to the top of the original terrace surface. 
Landslide C would have been formed before 900 BP. This date suggests a minimal 
landslide age, because there is no indication about the delay in paludification of the 
floor after its formation.
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These few dates cannot give an accurate time scale to evaluate the climatic 
context initiating landslide activity, as it was for recent landslides with tree-ring 
analysis. Lebuis et al. (1982) reported frequent landslide activity between 1,250 and 
750 BP in the St. Lawrence Lowland, but this time interval overlapped both a cold 
period (1,600–1,000 BP) and a mild period (1,000–750 BP) in northern Quebec 
(Filion 1984). The only reliable indication of conditions conducive to landslide 
activity yet available referred to the season of occurrence. The presence of micro-
faults in landslide-B topsoils suggests that it was formed during spring. No such 
evidence was found in landslides A and C.

6  Conclusions

The landslide chronology described here shows temporal discontinuity in mass-
movement activity over the last 3,200 radiocarbon years. Three landslides were 
formed during a period of about three millenia, while four others occurred within a 
30-year period. The tree-ring analysis has been a useful dating tool for recent land-
slide activity. It has provided the exact date and season of landslide occurrence, as 
well as the short-term climatic context responsible for their inception. The higher 
landslide frequency recorded in the first part of the nineteenth century was associ-
ated with particular climatic conditions (cold and humid). Some landslides occurred 
during spring, and others during summer. The former were probably induced by 
snowmelt conditions, and the latter by cool and humid summer conditions. More 
detailed studies using dendrochronological and archival data could be helpful in 
determining the seasonal occurrence of a greater number of landslides. On the other 
hand, landslide dating by the 14C technique does not provide enough information on 
the particular climatic conditions prevailing at the time of landslide activity, unless 
several dates are used to build reliable mass-movement chronologies which may be 
compared to existing geomorphic or ecological chronologies. Nevertheless, this 
dating technique gives the possibility to define the spatio-temporal sequence of 
landslide development during the Holocene.
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Climate and natural disturbances are strongly related. Several studies have shown 
the strong relationships between precipitation, soil-water content, and landslide 
occurrence (e.g. Keefer and Johnson 1983; Schwab 1983; Iverson and Major 1987; 
Bovis and Jones 1992; Schwab 2002).

Variability is an intrinsic characteristic of climate, which in turn alters natural 
disturbance regimes. Instrumental and tree-ring records show a precipitation 
increase during recent decades in Northwestern Argentina (NWA; Minetti and 
Vargas 1997; Villalba et al. 1998), which appears to be associated with changes in 
the regional atmospheric circulation related to global warming (Labraga and Lopez 
2000; Villalba et al. 1998). If present and future climatic changes related to global 
warming involve increases in precipitation, could this increase in rainfall result in 
increased landslide frequency?

Landslides are a major component of the disturbance regimes on steep mountain 
slopes across the world. In the subtropical montane forests of NWA, landslides 
affect not only forest dynamics, but also human activities. Three major cities in 
NWA (total population >1.500.000 people) are located in the foothills of the moun-
tains where landslide events impact water quality, transportation, and hydropower 
generation.

Dendrochronological dating was used to reconstruct landslide occurrence along 
a 300 km stretch of the mountain ranges of NWA during the past 50 years. We used a 
combination of three dendrochronological techniques to date landslide occurrence. 
The minimum age for a landslide was established by dating Andean alder (Alnus 
acuminata) trees growing on the landslide scar and its deposits. The age of the 
oldest tree growing on the new surface provides an estimate of the minimum age 
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for the deposit. The occurrence of a disturbance can also alter the ring-width pattern 
of trees growing along the landslide scar, causing suppression or growth release 
events. The recorded changes in tree-ring patterns were also used for dating land-
slide events. In addition, we dated trees killed by landslides as a complement to the 
event chronology. The accuracy of the dendrochronological techniques used in our 
study was validated on landslides of known age (Fig. 1). Finally, the landslide 
chronologies were compared with regional precipitation records in order to 
establish the relationship between landslide occurrence and precipitation fluctua-
tions over time.

Fig. 1 Landslide in Yala, Northwestern Argentina, which occurred in the summer 1998–1999, 
showing the location of sampled trees on the new surface and the scarp (Photo by L. Paolini)
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There is a strong agreement in the landslide dates provide by the different tech-
niques used in the sites with landslides of known age (Fig. 2). In Yala, most trees 
growing on the new surface created by a landslide in 1998 established between 
1999 and 2000. This observation suggests that A. acuminata, the dominant subalpine 
tree, rapidly (1 year or 2) colonizes the new exposed surfaces in NWA. In the 
six trees sampled along the landslide scarp, 1998 is the narrowest ring since 1990 
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and was followed by a sudden release peaking in 2000. Cross-dating of dead trees 
indicates that the last ring in the cross-section was formed in 1998. Comparison 
with a control chronology, developed from trees not affected by landslides, showed 
that growth in 1998 was around the mean, suggesting no influence of climate on 
the narrow ring identified in 1998 in the trees severely affected by the Yala land-
slide. Due to topographic (elevation, slope) and environmental (climate, vegetation) 
similarities between the landslide sites, we applied the techniques previously 
validated to date the occurrence of 39 landslides of unknown age. For most sites 
(>90%), we found a good agreement between suppression-release patterns of tree 
growth and the ages of trees growing on the new surfaces. For the 39 landslides, 
the mean lag period between the oldest tree established on the landslide and the 
suppression and/or release signal recorded in the tree-ring pattern was 1.3 years 
(median 1 year), indicating, as in Yala, a good agreement between the ages 
provided by the different methods.

A strong relationship between landslide occurrence and precipitation variability in 
NWA was recorded during the past decades (Fig. 3). Thirty seven of the 42 landslides 
dated along the interval 1934–2001 occurred in years with above-average precipi-
tation. Precipitation in years with landslide occurrence is significantly greater than in 
years without events (t = 4.87; p < 0.001). Similar results were also provided by 
the Superpose Epoch Analysis (SEA). Years with landslides are significantly rainier. 
The SEA also reveals that the occurrence of a landslide is positively and significantly 
related to the precipitation in the 2 years before the event, supporting the hypothesis 
of long-term soil water recharge before the events. The landslide chronology also 
shows that 75% of the landslides occurred between 1976 and 1987, the most humid 
period in NWA during the twentieth century (Minetti and Vargas 1997).

Fig. 3 Relationship between landslide events and total annual precipitation in NWA, 1934–2000
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1  Introduction

Rockfalls are a type of fast mass movement common in mountain areas worldwide 
triggered. Natural triggers of rockfalls comprise earthquakes (Harp and Wilson 
1995; Marzorati et al. 2002), freeze-thaw cycles of water (Gardner 1983; Matsuoka 
and Sakai 1999), melting of snow (Wieczorek and Jäger 1996) or permafrost 
(Gruber et al. 2004), temperature changes (Davies et al. 2001), intense rainfall 
(Chau et al. 2003; Cardinali et al. 2006), stress relief following deglaciation 
(Wieczorek and Jäger 1996), volcanic activity, and root penetration and wedg-
ing (Wieczorek and Jäger 1996). Human-induced causes of rockfalls include 
undercutting of rock slopes, mining activities, pipe leakage, inefficient drainage, 
and vibrations caused by excavations, blasting, or traffic.

An individual rockfall is a fragment of rock detached from the bedrock along 
new or pre-existing discontinuities (e.g., bedding, joints, fractures, cleavage, folia-
tion, topographic surface) by creeping, sliding, toppling or falling, that falls along 
a cliff, proceeds down slope by bouncing and flying along ballistic trajectories, or 
by rolling on talus or debris slopes. When the boulder has lost enough energy in 
impacts or by friction, it stops on or near the foot of the slope. For primary failures, 
fall follows detachment immediately. For secondary rockfalls, that involve the fall 
of previously detached materials (e.g., by rainfall, water flow, snow avalanche, 
animals, vegetation, other rockfalls), the time and trigger of the fall are different 
from those of the detachment. A rockfall failure can involve single or multiple 
blocks. When multiple blocks are involved in a failure, there is little or no interac-
tion among the individual fragments that proceed along separate trajectories. 
Rockfalls travel at speeds ranging from a few to tens of meters per second, and 
range in size from small cobbles to large boulders hundreds of cubic meters in size.
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Due to their high mobility, and despite their often relatively small size, rockfalls 
are a particularly destructive type of failure (Fig. 1), and in several areas, especially 
along roads and railways, they represent the primary cause of landslide fatalities 
(Evans 1997; Guzzetti et al. 2005). In mountain regions, where large areas can be 
subject to rockfall hazard, the morphological, lithological, structural, climatic and 
land cover settings controlling rockfalls vary considerably. For this reason, deter-
mining the location of the source areas, and predicting the trajectories, the invasion 
zones, and the travel velocities of rockfalls proves difficult, particularly over 
large areas.

Fig. 1 Rockfall triggered by the 6 April 2009 L’Aquila earthquake near Stiffe, central Italy
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2  The Mechanics of Rockfalls

A rockfall is a combination of simple mechanical processes, including: (i) detachment 
(by creeping, toppling, or sliding), (ii) free falling (flying), (iii) bouncing (impact 
and rebound), and (iv) rolling (Guzzetti et al. 2002; Dorren 2003). Creeping is 
limited to the pre-failure stage of a rockfall and often goes undetected, unless 
specific monitoring is available. Toppling consists in the rotation outward or side-
ways from the slope of a single block or of multiple adjacent blocks. Sliding is 
limited to the initial stage of a rockfall, where it occurs over short distances. For 
large boulders sliding may also occur at impact, with significant loss of energy due to 
high friction. Free falling is the predominant type of motion of a rockfall. Driven by 
gravity, free fall occurs along ballistic trajectories at high and very high velocity.

In nature, where the motion of an individual rockfall fragment is most often by 
tumbling, i.e. “short bounces” forming a rapid sequence of short, low flying parab-
olas, a boulder rolling is rarely observed. Rolling occurs chiefly for sub-spherical, 
cylindrical or discoid blocks, when the velocity of the boulder is relatively low, on 
rectilinear or convex-upward slopes, with medium to low terrain gradient and 
limited surface roughness. Irregularities in the shape of the block or the terrain 
facilitate impact and bouncing, and prevent or interrupt rolling.

Impact is the most complex, uncertain and poorly understood phase of a rockfall. 
At impact, energy is lost and the direction of motion of the rockfall changes. Impact 
can vary from (almost) completely elastic to (almost) entirely inelastic, depending 
on the mechanical properties of the terrain and of the block, the impact angle, and 
the block shape, mass and velocity (Azzoni and de Freitas 1995; Chau et al. 2002). 
Upon impact, a block can break into multiple fragments that proceed along separate 
trajectories. In forests, collisions against trees can deflect or stop rocks (Stokes 
et al. 2005; Ciabocco et al. 2009; Lundström et al. 2009).

3  Rockfall Modelling and Hazard Assessment

In principle, a rockfall is a simple geomorphological process to model. Knowing 
the release point, the topography of the slope, the energy lost at each impact point 
and where a block is rolling, it should be possible to predict the location, velocity 
and distance to the ground of the falling block at any point along its trajectory. 
Reality is different, and a rockfall represents an example of a relatively simple 
mechanical system whose behaviour cannot be predicted exactly, even if the initial 
conditions and the driving forces are known. This limits our ability to ascertain 
rockfall hazard.

A good predictor of rockfall occurrence in an area is the evidence of previous 
rockfalls. Identifying and mapping rockfalls and their associated geomorphologic 
forms (e.g., talus slopes) provide valuable information to determine rockfall hazard. 
Assessing rockfall hazard involves determining: (i) where rockfalls can occur, 
including the identification of the detachment (source) areas, the travel zones, and 
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the deposition areas, (ii) the magnitude of the expected rockfalls, including the 
number, volume, velocity and energy of the falling blocks, and (iii) when, or how 
frequently, rockfalls are expected in an area, for different triggers.

To determine where a rockfall can develop, one has to locate the potential source 
areas of the rockfalls. When studying a single slope or an individual rockfall, the 
location and characterization of the unstable blocks is made in the field, through 
geological, geomorphological and structural mapping. For larger areas, the poten-
tial detachment zones are identified using geomorphological techniques (e.g., field 
observation and mapping, interpretation of aerial photographs), and GIS modelling 
(Frattini et al. 2008; Günther and Thiel 2009).

Where the location of the potential source areas of rockfalls is known, the travel 
paths and the depositional areas are ascertained through numerical modeling. 
Evidence for past rockfalls is valuable information to validate the numerical 
modeling. Software has been designed to model the rockfall trajectories adopting 
kinematical (“lumped mass”), dynamic and hybrid schemes (Guzzetti et al. 2002; 
Dorren 2003; Dorren et al. 2006). Most of the computer codes adopt a two-
dimensional approach, and simulate a rockfall along pre-defined topographic profiles. 
To cover a large area, multiple simulations must be prepared and the results inter-
polated to obtain a spatially-continuous model of the rockfall process. Guzzetti 
et al. (2002), Crosta and Agliardi (2004) and Stoffel et al. (2006), among others, 
tested three-dimensional rockfall simulation software. Some of these codes have 
been demonstrated to perform well in small (Stoffel et al. 2006; Wieczorek et al. 
2008; Agliardi et al. 2009), large (Guzzetti et al. 2003, 2004; Frattini et al. 2008), 
and very large (Guzzetti et al. 2002) areas, and were used successfully to ascertain 
hazard (e.g., Guzzetti et al. 2003, 2004; Frattini et al. 2008). Figure 2 shows the 
result of a spatially distributed rockfall simulation obtained using an improved ver-
sion of the 3D-modelling software STONE (Guzzetti et al. 2002).

Rockfall magnitude, a proxy for destructiveness, is a function of the energy of 
the individual rock blocks along the falling trajectories. Adopting a simple physical 
model to describe a rockfall, at any given point along the trajectory the kinetic 
energy depends on the velocity and mass of the falling block. Velocity depends 
chiefly on the falling height and the gravitational acceleration. Mass depends on the 
volume and the bulk density of the block. The rock density is determined based 
on the rock type, and the falling height is obtained from topographic maps or 
computed from a digital representation of the topography (Guzzetti et al. 2002; 
Dorren et al. 2006).

Measuring the volume of an individual block, or of a few blocks, in the field is 
a relatively simple operation. Determining the volume of several (a few hundred to 
several thousands) rockfalls over a large area is impractical, and rarely performed 
(e.g., Wieczorek et al. 1992; Wieczorek and Snyder 2004; Luckman 2008). This 
limits the ability to determine rockfall hazard over large areas. To overcome this 
limitation, investigators have examined the statistics of rockfall volumes. Analysis of 
catalogues of rockfall volumes has revealed that the probability (or frequency) 
density of rockfall volumes exhibits a typical negative power law scaling behaviour 
(Brunetti et al. 2009).
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Establishing when or how frequently rockfalls occur is difficult. When a rockfall 
takes place depends on the time of the trigger (e.g., an earthquake); but daily and 
seasonal conditions play a role (Luckman 1976; Douglas 1980; Gardner 1983; 
Stoffel et al. 2005a). For a single rockfall, and assuming a simple geometry for the 
unstable block, the time of failure can be predicted with reasonable accuracy, where 
adequate monitoring is available (Zvelebil and Moser 2001). Determining how 
often rockfalls occur in an area is more problematic. Rockfall frequency in area 
depends on multiple factors, including the rate of rockfall activity and the frequency 
of the triggers, which are difficult to know precisely. To determine the probability of 
rockfall occurrence one can exploit information on past rockfall events, but 
constructing complete, uncensored, and accurate time series of rockfalls, covering 
a significant period, is difficult and time consuming.

Catalogues of rockfall events are compiled searching historical records, and 
through direct observation and field mapping. Wieczorek et al. (1992) prepared a 
catalogue of 519 rockfalls and rock slides, in the period between 1857 and early 
2004, for the Yosemite Valley, California. Guzzetti et al. (2003) exploited this infor-
mation to study the rate of rockfall occurrence, and to determine the annual 
frequency of the failures. Hantz et al. (2003) exploited a catalogue of 33 rockfalls 

Fig. 2 Multiple rockfalls triggered by the 6 April 2009 L’Aquila earthquake at Fossa, central 
Italy. Rockfall source areas and individual boulders were mapped in the field studying aerial 
photographs and very high resolution satellite images taken shortly after the earthquake. 
Numerical modelling of rockfall was performed using a modified version of the code STONE 
(Guzzetti et al. 2002)
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in the 66-year period 1935–2000 to determine the probability of rockfall failures 
along 120 km of escarpments in the Grenoble area, France. Luckman (2008) 
measured the volume of blocks deposited along an abandoned road in Jasper 
National Park, Alberta, in the 40-year period 1961–2000, and determined average 
rockfall accumulation rates. Other investigators have exploited dating techniques, 
including lichenometry (Luckman and Fiske 1995; McCarroll et al. 1998) and den-
drochronology (Stoffel et al. 2005b; Perret et al. 2006; Stoffel 2006; Schneuwly and 
Stoffel 2008a, b; Moya et al. 2010, this volume) to reconstruct the history and rate 
of activity of rockfalls. The advantage of this approach consists in the possibility of 
constructing spatial-temporal catalogues spanning multiple centuries (Stoffel et al. 
2005b; Perret et al. 2006; Stoffel 2006). As a drawback, the temporal resolution of 
the analysis is coarser.

4  Research Needs and the Potential Contribution  
of Tree-Ring Analysis

In mountain regions, expansion of settlements and infrastructure over dangerous 
areas is increasing the impact of natural hazards, including rockfalls. In several 
countries, this has fostered rockfall investigations. Rockfalls are studied primarily: 
(i) to predict where destructive events may happen, and to design adequate defen-
sive measures (“engineering” approach), and (ii) to understand the factors and 
circumstances that control rockfalls and their rate of occurrence, including the 
temporal and geographical variations (“geomorphological” approach). Evidently, 
the two approaches are synergic.

From an engineering perspective, sophisticated technologies are used to design, 
test, construct and deploy highly efficient defensive structures to protect specific 
assets. In this field, research is mostly technological, and involves the innovative 
design and testing of new structures and new materials. Innovation is also required 
to improve rockfall modelling through advanced computer codes, and a better 
understanding of the mechanics of a rockfall; chiefly the loss of energy and frag-
mentation upon impact. Efforts should also be made to study the protective function 
of forests, and to design appropriate land management strategies.

From a geomorphological point of view, the challenge is to determine the 
combined geographical and temporal evolution of rockfalls. Over large areas, this has 
implications for sediment fluxes and erosion/accumulation studies, and for hazard 
assessment. To study the geographical and temporal patterns of rockfalls, historical 
information on past events is of paramount importance. There is a need for local, 
regional, national and even continental efforts to search, collect, and organize infor-
mation on historical rockfall events and their consequences. Further, an agreement 
has to be reached on how to analyse the time series of rockfall events. When inves-
tigating a time series of natural events, the assumption is made that the series is 
“stationary” i.e., the rate of the process does not change significantly with time. 
Where a trend exists, it is assumed that the trend is known. However, a series may 
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be stationary (or not), depending on the length of the series. Further, in mountain 
areas, due to climate, environmental and socio-economical variations, the time 
series may be not stationary, hampering the ability to determine reliable statistics 
for the time series. This has implications for hazard and risk assessment, and for 
policy making.

The consequences of damaging natural events – including rockfalls – depend on: 
(i) the location, density, frequency and magnitude of the events (i.e., the hazard), 
and (ii) the density, relevance and fragility of the elements exposed to risk (i.e., the 
vulnerability). For rockfalls, efforts should be made to disentangle the two compo-
nents, particularly where human impact on the environment is significant or 
longstanding, and to design appropriate reduction (for hazard) and strengthening 
(for vulnerability) strategies.

Dendrogeomorphology, the application of tree-ring dating techniques to investigate 
geomorphological processes (Solomina 2002), has recently emerged as a powerful 
tool to study rockfalls (Stoffel 2006). Where applicable, tree-ring analysis can 
contribute significantly to: (i) identify and date historical failure events (e.g., Stoffel 
et al. 2005b), (ii) reconstruct long time series of rockfall events (Stoffel et al. 
2005b; Perret et al. 2006; Moya et al. 2010, this volume), (iii) determine the rates 
and the spatial distribution of rockfall activity (Stoffel et al. 2005b; Perret et al. 
2006; Luckman 2008; Schneuwly and Stoffel 2008a), (iv) investigate the seasonal 
variation of rockfall occurrences (Stoffel et al. 2005a; Schneuwly and Stoffel 
2008b), (v) provide long-term statistics for the geometry of rockfall trajectories in 
an area (Schneuwly and Stoffel 2008a), and (vi) determine the impact probability 
of rockfalls on trees (Moya et al. 2010, this volume), fostering our understanding of 
the protective role of forests (Ciabocco et al. 2009; Lundström et al. 2009). There 
is a clear need for similar – and other – studies, as tree-ring analysis can help 
advance significantly our understanding of the rockfall process, and can contribute 
to the production of improved rockfall hazard assessments.
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1  Introduction

Rockfall represents the most intensely studied geomorphic process in mountainous 
areas. Nevertheless, very little information exists on how rockfall frequencies and 
magnitudes vary over time and how hazards and risks posed by rockfall could be 
reliably assessed. Former studies have mainly focused on short-term observations 
of contemporary rockfall activity (Luckman 1976, Douglas 1980), rendering it dif-
ficult to estimate long-term accretion rates. Long-term estimates of rockfall accu-
mulation rates have, in contrast, been derived from accumulated talus volumes 
(Rapp 1960), but such rates may neither be representative of the present-day rockfall 
activities nor of those that prevailed in the past. On slopes composed of siliceous 
lithologies, lichenometry has repeatedly been used to evaluate the mean age or 
activity of talus surfaces (André 1997) or to estimate rates of rockfall accretion 
(Luckman and Fiske 1995).

Simultaneously, investigations of forest-rockfall interactions have tended to 
evolve towards the analysis of mountain forests as a means of protection against 
rockfall (Bebi et al. 2001, Stoffel et al. 2006). Hétu and Gray (2000) indicate that 
forest cover would provide effective protection in the case of low magnitude-high 
frequency rockfall events, but could not prevent the devastating effects of high 
magnitude events.
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Although recent studies have highlighted the potential of tree rings for the 
analysis of spatio-temporal patterns of rockfall (Perret et al. 2006, Schneuwly and 
Stoffel 2008a, b), tree rings have been used only quite rarely for the reconstruc-
tion of rockfall activity and the assessment of related hazards and risks (Stoffel 
2006).

It is therefore the purpose of the present contribution to illustrate the potential 
of tree rings to: (a) analyze the magnitude and frequency; (b) determine spatial 
variations; (c) derive decadal variations and (d) assess the seasonality of rockfall 
activity on a forested slope. In total, 564 increment cores and 270 cross-sections 
from 153 European larch trees (Larix decidua) were analyzed, documenting dec-
adal variations in rockfall activity at Täschgufer (Valais, Swiss Alps) over more 
than 400 years.

2  Study Site

The area investigated is the west-facing rockfall slope “Täschgufer” (Valais, 
Swiss Alps). Rockfall frequently occurs on the slope, originating from the heav-
ily disintegrated and steep (<48°) gneissic rock walls of the Leiterspitzen (3,214 
m a.s.l.). Figure 1 shows that the main rockfall source areas (RSA) on the slope 
are located at 2,300–2,600 m a.s.l. (RSA 1) and above 2,700 m a.s.l. (RSA 2), 
where bedrock is highly fractured with many joints. As suggested by a locally 
calibrated model (Gruber and Hoelzle 2001), RSA 1 would be located on the 
borderline between seasonal frost and permafrost environments. The presence of 
contemporary permafrost is confirmed on the slope between 2,400 and 2,500 m 
a.s.l., where ground ice was encountered during construction works (Haeberli 
1992, Fig. 2).

The volume of rockfall fragments normally does not exceed 2 m3. Besides fre-
quent rockfall activity, a rockslide is noted in chronicles and its minimum age was 
estimated with lichenometry to > 600 years (Joris 1995). The spatial extent of the 
rockslide deposits is given in Fig. 1b. In addition, small debris flows (<100 m3) 
occur at Täschgufer, moving downslope in well-defined channels.

Forest at Täschgufer predominantly consists of L. decidua, accompanied by few 
Norway spruce (Picea abies) and cembran pine (Pinus cembra). Although timber-
line locally attains ~2,300 m a.s.l., continuous forest cover reaches only 1,780 m 
a.s.l. in the area most heavily affected by rockfall activity.

In the recent past, rockfall regularly caused damage to roads and hiking 
trails. On October 6, 1985, single blocks reached the valley floor, damaging 
agricultural buildings in the village of Täsch. As a response, five deflection 
dams were erected in 1988 and 1989 (Dams 1–5; Fig. 1b). In the late 1990s, two 
large protection dams completed the construction works on the slope (Dams 
6–7, Fig. 2).



Fig. 1 Location of the study site. (a) The Täschgufer slope is located in the southern Swiss Alps, 
north-east of the village of Täsch. (b) The detailed sketch illustrates the rockfall slope with the main 
rockfall source areas and trajectories, the rockslide deposits and the dams built after 1988 (Dams 1–7)

Fig. 2 View of the upper Täschgufer slope and the Leiterspitzen summit (3,214 m a.s.l.): Note 
the main Rockfall Source Areas (1, 2), the main rockfall trajectories (arrows) and the zone where 
ground ice has been encountered (star) during construction works (Photo by D. Schneuwly)
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Fig. 3 Distribution of the 135 Larix decidua trees sampled on the Täschgufer slope (1,440–1,780 
m a.s.l.). The area influenced by both debris flow and rockfall activity (hatched surface) has been 
excluded

3  Methods

3.1  Sampling Strategy

In the study area covering approximately 39 ha (1,440–1,760 m a.s.l.), virtually all 
trees show visible damage related to rockfall activity (i.e. broken crowns or branches, 
scars, candelabra growth, tilted stems). We sampled severely affected trees with 
obvious signs of growth disturbances (GD) from both the rockslide deposits and the 
southern sector of the slope (Fig. 3). In contrast, we excluded a well-defined area in 
the southern sector influenced by both rockfall and debris-flow activity.

At least 4 cores were extracted per tree using increment borers. One core was 
taken upslope, one downslope and two cores perpendicular to the slope. In the case 
of visible scars, further samples were extracted from the overgrowing callus tissue. 
In addition, undisturbed reference trees were selected from a stand located south of 
the rockfall slope (Fig. 3). In total, we analyzed 170 L. decidua trees (598 cores): 
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135 trees (564 cores) from the rockfall slope and 17 reference trees (34 cores). In 
addition, 18 juvenile L. decidua trees were felled with handsaws and a total of 270 
cross-sections prepared for the assessment of seasonal variations in rockfall activity.

Data recorded for each tree sampled included (1) determination of its 3D-position 
on the slope with compass and altimeter (x- and y-values, elevation a.s.l.); (2) 
sketches and position of visible defects in the tree morphology; (3) the position of 
the sampled cores; (4) diameter at breast height (DBH); (5) data on neighboring 
trees, micro-topography and/or rockfall deposits.

3.2  Tree-Ring Analysis of Trees Damaged by Rockfall

Samples were analyzed and data processed following the standard procedures 
described in Stoffel and Bollschweiler (2008, 2009). Single steps included surface 
preparation, skeleton plots and ring-width measurements using digital LINTAB 
positioning tables connected to a stereomicroscope and TSAP 3.0 software 
(Rinntech 2008). Increment curves of the rockfall trees were then crossdated with 
the reference chronology so as to differentiate climatically driven fluctuations in 
tree growth from GD caused by rockfall.

Growth curves were then used to determine the initiation of abrupt growth 
reduction or recovery (Schweingruber 1996). In the case of tilted stems, both the 
appearance of the cells (i.e. structure and color of the reaction wood cells) and the 
growth curve data were analyzed (Braam et al. 1987, Fantucci and Sorriso-Valvo 
1999). Further focus was placed on the visual analysis of callus tissue overgrowing 
scars and on resin ducts. As resin ducts may result from causes other than rockfall 
(e.g., climate, wind, insects, fraying or browsing by ungulates), they were only 
considered the result of rockfall activity if they formed (a) traumatic, (b) extremely 
compact, (c) tangentially oriented and (d) continuous rows (Stoffel 2008, Stoffel 
and Hitz 2008, Schneuwly et al. 2009). In a last step, recurrence intervals were 
determined by dividing tree age at breast height by the number of dated GD.

3.3  Assessing Rockfall Rates

In contrast to other geomorphic processes that have a relatively large volume or 
surface area (e.g., debris flows, snow avalanches or floods), rockfall consists of 
single falling, bouncing or rolling stones which may only disturb trees along their 
trajectory and within a range defined by the size of the clast. Rather than using 
absolute values, we therefore use a rockfall rate expressed as number of rockfall 
events per meter width of all tree surfaces present per decade. The rate was based 
on the idea that thick stems expose a larger target (i.e. diameter at breast height, or 
DBH) to falling rocks than thin ones and so large trunks are more likely to be subject 
to growth disturbances (GD).
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The yearly DBH increment of each tree was obtained by dividing its current 
DBH by the number of rings between pith and sample year at breast height. This 
yearly DBH increment was then multiplied by the number of years a tree had existed 
at the beginning of a particular decade. The DBH values of all trees per decade were 
then summarized to comprise what is herein referred to as exposed diameter (ED; 
in meter). As shown in Fig. 4, the decadal sum of GD was then divided by the 
ED, indicating the number of GD recorded per meter ED and decade. Within this 
study, increment rates in trees were considered to remain constant and we willingly 
disregarded juvenile growth or ageing trends.

3.4  Seasonality of Rockfall

In the wider study region, highly resolved data are available on the onset and ces-
sation of increment growth as well as on the transition from earlywood to latewood 
formation for several conifers (L. decidua, P. abies, Pinus montana; Müller 1980). 
Data indicates that radial growth (earlywood cells) currently starts in late May. 
Formation of latewood cells normally occurs by mid July and cell formation ceases 
in early October.

Fig. 4 The decadal rockfall rate (rr) represents the number of injuries identified per 1 m exposed 
tree diameter (ED)
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Based on the intra-ring position of 115 injuries identified on 270 cross-sections, 
rockfall activity on the slope was assessed with intra-annual precision (Fig. 5). In 
the case of rockfall injuries inflicted outside the vegetation period or within the 
first days of increment growth, the injury was attributed to the dormant season (D). 
Growth reactions within earlywood cells were subdivided into early (EE), mid 
(ME) and late (LE) earlywood, those in latewood into early (EL) and late (LL) 
latewood (see Stoffel et al. 2005).

4  Results

4.1  Age Structure of the Forest Stand

Data on the pith age at breast height indicate that the 135 sampled old-growth 
L. decidua trees are, on average, 297 years old. Over the centuries, trees gradually 
recolonized the slope to build up the current stand at Täschgufer. Figure 6 illustrates 
the spatial distribution of the age structure at Täschgufer, indicating that old trees 
are largely concentrated to the rockslide deposits and that the boundaries of age 
classes broadly correspond with its outer limits. Trees sampled in the southern 
sector are considerably younger and generally recolonized the slope in the first 

Fig. 5 Increment rings of conifers consist 
of thin-walled earlywood (E) and thick-
walled latewood (L) cell layers. At the end 
of the growing season, cell division ceases 
and dormancy (D) occurs. When dating 
events with intra-annual precision, E is  
further subdivided into early (EE), middle 
(ME) and late (LE) earlywood, and L into 
early (EL) and late (LL) latewood



146 M. Stoffel et al.

half of the eighteenth century. The youngest trees are concentrated along the 
rockfall couloirs underneath Dam 7 and at the south-eastern edge of the study area 
(see Fig. 6).

The differences in the age structure between the two sectors also appear in 
Table 1. Although the trees sampled averaged 362 years on the rockslide deposits, 
they have an average age of “only” 212 years in the southern sector. In a similar way, 
the oldest sample on the rockslide attained breast height in AD 1318 and the youngest 
tree reached breast height in 1941. In contrast, the oldest tree from the southern 
sector dates to 1596 and the youngest to 1957.

4.2  Visible Defects and Growth Reactions to Rockfall Impacts

Analysis allowed for the identification of 236 visible defects on the 135 stems 
chosen for analysis. As illustrated in Table 2, candelabra trees largely predominate 

Fig. 6 Age of Larix decidua trees sampled on the Täschgufer slope. The patterns have been 
generalized based on interpolations. Ages are for tree at breast height

Table 1 Pith age at breast height of the trees sampled for analysis (in years)

Pith age at breast height Northern sector Southern sector

Mean 362 212
Standard deviation 141.4 75.6
Maximum 684 406
Minimum 61 45
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among the visible defects. This growth feature occurs after the decapitation of the 
crown or part of the stem and was observed 151 times (64%). Recent or partly 
overgrown injuries (scars) were observed in 58 cases (25%). Finally, 27 trees (11%) 
were obviously tilted by rockfall impacts.

The subsequent analysis of the 564 increment cores allowed for the identifica-
tion of 786 GD attributed to rockfall activity. As some rockfall impacts caused 
multiple GD in the same tree, the number of different rockfall events identified in 
the tree-ring series was reduced to 761. Table 2 shows the predominant occurrence 
of tangential rows of traumatic resin ducts. This feature was used in 675 cases 
(86%) to determine past events. Abrupt growth suppression occurred on 50 cores 
(6.5%), whereas abrupt growth releases and reaction wood could only be found on 
24 samples each (3%). Finally, callus tissue was only rarely observed on the cores 
(13 cases; 1.5%).

4.3  Spatial Distribution of Growth Disturbances

On the study site, reconstructed rockfall activity varied greatly across the slope. The 
spatial distribution of interpolated recurrence intervals is given in Fig. 7, and shows 
that GD abundantly occurred in the trees located above 1,700 m a.s.l., where sur-
faces gradually become more sparsely forested. Similarly, GD have repeatedly been 
reconstructed in trees growing in the rockfall couloirs below Dam 7. Here, trees 
were regularly disturbed by rockfall fragments and recurrence intervals were 
locally <10 years. In a few century-old trees growing close to the rockslide deposits, 
dendrogeomorphic analysis indicates that tree growth has been disturbed almost 
twice a decade since the mid-nineteenth century. In contrast, very low numbers of 
GD are identified in trees growing on the rockslide deposits. In this part of the 
slope, recurrence intervals proved to be particularly high, with time elapsing 
between two GD regularly >150 years and individual century-old trees showing 
no GD at all. Not surprisingly, the spatial pattern of recurrence intervals largely 

Visible defects
Broken crown 151 (64%)
Tilted stem 27 (11%)
Injuries (scars) 58 (25%)
Total 236 (100%)

Growth reactions
Growth release  24 (3%)
Growth suppression  50 (6.5%)
Reaction wood  24 (3%)
Callus tissue  13 (1.5%)
Traumatic resin ducts 675 (86%)
Total 786 (100%)

Table 2 Different types of damage 
observed in the field (left) and growth 
reactions reconstructed from increment 
cores (right) at Täschgufer
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coincides with the distribution of the age structure seen in Fig. 6 and oldest trees 
are commonly found in areas with relatively low numbers of GD. In contrast, 
youngest trees are largely concentrated in areas where rockfall repeatedly caused GD, 
leading to increased mortality and subsequently to higher recruitment rates by 
opening up sites for germination.

4.4  Rockfall Magnitudes and Frequencies

Throughout the last four centuries, rockfall has continuously caused GD to the trees 
sampled for analysis, most often in the form of low magnitude-high frequency events. 
Analysis of rockfall activity on the rockslide deposits starts in AD 1600, when 29 
samples were taller than breast height. We disregarded 12 rockfall events occurring 
between 1394 and 1599, since sample size was too low for reliable analysis and the 
individual trees were unevenly distributed within the sector. The number of GD was 
thus reduced to 400 events derived from 78 trees. Due to the generally younger age 
of trees, the assessment of rockfall rates only starts in the 1740s in the southern 
sector. In total, 341 GD were dated in the 57 trees sampled.

In addition to the low magnitude-high frequency rockfall activity, tree-ring and age 
structure analyses also highlight one high magnitude-low frequency event, which 
would have destroyed the forest stand in the southern sector of the slope in 1720.

On the rockslide deposits, trees sampled were disturbed considerably by the 
high-magnitude rockfalls but largely survived the event. Figure 8 shows that 13 

Fig. 7 Recurrence intervals of GD for the forest stand investigated. Intervals designate the num-
ber of years passing between two reconstructed growth disturbances on a single tree
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trees were injured by this large rockfall event. At the same time, 11 trees benefitted 
from improved growth conditions after the elimination of neighbors starting in 
1721. GD mainly occurred in the samples located in the upper part of the forested 
slope (above 1,590 m a.s.l.), with 16 out of the existing 33 trees (48%) showing 
signs of the 1720 event. In contrast, trees sampled in the lower part of the slope 
mostly remained unaffected by the 1720 rockfall, scars were only present in three 
of the 21 existing trees (14%) and abrupt growth releases following the event were 
not recorded at all.

Figure 8 also illustrates that – as an indirect consequence of the high-magnitude 
rockfall in 1720 – trees abundantly recolonized the slope: Between 1725 and 1759, 
25% of all sampled trees reached breast height (i.e. 34 trees), with most of the 
successor trees being located in the southern sector of the slope.

4.5  Decadal Variations in Rockfall Activity

The decadal rockfall rate on the rockslide deposits averaged 0.65 GD m ED−1 10 
years−1 over the last 400 years, but fluctuated considerably before the high-magnitude 
rockfall in 1720 (Fig. 9a; Table 3). As a result of the partial destruction of the forest 
fringe on the rockslide deposits, the highest decadal rockfall rate was noted in the 

Fig. 8 Damage resulting from the 1720 rockfall. Thirteen trees have been injured (+) and eleven 
trees show an abrupt growth release starting in 1721 (○). The (re-)colonization of the rockfall 
slope (●) in the succeeding decades (1725–1759) most probably represents a reaction to the 1720 
rockfall event
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Fig. 9 Reconstructed rockfall activity measured by the rockfall rate (for explanation see text).  
(a) On the rockslide deposits, analyses cover the last four centuries (1600–1999), indicating that 
the large 1720 rockfalls temporarily reduced the protection afforded by the forest. (b) After the 
elimination of the forest in the southern sector by the 1720 event, the recolonizing trees perma-
nently improved their protective function, reducing the number of rockfall impacts on the trees 
sampled by almost 13 times since the 1740s

Table 3 Size statistics of the trees sampled on the rockslide deposits; DBH: diameter at breast 
height as measured in 2002 (in cm), 10-year DBH: 10-year increment of the DBH (in cm), and 
rockfall “rates” (GD 1 m ED−1 (10 years)−1)

Rockslide deposits DBH 10-year DBH Rockfall “rates”

Mean 47.97 1.56 0.65
Standard deviation 12.62 0.97 0.34
Maximum 76.40 6.29 1.53
Minimum 17.51 0.61 0.20

1720s, causing 1.53 GD m ED−1 10 years−1. Rockfall activity continually decreased 
after the 1720 event, interrupted by decades with significantly low (1850s, 1960s, 
1970s) and significantly high (1870s, 1990s) activity.
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Due to the generally younger age and the large amount of trees that had grown 
after the high-magnitude rockfall in 1720, the assessment of rockfall rates only 
starts in the 1740s in the southern sector. Results on decadal rockfall rates in the 
southern sector averaged 2.36 GD m ED−1 10 years−1 (Table 4). Figure 9b illus-
trates that during the early decades following the high-magnitude rockfall of 1720, 
successor trees sampled for analysis were repeatedly subjected to rockfall activity. 
As a consequence, the most important rockfall rate was reconstructed for the 
1740s with almost 11 GD identified for each meter of exposed tree surface (i.e. 
10.99 GD m ED−1 10 years−1). Similarly to the rockslide deposits, reconstructed 
rates continually decreased in the southern sector after the high-magnitude event 
of 1720.

We also note that – after a slight decrease in rockfall activity in the 1750s and 
1760s – activity considerably increased in the 1770s. For this period, the rockfall 
rate provides a value of 8.86 GD m ED−1 10 years−1, approaching that for the 1740s. 
This period of increased rockfall activity lasted until the 1780s or even 1790s. But 
in contrast to the high-magnitude rockfall of 1720s, data indicate that the consider-
able number of GD identified for the last 3 decades of the eighteenth century were 
not caused by one high-magnitude event, but rather by a series of years with 
increased rockfall activity (i.e. 1772, 1774, 1779, 1783, 1792). Between the 1870s 
and the 1940s, comparably low numbers of GD were found in the trees sampled, 
resulting in a considerable decrease in rockfall rates. During this period, the lowest 
rockfall rate of the last 260 years was reconstructed, totaling 0.63 GD m ED−1 10 
years−1 during the 1910s. In contrast to the northern sector, the rockfall rate started 
to increase again in the 1940s, oscillating around the calculated power regression 
trend line ever since.

4.6  Seasonality of Rockfall

The assessment of the intra-seasonal rockfall activity was based on 115 scars found 
in 18 trees. Analysis was performed on 270 cross-sections and the reconstruction 
covers 25 years. Data indicates years with low (1978, 1979, 1981 and 1988) and 
years with important rockfall activity (1985, 1994, 1995, 1999 and 2001). Even 
though the number of trees is too small for further interpretation, it is interesting to 

Table 4 Size statistics of the trees sampled in the southern sector; DBH: diameter at breast height 
as measured in 2002 (in cm), 10-year DBH: 10-year increment of the DBH (in cm), and rockfall 
“rates” (GD 1 m ED−1 (10 years)−1)

Southern sector DBH 10-year DBH Rockfall “rates”

Mean 48.39 2.70 2.36
Standard deviation 13.89 1.58 2.70
Maximum 79.58 8.59 10.99
Minimum 25.47 0.78 0.63
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note that the peaks in activity apparently coincide with observations of increased 
rockfall activity in 1985 and after 1993.

The intra-annual distribution of scars shows a clear predominance of rockfall 
activity during the dormant season of trees (D = 88%). Rocks and boulders did, in 
contrast, only rarely cause damage to the selected trees during the earlywood (end 
of May through mid-July) and latewood growth (mid-July through early October), 
with 5% and 7% respectively.

5  Discussion and Conclusions

In the study we report here, cores extracted from 135 living L. decidua trees 
allowed reconstruction of yearly and decadal rockfall activities on the Täschgufer 
slope. In addition, 270 cross-sections were prepared from 18 juvenile L. decidua 
trees so as to determine the seasonality of rockfall on the slope. In the trees sampled, 
tangential rows of traumatic resin ducts proved to be by far the most common reac-
tion to rockfall impacts. Reaction wood, growth suppression or release could be 
identified less frequently.

On the increment cores, we identified 741 GD since AD 1600. Impacts could be 
found more commonly in trees located in the southern sector of the slope, where 
GD rockfall recurred locally more than once per decade. According to the results, 
we believe that rockfall activity at Täschgufer mainly consisted of low magnitude-
high frequency events, considered to be typical for rockfall in alpine areas 
(Matsuoka and Sakai 1999). The only high magnitude-low frequency event occurred 
in 1720, causing considerable damage to the forest growing on the rockslide deposits. 
Data also suggests that the high rockfall frequency both inhibited recolonization and 
caused considerable damage in the juvenile trees of the southern sector thereafter.

In contrast to the analysis of geomorphic processes involving larger volumes 
(e.g., debris flows, avalanches or flooding), results from dendrogeomorphic inves-
tigations cannot be used immediately to illustrate yearly or decadal variations in 
rockfall activity. As rockfall consists of single falling, bouncing or rolling rocks and 
boulders, a single event may only disturb trees along its trajectory. In addition, trees 
were of uneven age at the study site and displayed abundant differences in their 
DBH as well as in decadal DBH increment. As a consequence, the number of 
reconstructed GD steadily increased with time, reaching maximum values for the 
recent past. A ratio dividing the decadal number of GD by the number of sampled 
trees existing at the beginning of a particular decade cannot concisely represent the 
importance of decadal rockfall activity, as such a ratio (i) leads to a general overes-
timation of past rockfall activity and as it (ii) may not represent the rockfall activity 
in periods without tree succession and constant sample size.

The rockfall rate presented in this paper considers the exposed diameter (ED), 
and proves to be a reliable indicator of past rockfall activity, as it takes account of 
the diameter exposed to rockfall fragments as well as the gradual change of ED 
with time. In addition, the rockfall rate nicely illustrates the protective function in 
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the two sectors: After the devastating rockfalls of 1720, the recolonizing trees could 
not efficiently stop rockfall fragments in the southern sector, resulting in extremely 
high rockfall activity during the early decades of the reconstruction (e.g., 10.99 GD 
m ED−1 10 years−1 in the 1740s). Compared to the 1740s, almost 13 times fewer 
GD are dated per 1 m ED today. On the rockslide deposits, rockfall rates persisted 
at a relatively low level throughout the last four centuries. Nonetheless, the high 
magnitude event of 1720 also left its signs in the northern sector with the highest 
decadal rockfall rate (1.53 GD m ED−1 10 years−1) recorded since AD 1600. The 
efficacy of the protective forest was temporarily reduced, resulting in higher rates 
until the late eighteenth century.

The assessment of intra-annual differences in rockfall activity at Täschgufer 
showed that a large majority (88%) of the scars was induced outside the growing 
period (i.e. between October and late May). Direct observations on the rockfall 
slope confirm these findings, indicating that rockfall is most abundant in April and 
May, when the active layer of locally existing permafrost starts to thaw along with 
the seasonal ice formed in bedrock joints (Matsuoka and Sakai 1999). In contrast, 
injuries occurring during the growing period are scarce and less frequent during the 
period of earlywood (5%) than latewood formation (7%). The release of rocks and 
boulders depends on many factors (Wieczorek and Jäger 1996), but it appears that 
(local) earthquakes and heavy precipitation would be among the predominant 
triggers (Schneuwly and Stoffel 2008a, b)

The two approaches outlined in this contribution clearly show that tree-ring 
analyses have a great potential for the study of intra- and inter-annual as well as 
long-term variations of rockfall activity on forested slopes. In addition, dendrogeo-
morphology may supply essential data on process activity and dynamics for for-
ested areas where historical records are incomplete or completely lacking. In such 
situations, tree-ring records may provide researchers and administration with valu-
able data for the assessment of hazard and risks. In the present case, the use of 
dendrogeomorphology produced invaluable data on the frequency (how often?), 
volumes (how much?), the spatial distribution (where?) and reach (how far?) or the 
seasonality (when?) of rockfall. In addition, the protective effect of the forest stand 
could be quantified (how efficient?).

Data from dendrogeomorphic studies can thus be used for the assessment of 
hazards and risks in a number of ways: (i) A detailed understanding of event 
frequencies, magnitudes or the spatial distribution of rockfall activity considerably 
help a realistic realization of hazard and risk maps. (ii) In combination with data on 
trajectory frequencies and bounce heights, results can be used in the planning of 
countermeasures such as dams, barriers or restraining nets. (iii) Information on the 
seasonality of rockfall activity can help in a better management of risks along trans-
portation corridors or hiking trails, allowing them to be closed during periods of 
enhanced activity. (iv) Tree-ring data can be used for the calibration or accuracy 
assessment of process-based simulation models (Stoffel et al. 2006) as well, thus 
contributing to the improvement of the models. (v) As an appropriate forest man-
agement and an accurate evaluation of ecosystem integrity of protection forests not 
only rely on data about past silvicultural treatments, but also on evidence of past 
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disturbances (Motta and Haudemand 2000, Berger and Rey 2004), rockfall records 
may largely contribute to a better understanding of the forest as a whole.
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Rockfall is a major threat to settlements and transportation routes in large parts of 
the Alps. While protective forest stands in many locations undoubtedly reduce 
rockfall risk, little is known about the frequency of rockfall activity in a given place. 
Therefore, the objective of the present study was to reconstruct rockfall events with 
dendrogeomorphic methods and to analyse the temporal rockfall activity in a 
subalpine forest stand. Analyses comprised the calculation of rockfall rates, trends 
in rockfall activity and the comparison of rockfall parameters with results from a 
three-dimensional, physically based rockfall model.

The study site is located in the runout zone of frequent, rather small rockfall 
events (mean rock diameter 10–20 cm) at the foot of a ca. 400-m high limestone 
cliff. In all, 33 stem discs from previously felled Norway spruce (Picea abies) 
trees were sampled from the Schwarzenberg forest stand located in Diemtigtal 
(Swiss Prealps), and a total of 301 rockfall events were identified on the basis 
of scars and tangential rows of traumatic resin ducts (TRD) between AD 1724 
and 2002.

Figure 1 shows rockfall activity assessed through the calculation of annual 
rockfall rates between AD 1881 and 2000. The rockfall rate is expressed as the 
number of rockfall injuries per meter of exposed tree diameter (DBH), taking into 
account the diameter increase of trees and the increased likelihood of a tree being hit 
(i.e. larger target; for details see Perret et al. 2006a and Stoffel et al. 2010, this volume). 
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This procedure allows for a correction of changes in the “DBH sum” over the years 
and the number of events recorded in each year was divided by the sum of all DBHs 
sampled in that year.

At Schwarzenberg, the rockfall rate increased over the twentieth century and the 
number of years without any rockfall event became less frequent. Apart from 1986, 
at least one rockfall event was registered in every year since 1952. The tree-ring 
reconstruction of rockfalls provides a good overview of activity on the slope, but it 
does, at the same time, not allow the distinction of single events with multiple rocks 
or multiple events at different times within 1 year.

In a subsequent step, we compared impact heights as well as the number of hits 
per tree produced by the three-dimensional process-based rockfall model RockyFor 
(Dorren et al. 2004; Stoffel et al. 2006) with field survey (i.e. impact heights from 
tree inventory data; Perret et al. 2006b) and dendrogeomorphic data (i.e. recurrence 
intervals) for 138 trees. Modeling was performed with 5,000 rocks with diameters 
ranging from 10–30 cm and the predicted number of tree hits corresponds well with 
empirical data with a root mean squared error (RMSE) of 0.9%. Figure 2 shows that 
differences in the predicted vs. observed number of impacts per tree predominantly 
occur in the uppermost part of the study site, where the model overestimates the 
number of hits in a few trees by 2.5–5%. In 93% of cases (128 trees), differences 
between the predicted and observed number of tree hits remain between ±2.5%. 
In contrast, differences can be seen with impact heights, where RockyFor underes-
timates the mean impact height by 0.46 m (RMSE). More details on the comparison 
of predicted with observed rockfall activity can be found in Stoffel et al. (2006).

Overall, this study provided an appropriate method for the initial assessment of 
temporal variations in rockfall activity at a given locality. The study also showed that 
dendrogeomorphic analyses clearly have the potential to produce detailed results 
for annual or decadal fluctuations of rockfall activity over a long time period and 
that they can help the calibration of rockfall models. However, more research is 
needed on the accuracy assessment of rockfall models in general and of the methods 

Fig. 1 Annual rockfall rate (number of injuries per 1 m exposed tree diameter) and its 10-year 
moving average, as well as the number of samples analysed (=sample depth)
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used to calculate rockfall rates in particular, e.g. is the probability of rockfalls 
hitting ten 10-cm DBH trees similar to that of rocks hitting one 1-m DBH tree as 
our measure assumes.

Acknowledgement Reprinted from Perret et al. 2006a and Stoffel et al. 2006 with permission 
from Elsevier.
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1  Introduction

Dendrochronology has been applied successfully for dating different types of slope 
movements, including rockfalls (Lang et al. 1999; Stoffel et al. 2005; Stoffel 2006; 
Perret et al. 2006). Rockfalls are downslope movements of rocks and boulders 
which move largely by bouncing. These characteristics cause rockfalls to leave only 
fragmentary and scattered evidence on the ground surface but also in trees. As a 
consequence, it is more difficult to obtain complete time series of events for rock-
falls than for other types of slope movements.

On one hand, in areas where rockfalls are recurrent, it is hard to distinguish the 
area affected by a given rockfall event. Because of this, the number of rockfall 
events cannot be deduced from the analysis of the deposits observable on the slope 
surface. Moreover, a rockfall event formed by a few blocks may only impact a small 
number of trees. A random tree sampling probably would miss this kind of event.

On the other hand, evidence of old rockfalls visible on trees will blur with time. 
Wounding is the most common type of damage caused by falling rocks on trees. 
Older wounds remain present as internal scars, but they will not necessarily be visible 
on the tree surface. Depending on tree species and age, Stoffel and Perret (2006) 
state that between 16% and 90% of the wounds existing in a tree are masked with 
time and remain only as internal scars. This makes it difficult to obtain long time 
series of rockfalls by sampling visible injuries.

Completeness of the tree-ring record of rockfalls depends also on factors such 
as forest density and rockfall size. Rockfall events that did not impact trees cannot 
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be dated with dendrochronology. To achieve an accurate value of the frequency of 
rockfalls, it is also necessary to assess the probability that falling blocks will impact 
trees.

This chapter presents several strategies of tree sampling in order to reconstruct 
complete chronologies of rockfalls from visible injuries in broadleaved trees. We 
show that the rockfall frequency cannot be assessed directly from a chronology of 
visible tree injuries, but it requires taking into account factors such as the resolution 
of the dating technique and the magnitude of the rockfall events in the site investi-
gated. Finally, we present a method for the calculation of impact probability of 
rockfalls on trees. Strategies are illustrated through the study of rockfall frequency 
of a mountain area of high risk, the Solà d’Andorra (Eastern Pyrenees, Andorra 
Principality). The chapter summarizes the main results of an article by the authors 
on this topic (Moya et al. 2010).

2  The Study Site

2.1  Setting

The Solà d’Andorra is a rocky hillslope located on the northwestern slope of the 
Gran Valira valley (Andorra, Eastern Pyrenees; Fig. 1). The maximum altitude is 
reached at Carroi peak (2,332 m a.s.l.) and the valley floor is close to 980 m. The 
hillslope has a length of >1,000 m and is drained by steep gullies (couloirs). 
Bedrock is comprised of granodiorite, which shows three well developed sets of 
fractures. Long-term rockfall activity has produced a talus at the foot of the couloirs 
and of the rock walls.

The study presented here was carried out in two specific sectors of the Solà 
d’Andorra talus, namely the Alzina cone and the Basera Mateu talus slope (Fig. 1). 
The Alzina talus cone extends between 1,100 and 980 m a.s.l., and is 40–80 m 
wide. The cone is sustained by a steep couloir with a maximum elevation at 1,360 
m a.s.l. The Basera Mateu is a rockwall, which has a face length of 420 m and a 
height of 380 m (Fig. 1).

2.2  Historical Record of Rockfalls

The town of Santa Coloma and part of Andorra la Vella, the capital of the country, 
are located in the valley floor, downslope of Solà d’Andorra. The existence of rock-
fall risks became obvious during the last decades, when settlement invaded the 
lower part of the talus. As a result, more than 30 rockfall events have been witnessed 
over the past 50 years. Most of the events reached the bottom of the slope and damaged 
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buildings or were only stopped in their vicinity (Fig. 1). The recent rockfall events 
typically involved rock masses <25 m3, and consisted of up to a few dozens of 
boulders. The volume of boulders ranged from 0.5–25 m3 (Copons et al. 2005). The 
most dangerous rockfall occurred on January 21, 1997, when a boulder of 25 m3 
struck a building and seriously injured a person. Protective rockfall fences were 
installed on the lower part of the talus in 1999, and in 2002 at the outlet of the most 
dangerous couloirs (Copons et al. 2005; Copons and Vilaplana 2008). A quantita-
tive assessment of the residual rockfall risk has been carried out after the construc-
tion of rockfall nets (Corominas et al. 2005).

In the Alzina talus, one of the sites investigated in this paper, two rockfall events 
have been witnessed in the last decades. The first event is the one of January 1997 
mentioned above. A smaller event occurred in April 1999, which stopped in the 
lower part of the talus near the urban area; this event involved a rock mass of 5 m3 
and about 20 boulders. At Basera Mateu talus, the second site investigated, two 
rockfall events have been noted; the older one occurred at the beginnings of the 
twentieth century, and a more recent one at the beginning of the 1990s. No data on 
magnitude of these rockfall events is available for this talus.

Fig. 1 Location of the Solà d’Andorra and of the historical rockfall events witnessed in the site. 
The transects sampled at Alzina and Basera Mateu talus for tree-ring analysis are also shown
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2.3  Forest Characteristics

English oak (Quercus robur) and Holm oak (Quercus ilex) form 99% of the forest 
colonizing the talus slope of Solà d’Andorra. Q. robur is the dominant species usu-
ally representing >75% of the forest. The only conifer present in this environment 
is Scots pine (Pinus sylvestris) but it is only marginally present. Forest density, 
measured at six plots of 100–150 m2 at the Alzina and Basera Mateu sites, ranges 
from 950 to 2,700 trees/ha. Diameter of trees is usually small and only averages 10 
cm at breast height.

In the talus slope of the Solà d’Andorra, falling blocks injured trees in several 
ways, such as wounding, breakage of branches, decapitation, tree inclination and 
uprooting. Wounding is clearly the most dominant type of tree damage. The field 
investigation of the talus slope indicated that no other processes cause damage to 
the trees (e.g., snow avalanches, debris flows, browsing, or felling activities).

In several forest stands close to Solà d’Andorra where evidence of recent rock-
falls was absent, a survey of visible growth disturbances in tree form revealed that 
young oaks usually have a sinuous stem with a mild to moderate leaning. This form 
of the stem could be related, among other causes, to phototropic processes or to a 
genetic malformation, although the ultimate cause remains unknown. Young oaks 
showing such stem shape were also present at Solà d’Andorra. Mature tilted trees 
were also found in the talus, but the origin of tilting is unclear. For this reason, the 
use of tilted trees was excluded as a criterion to date rockfalls at the site.

3  Tree Sampling Strategies

3.1  Defining a Basic Strategy for Effectively Developing  
a Complete Record

Obtaining a realistic value of the rockfall frequency is essential for a quantitative 
risk assessment. Therefore, and in order to avoid missing rockfall events, sampling 
should be exhaustive, especially as it is highly improbable to detect old wounds 
present within the stem as internal scars, in broadleaved trees. Stoffel et al. (2005) 
and Perret et al. (2006) used tangential rows of traumatic resin ducts to identify 
internal wounds. However, resin ducts are not formed in broad-leaved species and 
old wounds can only be found by taking multiple sets of cores at different heights 
in the stem or by felling the tree to obtain multiple cross-sections. The first method 
is very time consuming and the second one is not advisable.

The basis of the strategy applied at Solà d’Andorra consisted of a quasi exhaus-
tive sampling of the visible tree injuries in broad strips of forest placed on the talus. 
The strips were arranged parallel to the contour lines, that is, perpendicular to the 
main direction of transport. For a given source zone, each strip was extended across 
the whole talus width (measured along the contour lines) in order to intercept all 
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possible rockfall trajectories. The width of strips (measured down the slope) ranged 
between 15 and 30 m.

Three sampling strategies have been applied in successively more detailed steps. 
The first strategy consisted of sampling damaged trees at the talus apex. This sam-
pling was used to determine the maximum frequency of rockfalls at the base of the 
slope. At Alzina talus, the strip extended along the whole width of the talus apex 
(45 m). At Basera Mateu talus, the cross-slope strip has a length of 230 m in the 
central sector of the talus. Thirty-two trees were sampled at the Alzina talus and 
112 trees at the Basera Mateu talus.

The second strategy of sampling was aimed at detecting changes in the fre-
quency of rockfalls down the talus. In this case, the sampling was carried out by 
additional strips at increasing distances from the cliff face. Three strips, including 
that located at the talus apex, were sampled at both sites (Fig. 1). A total of 276 
damaged trees were selected, and 294 samples were taken.

The trees sampled in this study showed visible injuries on the stem surface. 
Wound samples were obtained by cutting a wedge from one side of the scar. All 
visible wounds with a size >5 cm and located at a height <2 m above ground were 
sampled. Wounds located higher up in the stem were not sampled for obvious prac-
tical reason. Wounds <5 cm were considered to be the impact of very minor rock 
fragments (like pebbles); too small to be regarded in the frequency assessment. 
Decapitated trees were also occasionally sampled. Here, a cross-sectional disc was 
cut at the broken tip of the stem, if it was found at a height <2 m. In other cases, a 
diametric core was taken along the slope direction. Fieldwork included document-
ing the location of sampled trees on an orthophoto with the help of a compass and 
tape measurements, the description of the tree form, and the record of the location 
of the injury sampled on the tree surface. Another question to be addressed is 
whether the width of the strips we sampled is sufficient to obtain a complete record 
of the rockfalls impacting trees. The third sampling strategy was therefore addressed 
to clarify this question. The aim was to analyze changes in the frequency based on 
variations of the width of the strip sampled. To perform this analysis, all the trees 
showing injuries have been sampled at Alzina talus, i.e. the sampling was made of 
the complete talus including the areas between the strips sampled in the previous 
step. A total of 265 trees were sampled for this approach.

4  Frequency Assessment: Interpretation of the Chronology  
of Tree Damage

4.1  Determining the Number of Rockfall Events

Figure 2 shows the chronology of tree injuries observed at the apex of the Alzina 
talus. The time scale is expressed as seasons of dendrological years. A dendro-
logical year includes one dormant season and the following growing season 
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(Moya and Corominas 1996). Therefore, a wound inflicted, e.g., in December 
1982 can be dated to the dormant period of the dendrological year of 1982–1983.

Although the forest at Alzina consists of two species, Q. robur and Q. ilex, we 
found the latter not useful for dating. Q. ilex is a broad-leaved but evergreen species 
and tree rings can be easily seen in trees of this species. However, it is very difficult 
to precisely distinguish annual rings.

The frequency of rockfalls cannot be directly derived from a chronology of tree 
injuries, such as the one shown in Fig. 2. First, the relationship between the number 
of tree injuries that occurred in a given season and the corresponding number of 
rockfall events must be known. Figure 2 shows that it is usual to find several inju-
ries in the same season, but it is not possible to distinguish if they were caused by 
one rockfall event or by several that occurred within the same season. A falling 
block may injure several trees on a strip; a greater number of injured trees can be 
expected in the case of rockfall events formed by several blocks.

The number of rockfall events that occurred in a given season must be inter-
preted from the injuries that are registered during one season. The interpretation 
should be based on some knowledge of the activity of rockfalls at the site. At Solà 
d’Andorra, most of the events witnessed and all events identified by the surveil-
lance plan consisted of multiple blocks, ranging from a few to several dozen blocks 
(Copons et al. 2005; Copons and Vilaplana 2008). Moreover, the preliminary den-
drogeomorphic analysis evidenced some linear tracks defined by trees injured in a 
same season. These tracks can hardly be formed by different rockfall events, as it 
is highly improbable that two events from the same source zone and in the same 
season will follow a similar path. Accordingly, we assume that all the injuries 

Fig. 2 Chronology of the tree injuries of transects of the Alzina talus cone. Small arrows in the 
chronology of a transect indicate rockfalls that have not been detected in the transect but in another 
one located downslope (H: historical case (witnessed), st: number of trees sampled, re: number of 
rockfalls, dcf: distance to the cliff foot)
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caused by blocks falling from the same source zone (e.g. a couloir) and having the 
same age, correspond to one rockfall event. This assumption may, in some cases, 
entail missing some rockfall events.

In large source areas, such as the Basera Mateu rockwall, there often are two or 
more rockfall events during the same season, but in different parts of the area. In 
such cases, analyzing the tree injuries found at the talus as a whole may lead to a 
large underestimation of activity if only one event is considered per season. In the 
Basera Mateu talus a 230 m long strip was sampled (Fig. 1). To minimize underes-
timation, the analysis of tree injuries was carried out dividing the talus in eight 
sectors, each one fed by a small segment of the rock wall. Subsequently, the number 
of rockfall events was assessed for each sector. The result for the whole Basera 
Mateu is shown in Fig. 3.

A last step was used to improve the record of rockfall events. Some rockfall 
events may be identified in a given strip but are missed in another strip located 
upslope. For example, at the Alzina talus, a tree of the central strip was injured in 
the dormant season of 1987–1988, but no trees injured this year were found in the 
upper strip (Fig. 2). Considering that the talus is fed only by one couloir, and that 
these strips extend across the whole talus, a rockfall reaching a given strip must 
have travelled through any transect located upslope. Consequently, we consider that 
the rockfall event that occurred in the Alzina talus in 1987–1988 reached the central 
strip without hitting trees of the upper strip. The same has occurred in the Basera 
Mateu talus in other years. The events that are missed in a strip but detected in 
another one are indicated by small arrows in Figs. 2 and 3, and have been accounted 
for in the assessment of the rockfall frequency for that strip.

Fig. 3 Chronology of rockfall events recorded at the Basera Mateu talus slope. Small arrows in 
the chronology of a transect indicate rockfalls that have not been detected in the transect but in 
another one located downslope (st: number of trees sampled, re: number of rockfalls, dcf: distance 
to the cliff foot, H: historic rockfall of imprecise age)
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4.2  Determining the Time Interval

The last step in the assessment of the rockfall frequency was to define the period of 
time to be taken into account. The oldest visible wound that we have sampled at 
Solà d’Andorra is 40 years old (Fig. 3). This age gives the maximum period of the 
dendrochronological record that is covered by visible wounds at the study site. 
From the analysis of Figs. 2 and 3, it is apparent that the recurrence of rockfall 
events recorded by visible wounds is higher since the late 1970s. At Basera Mateu, 
only nine of the 77 events recorded at the apex are older than 1978–1979 (Fig. 3a). 
In the Alzina talus no rockfall was identified before that year (Fig. 2a). This change 
might be due to an actual increase in the frequency of rockfalls, though it could also 
reflect the closure and masking of wounds with time. Actually, the masking of 
wounds affects the record obtained, mainly in the older part, because most of the 
samples correspond to visible wounds. In any case, the average number of rockfalls 
per year is almost constant after 1978–1979, suggesting that the record of rockfall 
events is less affected by the masking of wounds and that it is reasonably complete 
the last 24 years before sampling. Thus, the frequencies displayed in Table 1 have 
been calculated for this period.

5  Rockfall Frequency Down the Talus

At the two talus zones investigated, we found that the frequency of rockfalls is 
greater at the talus apex, as would be expected. At the Alzina talus, the two events 
noticed by the inhabitants in 1997 and 1999 (marked by “H” in Fig. 2) have been 
detected by tree-ring analysis. Rockfalls reach the apex of the Alzina talus, once 
every 2 years on average (Table 1). Only four of the 12 rockfall events recorded at 
the apex reached the lower strip; and two of them injured a significant number of 
trees (Fig. 2). One of these two events occurred in January 1997, which hit a build-
ing and injured one person. The other event occurred in the dormant season of the 

Table 1 Frequency of rockfalls at the two talus investigated

Talus Transect
Transect 
area (m2)

Number of 
trees sampled

Number 
of eventsa

Return period 
(years)

Frequency 
(events/year)

Alzina Upper 1,310  32 11 2.1  0.48
Mid  980  66  8 2.9  0.35
Lower 1,070  38  3 7.7  0.13

BaseraMateu Upper 3,570 112 62 0.4  2.70
Middle 2,360  28 10 2.3  0.42
Lower 2,310   0  0 > 23b <0.04

a Occurred after the year 1978–1979 till the year 2001–2002. The rockfall events occurred at year 
1978–1979 mark the start of the period for which the frequency is assessed; these events have not 
been counted in the frequency assessment.
bWhen no events are recorded, the return period obtained is only a minimum one.
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year 1978–1979. A large number of trees were injured by this event, but no one 
witnessed it, likely because the urban area was much smaller than in 1997. This fact 
suggests that the 1978–1979 event would have travelled farther than the lower strip, 
reaching the zone that now is occupied by buildings. Hence, the return period of 
high risk rockfall events is between 18 and 24 years.

At the talus of Basera Mateu, the frequency of rockfalls decreases downslope in 
a much more pronounced way than at Alzina talus. At the apex of Basera Mateu 
talus, 77 rockfalls have been recorded during the past 40 years, but only 17 reached 
the central strip, and none reached the lower one (Fig. 3). The historical record for 
this talus is consistent with this finding because there is only a single reference to 
a rockfall event during the last decades.

6  Are the Sampled Strips Wide Enough?

To address this question all the trees showing injuries in the Alzina talus have been 
sampled (265 trees; see Section 3). We have analyzed how the rockfall frequency 
increases with strip width. Three strips were defined on the talus, and the rockfall 
frequency was assessed with increasing width of each strip, starting from a width 
of 2.5 m, and making successive increments of 2.5 m up to reach 40 m. The density 
of the forest was also determined in a plot for each strip.

The result is similar for the three cases; the frequency increases initially with 
strip width until a constant value is reached, this occurs at a width of 15 m in the 
lower strip sampled at Alzina talus (Fig. 4). The value at which the frequency 
stabilizes indicates the minimum width for a strip for which no information is 
lost, i.e. a lower rockfall frequency will be obtained if the width of the sampled 
strip is smaller than this value. On the other hand, no additional rockfall events 
will be detected if the strip becomes wider than this value. Obviously, the mini-
mum strip width to be sampled is case specific, because it depends on parameters 

Fig. 4 Frequency of rockfalls obtained for different widths of the transect sampled. The arrow 
points to the transect width after which no increase of frequency is observed. Data correspond to 
the apex of the Alzina talus
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such as the forest density, tree diameter and size of rockfalls. Table 2 shows the 
minimum width of strips for different densities of forest that has been determined 
at Alzina talus. For a forest with an average tree diameter (DBH) of about 10 cm, 
as was the case at this study site, the width of a strip should not be less than 15 m 
if the forest density is of 1,500 trees/ha, or less than 20 m if the density is lower 
than 800 trees/ha. The strips sampled in the first stages at Basera Mateu and 
Alzina talus range in width from 15 to 30 m; thus, the former results suggest that 
these strips are wide enough.

7  Probability of Falling Rocks Impacting Trees

7.1  Approach to the Impact Probability

Sampling in wide strips allows the development of a more complete tree-ring 
record of rockfalls. A chance nevertheless exists that some rockfall events may be 
missed merely because they have not hit trees. The impact probability has been 
calculated as the probability of blocks of a rockfall event hitting at least one tree of 
a given strip of the talus slope. This probability has been considered as conditioned 
by the occurrence of rockfalls reaching the strip. The conditional impact probability 
(CIP) depends both on the characteristics of the forest (tree location and diameter 
of the trunks) and on the characteristics of the rockfall event (number and size of 
falling blocks).

The assessment of the CIP within a sampling strip is a three-dimensional prob-
lem. However, the problem can be solved in the horizontal plane and reduced to one 
dimension making some simplifying assumptions:

1. We assumed that changes in the direction of falling blocks due to impact with the 
talus surface have a minor influence on the CIP and have considered that falling 
blocks move through the strip in a downslope direction, when they do not impact 

Table 2 Minimum width of transects required to avoid miss of rockfall events. The main 
characteristics of the forest at each transect were measured in three plots in the Alzina talus and 
are also shown in the table. Forest density is shown separately for Quercus robur, the tree species 
used for dating

Plot

Tree number Mean tree 
diameter 
(cm)

Plot area 
(m2)

Forest density (trees/ha) Minimum 
transect 
width (m)

All 
species

Quercus 
robur

All  
species

Quercus 
robur

Upper 12 10  9.7 124    970    800 20
Middle 33 22 10.0 152 2,100 1,450 17.5
Lower 39 22  9.0 145 2,690 1,500 15



171Assessment of the Rockfall Frequency for Hazard Analysis at Solà d’Andorra

with trees. Thus, in a map view, the path of a block within the strip can be represented 
just as a straight line down the talus. Changes in fall direction due to impact with 
trees do not influence the CIP because this is the measure of the probability of 
impacting on at least one tree. Once a block impacts a tree, the value of CIP does 
not change if the block subsequently impacts another tree after changing its 
trajectory.

2. The dendrochronological record of rockfall used to calculate the frequency only 
is based on impacts on the tree trunk, but not on its branches. Thus, trees can be 
represented only by the stem. Wounds located in branches are normally at high 
positions in the tree (>2 m) at the study sites and have not been sampled for 
practical reasons. Using the wounds located on the trunk may cause underesti-
mation of the rockfall frequency, but this is implicitly taken into account by the 
CIP assessment.

3. Trees in the strip have a straight and vertical trunk; this is why the stem can be 
represented by a circle in the horizontal plane.

4. Any change of the trunk diameter with height and age is small enough – for the 
period for which rockfall frequency is calculated – to be insignificant for the CIP 
estimation.

5. During the period taken into account, rockfall events have not caused significant 
changes in the density or in the spatial structure of the forest of the strip. Thus 
we assumed that the forest variables have been stationary over the last 25 years.

6. We considered the forest characteristics to be homogeneous at the strip. To assess 
the CIP in the strip, it is necessary to measure the forest density, the tree diameter 
and the spatial distribution of trees within the strip. To determine this latter 
distribution, the location of trees must be measured, and, whether the strip is 
relatively large and the forest is dense (as it occurs in the sites investigated in this 
study) this is very time consuming. We have approached the forest characteris-
tics of the whole strip by measuring them in a plot placed inside (the details are 
indicated in the following section) which has been considered as representative 
of the whole strip. We have also assumed that the trajectories of rockfalls distrib-
ute homogeneously in the strip.

Using the three-dimensional assumptions, the CIP can be expressed as a fraction of 
the length of the strip, measured along the contour lines. This can be shown regard-
ing the trajectory of a falling block in a horizontal plan view. A falling block will 
hit the stem of a tree if its trajectory is closer to the trunk than half the diameter of 
the block (Fig. 5a). Then, given the diameter f of a falling block, each tree has a 
circular envelope of a width of f/2, which defines a circular area of impact around 
the tree, that we call the circle of impact (Fig. 5b). A block will hit at least one tree 
of the strip if its path intersects a circle of impact. The path of a falling block hitting 
trees of a strip can be identified easily, for a given block size, using the projections 
of the circles of impact of the trees on the downslope boundary of the strip (Fig. 5b). 
For a given diameter of block, and given the location and the diameter of the trees 
of the strip, the CIP can be expressed as the fraction of the strip length, measured 
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in the downslope side of the strip, which is occupied by the circles of impact 
(Eq. (1) and Fig. 1):

 /= IC plotCIP L L  (1)

where L
IC

 is the cumulative length of the projections of the circles of impact on the 
downslope side of the strip, and L

plot
 is the length of the downslope side of the strip, 

which is arranged along the contour lines.

7.2  Calculation of CIP of the Alzina Talus

The assessment of the CIP has been carried out in the three forest strips located at Alzina 
talus. For each strip the forest characteristics (tree location and diameter at breast 
height) were measured in a plot considered representative of the whole strip (Table 3). 
The plots are approximately square and have an area of 125–150 m2 (Table 3). The trees 
of each plot were located on an orthophoto by tape and compass measurements. 
Obviously, all trees placed in the plots have been measured and not only the injured 
ones. However, only Q. robur trees were taken into account for the assessment of the 
CIP. This species forms between 23% and 50% of the forest at Alzina talus.

The size of the rockfall events is also required for the assessment of CIP. We 
have used the median of block diameters identified on the talus slope to approach 
the average CIP. The size of blocks was measured in two plots located in the 
middle and lower parts of the talus, each of 50 m2. All blocks having a length 
greater than 25 cm were included in the sample. A total of 176 blocks were mea-
sured. For each block, diameter was measured along three perpendicular axis, and 
the average used for the analysis of size distribution. We did not identify any 
statistically significant difference between block sizes of the two plots and no 
apparent sorting of the block size was observed down the talus. The median of the 
diameter of the blocks is 31.5 cm.

Fig. 5 Geometrical conditions used for the assessment of the conditional impact probability (CIP)
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The number of blocks which formed the recent rockfall events is also needed for 
an assessment of the CIP; but it is much more difficult to determine. The historical 
records indicate that the number of blocks have ranged from one to several dozens 
per event. But this information is not precise enough for the CIP assessment. We 
have followed the more conservative option and have used the CIP value corre-
sponding to rockfall events formed by a single block, which is expressed by Eq. (1). 
This likely underestimates the actual CIP and it leads to a higher corrected value of 
the frequency of rockfalls; but it is on the safe side. The CIP values obtained for the 
strips of the Alzina talus are shown in Table 3. The rockfall frequency calculated 
previously by tree-ring analysis has been corrected by dividing it by the corre-
sponding CIP.

Taking into account the CIP, the rockfall frequency estimated at Alzina talus 
experiences several changes. The most significant difference is identified at the 
talus apex. Here, the forest density is relatively low (800 trees/ha) which leads to a 
low value of the CIP (0.68% or 68%; see Table 3). This means that only two thirds 
of the falling blocks impact trees and are recorded in tree rings. At this part of the 
talus, the correction due to the CIP has raised the estimation of the rockfall 
frequency from 0.48 events per year (that is a recurrence of 2 years) to 0.71 events 
per year (a return period of 1.4 years). At the lower parts of the talus, the density 
of the forest is much higher (about 1,500 trees/ha) and the CIP value increases 
accordingly (from 0.68 to 0.87). Therefore, the value estimated of the rockfall 
frequency also increases here but much more moderately (Table 3). Before the CIP 
correction, the conclusion was that most of the rockfall events reaching Alzina talus 
travel to the middle-lower part of the talus; after the correction, a much more pro-
nounced decrease of the frequency of rockfalls down the talus becomes clear.

8  Conclusions

On forested slopes, the frequency of recent rockfalls can be determined through the 
analysis of wounds of impacts that are visible on the tree surface. Wounding is the 
most common type of disturbance that is available for dating rockfalls in Solà 

Table 3 Conditional impact probability of falling blocks on trees and corrected values of the 
frequency and of the return period of rockfalls at the Alzina talus. The characteristics of the forest 
plots used for the CIP assessment are also indicated. Forest density corresponds only to Quercus 
robur trees. The median of the block sizes measured in the talus (31.5 cm) has been the rockfall 
size used in the calculation

Transect

Transect 
width (m) 
(measured 
downslope)

Transect 
area (m2)

Forest 
density 
(trees/ha) CIP

Rockfall frequency 
(events/year)

Return period 
(years)Raw

Corrected  
by CIP

Upper 30 1,313    800 0.68 0.48 0.70 1.4
Middle 25    982 1,450 0.87 0.35 0.40 2.5
Lower 25 1,068 1,500 0.86 0.13 0.15 6.6
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d’Andorra. In areas where forest consists of broad-leaved species, other types of 
tree responses useful for dating, such as compression wood formation or traumatic 
resin ducts, are not present.

The particular mode of displacement of rockfalls entails special difficulties for 
dating this type of slope movement by means of dendrochronology. The main sam-
pling strategy we used in Solà d’Andorra was to sample, in an almost exhaustive 
way, visible tree injuries within strips located on the talus for separate source areas. 
The strips were arranged across the slope direction. This strategy allows a more 
comprehensive estimate of the occurrence of rockfalls.

Sampling of damaged trees in the talus apex provides a rockfall frequency close 
to that of the source area. This latter frequency can be used along with models 
simulating the runout distance to assess the risk of rockfall.

Sampling of multiple strips arranged down the talus has a twofold advantage. It 
allows identification of eventual rockfall events that are missed in strips located 
upslope. For example at the talus apex, where the forest may be less dense, using 
multiple strips allows the reconstruction of a more complete record of rockfalls. This 
kind of sampling also provides information about the run out of the rockfall events.

The frequency of rockfalls cannot be derived directly from the chronology of 
tree injuries visible on the tree surface. The two parameters required for the assess-
ment of frequency (i.e. the number of rockfall events and the length of the time 
interval) can only be deduced after interpreting the time series of tree injuries.

In comparison to dating with internal tree scars, dating wounds visible on the 
tree surface makes the sampling work easier; but it also shortens the time period for 
which rockfalls can be dated. At Solà d’Andorra, the maximum persistence of 
wounds on the stem surface of Q. robur is 40 years. In the older part of this period 
the record of rockfalls is surely incomplete, due to the closure of wounds. Therefore, 
the frequency of rockfalls would be underestimated if this old part of the record is 
included in calculations. The rockfall record seems little affected by wound vanish-
ing in the last 25 years. Though some of the small wounds may be blurred during 
this period, the record will remain complete as long as at least one wound is pre-
served for each rockfall event

The completeness of the tree-ring record of rockfalls that has been obtained at 
the Solà d’Andorra depends on two more factors: on the width of the strips sampled 
and on the probability of impact of falling blocks with trees (CIP). Our results at 
Alzina talus indicate that, for a forest density greater than 800 trees/ha, a strip width 
of 20 m is sufficient to record all rockfall events that hit trees in the strip. The CIP 
of a strip can be approached as a one-dimensional problem making some simplify-
ing assumptions. Rockfall frequency assessed from tree rings should be considered 
as a minimum frequency when the probability of impact is not calculated.
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Geomorphic processes continuously shape mountain regions, with rockfall being 
one of the most widespread and frequent events. Its unpredictable and sudden 
occurrence poses major threats to settlements, human infrastructure and can even 
lead to the loss of life (Porter and Orombelli 1981; Bunce et al. 1997; Guzzetti 
2000). In recent years, anthropogenic activities increasingly expanded into marginal 
regions. This development results in the construction of new infrastructure and 
settlements in exposed areas, leading to increased risk of casualties. In order to 
avoid future accidents, an accurate hazard assessment and risk analysis become 
more and more inevitable. Besides a comprehensive understanding of the process, 
risk evaluation requires the knowledge of past rockfall activity in space and time. 
Areas where rockfall occurs have to be identified, and the frequency and magnitude 
of events determined. As a result, rockfall has become one of the most intensely 
studied geomorphic processes in the alpine environment.

However, the unpredictability of rockfall events poses major difficulties for a 
realistic assessment of the process. In the absence of a detailed, eyewitness history, 
dendrogeomorphology is the only method allowing for an adequate reconstruction 
of past rockfall parameters, such as rebound heights of rocks and boulders, or 
frequency, magnitude, and seasonality of events. Following mechanical impact, 
different tree species, e.g. European larch (Larix decidua), Norway spruce (Picea 
abies), silver fir (Abies alba) respond with the formation of specific growth features 
such as tangential rows of traumatic resin ducts, reaction wood, callus tissue, or 
abrupt changes in growth (Braam et al. 1987; Schweingruber 1996, 2001; 
Schneuwly et al. 2009). These growth features can be dated with intra-annual preci-
sion, allowing for the reconstruction of past rockfall frequencies with seasonal 
accuracy (Stoffel and Perret 2006). Determination of the main rockfall season and 
past activity patterns permits the identification of local triggers.
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A total of 191 severely injured conifer trees were sampled at a case-study slope 
in Saas-Balen (Valais, Switzerland). The analysis of 50 years of rockfall history 
unravelled an ordinary background activity during most years and severe activity 
during exceptional event years (Fig. 1). The intra-annual distribution of rockfall 
events shows a peak in activity during the dormant period (early October – late May), 
and lowest activity during summer. Freeze-thaw processes are identified as the 
main ordinary rockfall trigger. On the slope, reconstructed rockfall frequency aver-
ages 1.02 events m−1 year−1. In addition, two major rockfall event years could be 
determined. In 1960, the rockfall rate attained 3.9 events m−1 and culminated in 6.6 
events m−1 in the following year (1961). The second peak in rockfall activity is 
noted for 1995, when 5.1 events m−1 were reconstructed. Both events could be 
correlated with exceptional triggers. In 1960, a magnitude 5.3 earthquake (Mercalli 
intensity VIII) occurred 18 km away from the study site. In 1995, unusually heavy 
precipitation was recorded at the study site. In contrast, no long-term trend in rock-
fall activity could be detected. Spatial analysis of rockfall frequency revealed highest 
values (>4 events m−1 year−1) at the lateral boundary that is oriented towards the 
main rockfall source area (Fig. 1b). Values at the boundaries are higher and rapidly 
decrease inside the stand. Investigations on injury heights reveal a mean value of 
0.85 m. The maximum rebound height attains 4.5 m, but two thirds of all impacts 
did not surpass 1 m. Spatial analyses on rebound height indicate highest values at 

Fig. 1 Reconstructed rockfall frequency for the last 50 years with the sample depth (ED = 
exposed diameter). There exists an ordinary background activity during normal years with excep-
tional activity in event years. In 1960, a magnitude 5.3 earthquake occurred in proximity, in 1995, 
a heavy precipitation event triggered the outstanding activity. No long term trend (gray line)  
is detectable
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the lateral boundaries of the study site (Fig. 2b). Rebound heights immediately 
decrease inside the forest, illustrating again the deceleration effect of the trees and 
the dampening effect of the changed surface conditions within the stand (Schneuwly 
and Stoffel 2008a, b). Spatial data on rockfall frequency and rebound heights 
clearly demonstrate the protection effect of forest against rockfall.

Dendrogeomorphology has proven its high potential in rockfall research. 
Reconstructed data on rebound heights and seasonality can improve the general 
understanding of the process. Long-term data on frequency, magnitude as well as 
trigger identification substantially improves local risk assessment and allows more 
precise predictions on future rockfall pattern.
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Debris Flows
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1  Introduction

Debris flows and their volcanic counterparts lahars are one of the most destructive 
mass movement process worldwide, being responsible for hundreds of death every 
year and leading to horrific multi-thousand death tolls every decade or so. Consequently, 
debris flows have been the focus on intensive research with hundreds of papers appear-
ing annually on various aspects of debris flow research. For most researchers and 
practitioners it is difficult to keep abreast of all advances in debris flow research and 
to extract the most relevant publications. Several dedicated conferences have been 
held whose sole focus is debris flows. In 2005 a book on debris flows and related 
processes was published (Jakob and Hungr 2005) to offer a more systematic review of 
the state-of-the-art. The book was published in 2005 and thus reflects mostly knowl-
edge up to 2003 or 2004. With that it is outdated in some fields. It is clearly impos-
sible to replace the 2005 book and provide a comprehensive review of all significant 
advances in debris flow science in the space of this chapter. The author has therefore 
attempted to provide a short summary and highlight outstanding questions and how 
they can be addressed, at least in part, by application of dendrochronology.

This chapter begins with a definition of debris flows and their formation to avoid 
confusion in nomenclature and application in practice. It then summarizes the present 
state of debris flow science for select topics, the present research needs and the 
application of dendrochronology in helping to advance the science.

1.1  What are Debris Flows?

Debris flows are now a well-defined landslide process and nomenclature ambiguity 
ought to be a matter of the past. In the past, different definitions have been offered 
by various workers. The present author prefers a hybrid of definition by Hungr 
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et al. (2005) and Iverson (2009) which defines debris flows as “a flow of saturated 
non-plastic mineral and sometime organic debris in a steep channel that include 
some 50–70% solid grains by volume, can attain flow velocities in excess of 10 m/s 
and can range between 10 and 109 m3 in volume. Mud flows can be contrasted by 
higher water content and a plasticity index of >5%.” While this definition is preferred 
and used by the author of this chapter, in this book the term debris flow is also used 
for events with sediment concentration below those of true debris flows that are 
usually referred to as hyperconcentrated floods.

2  A Brief Summary of the State of Debris Flow Science

2.1  Debris Flow Mechanics

Debris flow mechanics are very complex, and detailed research on this topic has 
been conducted for over 20 years. An adequate understanding of debris flow 
mechanics is required to create single and multi-dimensional models that simulate 
debris flow motion. While it is not necessary to recreate the exact physical pertur-
bations during the flow and deposition phases of a debris flow, an equivalent fluid 
needs to be formulated that behaves similar to observed debris flows and can 
adequately replicate runout behaviour. Accordingly, debris flow modelling has 
been subject to intensive research and scrutiny over the past ten years. Identification 
of an appropriate debris flow rheology is key to the modelling and prediction of 
debris flow characteristics and behaviour, which has led to a vigorous debate on the 
most appropriate rheological formula. Contrasting the single-rheology focus are 
field observations demonstrating that a single rheology is unable to completely 
describe debris flow behaviour. Field observations and flume experiments suggest 
that rheologies vary temporally, spatially and exhibit feedbacks that depend on 
evolving debris flow dynamics. Therefore, a single rheologic model is unattainable 
because non-hydrostatic forces cannot exist in steady states. More advanced models 
such as the Coulomb mixture theory strive to account for unsteady flow behaviour. 
In addition, very few workers (i.e. McDougall and Hungr 2004) have attempted to 
include entrainment of debris into their model regimes. Debris flow fans are under-
stood as depositional landforms and model output is limited to fan deposition 
(i.e. Tekka et al. 2007), even though entrainment on debris-flow fans has been observed 
numerous times (see Section 2.2).

Several single and multi-dimensional debris flow runout models have been devel-
oped (MacArthur and Schamber 1986; Takahashi and Nakagawa 1989; O’Brien et al. 
1993; Hungr 1995; Chen and Lee 2000; Iverson and Denlinger 2001; McDougall and 
Hungr 2004; Pudasaini and WangY 2005; Rickenmann et al. 2006).

One of the most prolific researchers focusing on debris flow mechanics is  
Dr. Iverson of the US Geological Survey. He recently provided a new depth-averaged 
model of debris-flow motion that is able to characterize the evolution of flow velocity, 
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depth, solid and fluid volume fractions and pore-fluid pressure simultaneously 
(Iverson 2009). This model advances beyond traditional two-phase debris-flow 
models that typically lack evolution of solid and fluid volume fractions and their 
interaction with flow dynamics. A potential downfall of the model, as admitted by 
Iverson, is the lack of representation of grain size segregation, which is responsible 
for coarse debris flow fronts, inverse grading and levees.

While progress in deciphering the “true” mechanics of debris flows is desirable 
and required to be translated into modelling software, it is the present author’s 
opinion that no model will be able to fully account for random and often chaotic 
flow characteristics that may stem from multiphase flow with organic debris over 
complex terrain. This includes coarser debris lobes stalling, then being overrun by 
hyperconcentrated flow surges, log jams on fans leading to unpredictable avulsions, 
as well as spatial and temporal variability in scour within the fan reaches. For the 
experienced field worker, this may come as a relief as expert knowledge and judg-
ment will always have a place in detailed debris flow hazard and risk assessments 
despite any future advances in debris flow physics and numerical modelling.

2.2  Scour in Colluvial Channels/Fans

Debris flow scour is one of the least understood facets in debris flow science. Debris 
flow scour affects the total volumes of debris flows produced, particularly if most 
of the material is entrained on colluvial cones or alluvial fans. Scour is also of 
crucial importance in the design of crossings of linear infrastructure that require 
burial (i.e. water/gas/oil/concentrate pipelines/fiber optics). A puncture or rupture of 
a mine concentrate pipeline, for example, due to debris flow scour at the pipeline 
crossing could result in direct economic losses of several million dollars per day 
plus secondary effects such as environmental losses due to pollution of heavy metal 
enriched concentrate. Finally, environmental pollution and contamination of water 
ways could result in lawsuits, retraction of mining rights and reputation loss that 
could amount to hundreds of millions of indirect losses. Such events provide an 
unacceptable risk to the owners and must be prevented at considerable expense.

Debris flow bed mobilization is likely a consequence of a combination of factors 
namely the transfer of momentum through solid collisions, friction and fluid thrust, 
often combined with reduction of effective strength of substrate due to pore pressure 
changes and/or strain softening (Hutchinson and Bhandari 1971; Sassa 1985). 
Theoretical approaches to bed stability predictions (Hungr et al. 2005) have not 
yielded satisfactory results for practical applications. This may be attributed to a lack 
of understanding of shear strength variability along a channel, the effects of vegetation 
on channel bank cohesion and the variability of pore pressures along the channel 
before and during the passage of the debris flow. Debris-flow scour is thus a multi-
variate problem that may only be resolved through detailed monitoring along high 
frequency debris flow channels and large scale flume experiments. Empirical relation-
ships can be established that may then form the basis for mathematical formulation.
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Dendrochronology may aid this science by providing some data on the depth of 
scour that can be expected along colluvial channel sections. Many conifers are 
capable to form adventitious roots if they are inundated, and thus allow the dating 
of inundation events but also the reconstruction of scour events. Longitudinal aver-
aging of expected scour depth may then be used in combination with channel 
geometry consideration to predict potential scour. It should be pointed out, however, 
that this method may be prone to large error if geomorphic thresholds for cata-
strophic material entrainment are exceeded that are not part of the reconstructed 
time series. There are several such events documented in the literature and have 
been noted by consulting experience by the author. For example, a large alluvial fan 
complex in the southern Coast Mountains of British Columbia suddenly produced 
a debris flow in the order of 50,000 m3 through fan channel entrainment only (Jakob 
et al. 1997). There had not been any such precedents in the 80 years prior that could 
be documented by air photo interpretation and dendrochronology.

2.3  Frequency-Magnitude Relationships

As one of the three (together with varve chronology and sclerochronology) annual 
dating methods, dendrochronology plays a crucial part in reconstructing debris 
flow activity in the past. This can be accomplished for single debris flow fans 
(i.e. Stoffel 2010, this volume; Bollschweiler et al. 2010, this volume), or on a 
regional scale (i.e. Strunk 1995; Jakob 1996; May and Gresswell 2004). This is 
important to answer questions of landform evolution and especially to develop 
reliable frequency-magnitude (F-M) relationships of debris flows that form the 
basis for quantitative risk assessments (QRAs).

Several countries are now calling for landslide QRAs for their existing or new 
developments. The development of reliable F-M relationships requires a significant 
effort. This book provides an example where 2,246 tree ring series were analysed 
from 1,102 old-growth trees (Stoffel 2010, this volume), although recent work 
(Stoffel and Bollschweiler 2009) has suggested that a much smaller subset of data 
may provide results that are still usable for frequency-magnitude relationships. 
Frequency estimates can and should be extended and completed from other data 
sources such as interviews with locals, newspaper searches, air photograph inter-
pretation, lake sediment analysis, vegetation succession (i.e. Bollschweiler et al. 
2010, this volume), lichenometry (Wilkerson and Schmid 2010, this volume) and 
radiometric dating (i.e. Jakob and Weatherly 2005). Dendrochronology offers the 
advantage of being precise and allowing a more or less continuous record over a 
few hundred years if performed by qualified personnel.

Dendrochronology can also support the reconstruction of debris flow volume 
and peak discharge. Volumes can be deciphered by mapping trees affected by the 
same event that may provide at least areas affected particularly for fans in densely 
vegetated areas that preserve the spatial pattern of debris flow inundation 
(Bollschweiler et al. 2007). Areas are related to volumes and can thus be used as a 
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volume surrogate if subsurface investigations cannot be conducted due to budget 
limitation, land ownership or lack of access for heavy machinery. Peak discharge 
can be back-calculated if tree scars along bedrock controlled sections are dated, the 
cross-section measured and the flow velocities calculated from empirical equations 
(Jakob 2005). If risk assessments need to exceed the dating range for dendro-
chronology because, for example, the development has a risk potential that requires 
modelling of several thousand year return period events, radiometric methods (standard 
radiocarbon and AMS dating) will need to extend the dendrochronologic record.

2.4  Debris Flow Forecasting and Warning Systems

There is an astounding body of work that has been completed on this subject. Most 
workers have followed Caine’s (1980) approach by plotting rainfall duration 
against intensity for a large range of durations and plotting those events that have 
led to landslides or debris flows (i.e. Guzzetti et al. 2008). While this approach is a 
reasonable first step in identifying debris flow-producing storms, it is unsuited as 
a warning tool in most applications because exceedence of the lower threshold 
envelope would result in too many warnings to be taken seriously by residents. 
This calls for more sophisticated approaches that integrate antecedent conditions 
(e.g. Chleborad et al. 2008) or use statistical techniques to distinguish storm char-
acteristics from storms that have produced landslides from those that have not 
(Jakob and Weatherly 2003; Cannon et al. 2008; Jakob 2009). Watershed conditions 
are typically too complex for a system based entirely on rainfall characteristics to 
ever yield a 100% success rate.

Unfortunately, there is little scope for dendrochronology in this field other than 
providing dates (years) for debris flows, which with careful analysis may be attrib-
utable to a given storm. Once verified this storm date can then be used to obtain the 
required hydroclimatic data.

2.5  Debris Flows and Wildfire

Devastating forest fires in the southwestern US and Europe in past few years have 
sparked a surge in research on the impacts of wildfires on debris flows. Debris 
flows are among the most hazardous consequences of rainfall on recently burned 
hillslopes (Cannon and Gartner 2005; Cannon et al. 2010). Removal of vegetation 
and impacts to soil by wildfire can change the hydrologic response to rainfall, often 
resulting in increased runoff and significant sediment movement (i.e. Shakesby and 
Doerr 2006, DeBano 2000). Most debris flows that occur in the first few years after 
a fire are generated through a process of progressive bulking of runoff with material 
eroded primarily from channels (Meyer and Wells 1997; Cannon et al. 2001; Santi 
et al. 2008). An abundance of fine particles from loose, burned soil, dry-ravel deposits, 
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and fine ash mantling the surface make burned areas particularly susceptible to this 
process; fine particle entrainment is thought to increase flow transport capacity and 
shear stress, permitting mobilization of coarser channel sediments (Gabet and 
Sternberg 2008). Rainfall intensity-duration conditions that trigger fire-related 
debris flows are significantly lower than those described for the generation of 
debris flows in unburned settings, and debris flows are often triggered in response 
to as little rainfall as that that falls in 2 year-recurrence interval storms (Cannon 
et al. 2008). Over longer time periods decreased rates of evapotranspiration caused 
by vegetation mortality and decay of root structure may result in the increased soil 
moisture and loss of soil cohesion necessary for failure of discrete landslide masses 
in burned areas (i.e. Jackson and Roering 2009).

While progress is being made in understanding the debris flow response of 
burned watersheds, there are still some significant gaps in our knowledge. For 
example, long-term (>100 years) frequency-magnitude relationships in basins 
with wildfire driven changes in sediment supply characteristics are still rare. 
Furthermore, there are only few reliable recharge relationships established from 
repeat channel surveys that would quantify the non-linear increase in available 
sediment after a wildfire.

Tree ring information, including fire scar and germination dates and age-structure 
data, are routinely used to establish regional and local fire histories (e.g., Covington 
and Moore 1994; Allen et al. 2002). Integration of data from these studies with those 
from alluvial fan stratigraphies that include post-fire events can be used to gain insight 
into the potential regional impacts of changing climates (e.g., Pierce and Meyer 2008; 
Pierce et al. 2004), and of basin-scale effects of the extent and severity of past fires on 
the geomorphic response (i.e. Bigio et al. 2005; Frechette and Meyer 2007).

2.6  Debris Flow Mitigation

Debris flow mitigation has a very long history in various mountainous regions on 
Earth. In particular in Austria and Japan, debris flow mitigation has advanced to a 
sophisticated science that addresses a range of components from source area stabili-
zation over various intermittent channel measures to large engineered structures at the 
basin outlet. While rigid steel and reinforced concrete structures still prevail, there is 
an increasing use of dynamic debris flow defenses that allow deformation and thus 
absorption of kinetic energy such a debris flow nets and geo-synthetic reinforced soils 
(GRS). The advantage of these structures is usually lower cost than rigid systems.

The desire to construct mitigation at low cost requires a good understanding of 
frequency-magnitude relationships as well as debris flow intensities. Furthermore, 
particularly in areas frequented by tourists, large unsightly concrete structures are 
not always supported by local communities and may either need to be hidden from 
sight or replaced by more aesthetically pleasing structures.

Appropriate debris flow mitigation is based on a thorough understanding of 
the debris flow hazard including most of the topics included in this Chapter. 
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Dendrochronology can also help in the design of mitigation measures by identification 
of the most active fan sector and likely flow or avulsion paths. For example, 
Bollschweiler et al. (2010, this volume) were able to reconstruct recent activity 
of Grosse Graben in Switzerland and thus identify the most likely avulsion loca-
tions. It should be remembered, however, that over large (typically century) time 
scales, old fan surfaces can be reactivated due to episodic build up of the fan surface 
in recently active sectors. Accordingly, a differentiation needs to be made in the 
mitigation philosophy if risk reduction is aimed for decades or centuries to come. 
This kind of dendrochronologic investigation will also help an early recognition of 
shifts in fan activity and thus allow for early planning to reduce risk for fan sectors 
that have been unaffected for long time periods.

2.7  Debris Flows and Climate Change

Landslide response to climate change is a higher order effect of global warming 
that leads to higher atmospheric moisture content, which in turn will lead to 
higher rainfall amounts and intensities in some regions. However, the hydrologic 
response of debris flows to climate is complex (Jakob and Lambert 2009) and 
cannot be condensed to a statement that equates more rain with more or larger 
debris flows. Antecedent moisture conditions are an important variable in prim-
ing hillslopes to landslide susceptibility. Drier and longer summers in some areas 
will shift antecedent moisture thresholds later into the rainy season. Warmer tem-
peratures may increase the elevation of significant snow accumulation that may 
increase both the time during which debris flows are likely (a thinning snowpack 
loses its capability to absorb rain) and it may lead to debris flows initiating at 
higher elevation. More annual rainfall may in some regions translate in more rain 
days, while in others, short-term rainfall intensity will be augmented. Long-term 
changes in the type and spatial distribution of vegetation will need to be accounted 
for as it changes the canopy intercept, evapotranspiration rates and perhaps even 
the root distribution and thus root cohesion, which affect hillslope stability in 
forested terrain.

Dendrochronology may help in identifying the effects of climate change through 
high resolution studies of debris flow frequencies (Stoffel and Beniston 2006; 
Strunk 1995), particularly in transport-limited watersheds where the exceedence of 
a given hydroclimatic threshold is very likely to trigger debris flows. An increase 
of debris flow frequency in those basins (in absence of human interference) may 
indicate that the combination of hydroclimatic parameters required to trigger a 
debris flow may have shifted. The related science of dendroclimatology can be used 
to monitor changes in moisture and/or temperature regime.
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1  Introduction

Debris flows are common mass-movement processes in most mountainous regions 
of the world, where their unpredictable and sudden occurrence represents a major 
threat to transportation corridors and settlements. Increased anthropogenic activity 
in regions exposed to debris-flow risk renders a detailed hazard assessment 
inevitable. As a consequence, the understanding of the debris-flow process as 
well as the behavior of events in space and time is crucial for the mitigation of 
hazards and risks (e.g. Cardinali et al. 2002; Pasuto and Soldati 2004). For many 
torrents in Alpine regions, however, systematic acquisition of data on past debris 
flows only started after the series of catastrophic events in 1987 and 1993 
(Haeberli et al. 1990; Rickenmann and Zimmermann 1993; Zimmermann et al. 
1997); there is still a considerable lack of knowledge about earlier events for 
many regions. Thus the reconstruction of past activity is essential for the under-
standing of current debris-flow dynamics in mountain torrents, possible future 
developments due to potential climatic change (Goudie 2006) and a realistic 
assessment of the hazards.

The most accurate method for dating past debris-flow events is the analysis of 
trees disturbed by geomorphic processes as described in the introductory chapter 
of this book (or e.g. Bollschweiler et al. 2007, 2008; Stoffel and Bollschweiler 
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2008; Stoffel et al. 2008). However, particularly large or devastating debris flows 
may eliminate entire forest stands, rendering the reconstruction of previous events 
impossible with dendrogeomorphic methods. Since cleared surfaces are normally 
recolonized by seedlings in the years following the devastating event, germination 
ages of trees growing on landform surfaces have also been used in a number of 
studies to estimate the time of creation of new landforms or the time of surface-
clearing disturbances to existing landforms (Sigafoos and Hendricks 1969; Shroder 
1980; McCarthy and Luckman 1993; Winter et al. 2002). Similarly, this method can 
be used to date surfaces cleared by debris-flow activity.

The aim of this study was to combine dendrogeomorphic analyses with an 
assessment of germination dates of successor trees in order to understand the dynamics 
of past debris-flow events on a forested cone in the Valais Alps, Switzerland. In a 
first step, all forms related to debris-flow activity such as lobes, levees and aban-
doned debris-flow channels were mapped in a scale of 1:1000. Disturbed trees 
growing in these deposits were analyzed to reconstruct the debris-flow frequency 
and the spatial extent of previous events. For the sectors of the cone where disturbed 
trees are missing, unaffected trees growing in previously active debris-flow channels 
were sampled and their age assessed so as to approximate the minimum time 
elapsed since the last event. The coupling of data on events in channels with the 
minimum age dating allowed reconstruction of the spatial dynamics of debris-flow 
activity on the cone.

2  Study Site

The study of past debris-flow dynamics was conducted on the cone of the Grosse 
Grabe torrent, located on the west-facing slope of the Matter Valley (Valais, Swiss 
Alps; 46°10' N, 7°47' E; Fig. 1). The catchment area (Fig. 2a) of the torrent totals 
1.5 km2 and extends from the Breithorn summit (3,178 m a.s.l.) to the Mattervispa 
River (1,200 m a.s.l.). The upper part of the catchment is dominated by gneissic 
rocks belonging to the crystalline Mischabel unit, while in the lower part, debris 
originating from various gravitational processes (i.e. rockslides, rockfall) cover the 
bedrock (Labhart 2004). The considerable gradient between the source and the cone 
results in steep torrent topography (on average 25°; Fig. 2b). The debris-flow 
cone extends from 1,600 to 1,200 m a.s.l. and is vegetated by a forest primarily 
composed of European larch (Larix decidua) and Norway spruce (Picea abies; 
Fig. 2c). On the cone, slope gradients average 14° and deposits of past debris flows 
are found exclusively south of the currently active channel. In the lowermost part 
of the cone, a gallery was built in 1970 to protect the main road connecting Zermatt 
to Visp from debris flows. Archival data on past events only covers the last 13 
years, with debris-flow activity noted for 1993, 1994, 1999 and 2000 (Seiler and 
Zimmermann 1999).
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Fig. 1 (a) The study site in the Matter Valley close to St. Niklaus. (b) Sketch map of the study 
site with the Grosse Grabe torrent and the large debris-flow cone (= study area)

Fig. 2 (a) View of the upper catchment area. (b) The currently active debris-flow channel passes 
through a forest of Larix decidua and Picea abies. trees. (c) A formerly active channel on the 
debris-flow cone
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3  Methods

3.1  Geomorphic Mapping and Sampling Strategy

In a first analytical step, all landforms and deposits related to previous debris-flow 
activity (i.e. lobes, levees or abandoned channels) were mapped on the basis of a 
geomorphic map at a scale of 1:1000 using compass, tape measure and inclinom-
eter. After the mapping, 71 L. decidua and P. abies trees that had obviously been 
disturbed by previous debris-flow events were sampled with 150 cores using an 
increment borer (max. length 40 cm, 6 mm diameter). We selectively sampled trees 
that showed scars, candelabra growth, exposed root systems and buried or tilted 
stem bases resulting from the impact of past events.

Few disturbed trees are located in the channels on the southern sectors of the cone. 
Therefore, we sampled 72 undisturbed trees for minimum age dating in these sectors. 
One core per tree was extracted as close to the ground as possible to minimize the 
loss of rings due to sampling height. The position of all trees cored – disturbed and 
minimum age dating – was accurately marked on the geomorphic map.

In addition to the disturbed trees and the trees sampled for minimum age dating, 
we obtained two cores from each of 17 L. decidua and 18 P. abies trees outside the 
debris-flow cone for a reference chronology (e.g. Cook and Kairiukstis 1990).

3.2  Dating of Debris-Flow Events

The samples from the disturbed trees were analyzed using standard dendrochrono-
logical methods (see Stoffel and Bollschweiler 2008). These included surface 
preparation, counting of tree rings and measuring of tree-ring widths using a 
LINTAB measuring table and TSAP 3.0 software (Time Series Analysis and 
Presentation; Rinntech 2008). Tree-ring series were cross-dated with the reference 
chronology. Subsequently tree-ring series were analyzed visually to identify growth 
disturbances caused by past debris-flow events. We noted the presence of tangential 
rows of traumatic resin ducts as well as callus tissue bordering injuries, abrupt 
growth increase or decreases and the onset of compression wood. The identification 
of debris flow events was based on the number of samples simultaneously showing 
a growth disturbance and the distribution of affected trees on the cone. This spatial 
representation of trees affected during individual events allowed an assessment of 
the activity in currently inactive channels.

3.3  Minimum Age Dating

Several height-age models assume that apical growth is constant (e.g. Carmean 
1972; Lenhart 1972; Schweingruber 1996) and an accurate estimate of apical growth 
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can be obtained from the data (McCarthy et al. 1991). Therefore, we divided tree 
height by the number of tree rings to get an average rate for the yearly apical incre-
ment for each tree. The sampling height was then divided by the yearly increment 
so as to estimate the number of rings between the root collar and coring height. The 
average correction factor for coring height averaged 3.3 years (min. 1; max. 9; 
STDEV: 2 years). In addition, the number of rings to pith was estimated whenever 
the pith was absent from the core. This correction was undertaken using a transparent 
sheet with concentric rings (Bosch and Gutierrez 1999). The missed-pith correction 
varied between 1 and 20 years with an average of 5.9 years per core (STDEV: 5.2 
years). For samples where pith location was estimated, or where tree-rings near 
the pith are narrow or variable in width, this method has limited accuracy. As errors 
due to the presence of growth reductions are more likely to underestimate than over-
estimate the number of missed rings to the pith, these estimates should be considered 
“minimum ages” for the underlying forms and deposits.

As the tallest trees growing in a channel are not necessarily the oldest ones, we 
sampled, where possible, several trees per channel to minimize the risk of missing 
the oldest post-event tree.

We assumed that the growth of the young seedling is regular (McCarthy et al. 
1991) as any sudden growth changes in the innermost rings that occur below the 
sampling height cannot be identified, Despite these potential errors, the minimum 
age dating of trees in debris-flow channels is a valuable estimate of the time elapsed 
since the last activity, though they may underestimate the real age of trees and, 
hence, the age of geomorphic forms they date.

Another factor that may influence the results is the time between channel clearing 
by debris flows and the recolonization of the channel by seedlings. (Pierson 2007) 
refers to this interval as germination lag time (GLT), while previous studies preferred 
the term “ecesis interval” (e.g. Desloges and Ryder 1990; McCarthy and Luckman 
1993). According to Pierson (2007), this GLT for surfaces newly formed through 
lahars varies between 1 and 14 years. At our site, we believe that GLT are relatively 
short since climatic conditions are favorable for tree growth and seed sources are 
abundant. This assumption is supported by personal observations made on a cone 
formed by a rockslide at Grossgufer (see Schindler et al. 1993) in the same valley 
in 1991, where colonization of the cone had already started in the year following 
the event. As a result, we did not apply GLT corrections in our study, as it can be 
considered very low at the study site.

3.4  Determination of Last Date of Activity in a Channel

For the determination of the last date of debris-flow activity within abandoned 
channels, we sampled and dated disturbed trees. Where former channels occurred 
within undisturbed forested areas (i.e. no damaged or tilted trees were present) 
we determined the germination date of the oldest tree. The coupling of data on 
debris-flow events with data on minimum ages of undisturbed trees growing in 
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former channels allowed determination of the minimum time elapsed since the last 
event and therefore the assessment of spatio-temporal dynamics of past debris 
flows on the entire cone studied.

4  Results

4.1  Geomorphic Mapping

On the debris-flow cone of the Grosse Grabe torrent, an area of 30 ha was mapped at 
a 1:1000 scale and 29 abandoned channels were identified on its present-day surface. 
In addition, 61 segments of levees were mapped. These levees were comparably 
short and/or isolated and were not associated with obvious channel features. Lobate 
deposits are relatively scarce with only 14 forms identified on the cone. Figure 3 
shows all forms mapped on the cone and the position of all trees sampled within 
this study. It can also be seen from Fig. 3 that the channels and their lateral levees 
are best developed in the upper part of the cone. Channels are less deeply incised 
and the debris-flow forms much smoother in the lower segments of the cone between 
the power line and the main road. This lower sector contains most of the lobate 
deposits. No deposits were mapped below the main road, because of the strong 
anthropogenic influence.

4.2  Growth Disturbances and Debris-Flow Frequency

The 71 heavily affected L. decidua and P. abies trees sampled on the cone allowed 
identification of 242 growth disturbances (GD; Table 1). In total, the analysis of GD 
occurring simultaneously in different trees allowed the reconstruction of 49 events 
between AD 1782 and 2005. Years with only one tree showing strong GD or with 
several trees showing moderate GD were not considered event. Figure 4 gives the 
reconstructed debris-flow frequency for the Grosse Grabe torrent. As can be seen 
from the illustration, the reconstruction yielded data for only a limited number of 
events in the nineteenth century. In contrast, the tree-ring records suggest several 
periods with increased activity during the twentieth century. Such clustering of events 
can primarily be identified for the periods 1905–1907, 1917–1928 and 1970–1982.

4.3  Approximation of Last Moment of Past Activity

Several of the channels shown in Fig 4 had no visible evidence of recent debris flow 
activity and therefore the minimum age of the last debris flow event was based on 
the age of the oldest trees growing in these abandoned debris-flow channels. 
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Fig. 3 Detailed geomorphic map (original scale: 1:1000) of all debris-flow landforms and depos-
its identified on the cone. The main road is protected by a road gallery (G). In total, 29 channels, 
61 additional segments of levees and 14 lobate deposits could be identified

Table 2 gives an overview of the channels, the number of trees sampled per channel, 
the number of events reconstructed as well as the age of the oldest tree. A combina-
tion of all these data was then used to assess the minimum time that had elapsed 
since the last event.
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Figure 5a shows those channels where past debris-flow activity was dated by 
dendrogeomorphic methods. Here, years shown indicate the last year of activity in 
these channels. By way of example, it can be seen that trees in channels 16 and 17 
both recorded the last event in 1925. In contrast, no event could be identified in 
channel 5 after 1908. The last events in the channels located next to the currently 
active one were dated as AD 1979 and 1985, respectively.

Figure 5b provides the age of the oldest living trees growing in channels with no 
sign of damage to trees by past debris-flow activity. The calendar years provide an 
estimate of the minimum time elapsed since the last event. Germination dates of the 
oldest living trees vary between AD 1817 and 1939.

Results of the two preceding investigations are summarized in Fig. 6, with 
calendar years indicating the last documented debris-flow activity in the channel. 
From our data, we observe that the time elapsed since the last debris-flow activity 
increases with distance from the current channel, with the last activity identified 
in the early 1980s close to the current channel, whereas there are no GD in trees 
from the southern and central sectors of the cone since the late nineteenth century.

Table 1 Types of growth disturbances identified in the 150 Larix 
decidua and Picea abies trees sampled

Number (%)

Tangential rows oftraumatic resin ducts 121  50
Compression wood  45  19
Growth increase  42  17
Growth decrease  26  11
Injuries   8   3
Total 242 100

Fig. 4 Minimum debris-flow frequency for the Grosse Grabe torrent. In total, 49 events between 
AD 1782 and 2005 were reconstructed. Only a limited number of events could be reconstructed 
for the nineteenth century. Dashed lines indicate those events that were dated via the presence of 
growth disturbances occurring in a single tree
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Table 2 Dates for the last debris flow event in each track based on (1) dendrogeomorphic 
evidence of disturbance and (2) minimum ages of living trees in the channel. For the location of 
the individual channels see Fig. 3

Channel  
no.

No. of disturbed 
trees

No. of undisturbed 
trees

No. of 
events

Last 
event

Age of oldest 
tree in the 
channel

No event 
since

1  7 0  8 1979 1786 1979
2 15 0 28 1985 1735 1985
3  0 7  0 – 1912 1912
4  1 7  7 1956 1670 1956
5  1 2  2 1908 1649 1908
6  0 3  0 – 1898 1898
7  0 7  4 1939 1834 1939
8  0 2  0 – 1819 1819
9  0 3  2 1855 1841 1855

10  0 1  0 – 1866 1866
11  0 1  0 – 1834 1834
12  0 1  0 – 1894 1894
13  0 2  0 – 1879 1879
14  0 2  0 – 1909 1909
15  0 0  0 – – –
16  1 1  3 1975 1873 1975
17  1 1  1 1925 1752 1925
18  1 2  3 1973 1867 1973
19  8 3  9 1975 1740 1975
20  3 6  5 1945 1763 1945
21  3 0  4 1965 1875 1965
22  8 2 16 1977 1870 1977
23  0 0  0 – – –
24  0 0  0 – – –
25  0 0  0 – – –
26  0 0  0 – – –
27  0 2  0 – 1855 1855
28  0 3  0 – 1817 1817
29  0 0  0 – – –

5  Discussion and Conclusions

In this study, we report the reconstruction of debris-flow events on a forested cone 
in the Valais Alps (Switzerland) based on detailed geomorphic mapping and tree-
ring analyses. Dendrogeomorphic investigations of 71 heavily affected L. decidua 
and P. abies trees allowed reconstruction of the frequency and the spatial extent of 
past debris-flow activity. In total, 49 events could be identified for the period AD 
1782–2005.

The calculated debris-flow frequency represents the minimum number of events 
that occurred in this torrent in the recent past. The study of past events was mainly 



202 M. Bollschweiler et al.

limited by the age of the trees, which averaged only 140 years. As a result, the 
increasing number of events in the twentieth century is at least partially due to 
an increase in the number of sampled trees. In addition, it is possible that changing 
climatic conditions and the abundance of summer precipitation events at the end 
of the Little Ice Age and in the early twentieth century (Pfister 1999; Stoffel 
and Beniston 2006) may have had an effect on the release of debris flows and 

Fig. 5 (a) the last debris flow events in channels dated between 1908 and 1985 based on dendro-
geomorphic evidence. (b) Minimum gages of debris flows (1817–1939) based on the oldest tree 
growing in the channel
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therefore on the frequency as well. The apparent decrease in event frequency in this 
reconstruction in the 1980s was primarily due to bank stabilization measures, 
which prevented recent debris-flow surges from leaving the channel. As a result, it 
is probable that our tree-ring based reconstruction fails to detect recent small 
debris-flow surges.

Due to the absence of evidence of disturbance to trees growing in the former 
channels of the southern part of the cone, we selected 72 trees to provide a 
minimum age estimate of the last activity in these forms. The age of trees was 
determined through the counting of tree rings present on the increment cores 
and a correction factor for the missing rings due to the absence of pith on the 

Fig. 6 Dates of the last debris flow in all channels on the Grosse Graber cone
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cores (Bosch and Gutierrez 1999) and due to the sampling height. Even though 
the minimum age dating is an estimate because of pith correction, sampling 
height and possible variations in ecesis but we believe that ecesis is relatively 
short in this region and therefore the dates provided are reasonably accurate.

The coupling of tree-ring data with geomorphic mapping allowed the identifica-
tion of segments along the currently used channel where overbank sedimentation or 
breakouts occurred during previous events. Consequently, the approach can be 
employed to designate sectors where breakouts and the re-activation of abandoned 
channels could potentially occur during future events. On the Grosse Grabe cone, 
the presence of three potential breakout zones could be identified (Fig. 7), with the 
uppermost located at 1,420–1,440 m a.s.l. Surges leaving the currently active channel 
in this sector would probably re-activate a channel that has regularly been used by 
past events. At 1,320–1,360 m a.s.l., where the active channel changes direction 
from east-west to southeast-northwest, breakouts could be reconstructed for several 

Fig. 7 Map indicating channel segments where potential breakouts could occur and re-activate 
abandoned channels on the forested cone of the Grosse Grabe torrent (Map reproduced by permis-
sion of swisstopo (BA071655))
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events in the past, and are still evident today as shown by the presence of several 
deposits found on the cone surface. Consequently, currently abandoned channels 
could be re-activated at this location as well. The third potential breakout zone is 
located at the road gallery and could lead to sedimentation on the main road leading 
to the tourist resort of Zermatt. In addition, the geomorphic map provides evidence 
for a breakout location at the cone apex, upslope of the area investigated. Trees were 
not sampled in this sector because of the possible effects of snow avalanches and 
rockfall on tree growth would complicate the reconstruction of past debris flows.

Data obtained in this study provide an appropriate overview of the activity of 
channels present on the cone during the past century. Results clearly indicate 
that channels located close to the current channel have been occupied by regular 
debris-flow activity over the past decades. In contrast channels in the outermost 
section of the cone did not show signs of activity. Even though Fig. 6 shows a 
distinctive pattern of younger activity close to the current channel, this does not 
mean that there has been a continuous and progressive shift of activity across the 
cone surface. Presently inactive channels might be reactivated during future events. 
The information on past activity of debris-flows in the different sectors is of crucial 
importance for hazard assessment.

This paper demonstrates that that tree-ring analysis on forested cones can 
contribute to a better understanding of debris flow activity at basin-scale by recon-
structing the frequency of events and the timing of the last activity in currently 
abandoned channels. Therefore, dendrogeomorphology is an essential component 
for a realistic assessment of hazards and the production of hazard maps for debris 
flow fans.
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Dendrogeomorphology, the use of tree rings to determine the age of a geomorphic 
event such as debris flows, is a useful tool in determining the recurrence interval 
and to some extent, the magnitude, of potentially hazardous geomorphic events. 
Debris flows will damage trees as the debris moves downhill. The impact scars can 
be dated by counting the tree rings that have grown since the impact, or by deter-
mining the year of the onset of suppression rings or reaction wood. The following 
example refers to the use of dendrogeomorphology in the examination of debris 
flow hazards within Glacier National Park, Montana USA.

Our 10-year study of debris flows in Glacier National Park focused on forty-one separate 
debris flows in seven drainage basins within Glacier National Park, Montana USA 
(Wilkerson and Schmid 2003). We applied a combination of geomorphic techniques 
including dendrochronology, lichenometry, vegetation succession, event stratigraphy, 
and repeat photography to investigate the geomorphologic variables responsible for these 
debris flows (Fig. 1). The dendrogeomorphic analysis of tree cores and cross sections 
was critical in establishing a chronology for undocumented debris-flow events (Fig. 2).

Tree-ring records were used to delineate the age of a specific debris-flow event that 
had impacted or damaged a specific tree, or were used as proxy data for determining the 
minimum age of debris flow deposits or channel incision (McCarthy and Luckman 1993; 
Pierson 2007). If a tree had obvious impact damage from moving debris-flow rocks, then 
an absolute date for that event could be determined. If a tree was growing on either the 
deposits or within the debris-flow channel, then a minimum age could be determined for 
the event associated with that portion of the debris-flow landform. Minimum ages are 
less accurate than absolute ages due to the unknown time period between the debris flow 
event and when the debris stabilized enough to allow tree growth to begin.

Snow avalanches are common in Glacier National Park, and avalanche impact 
on trees can be difficult to discern from debris-flow impacts. Although a total of 39 
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tree cores and 13 cross sections were sampled for dendrochronologic analysis, only 
24 cores and six cross-sections produced results that could confidently be identified 
as debris flow impact and not snow avalanche damage.

The results of the dendrogeomorphic event chronology are summarized in 
Table 1.

Fig. 1 The Apikuni Creek Big Red debris flow (Apikuni number 1) is evolving into a first order 
channel that drains the summit of Apikuni Peak. This landform has witnessed repeated debris-flow 
activity, with four known events since 1994. Note the impact of the channel incision on trees along 
the upper edges, and within the lower toe deposits

Fig. 2 An image of a cross section removed from the Windy Creek debris flow. The tree was 
severely damaged and partially buried by a debris flow that occurred in 1955. The damaged 
portion of the tree visible near the bottom of the photograph was facing upslope
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Although the initial hypothesis behind our research was that basin-wide storm 
events would be identified as the trigger responsible for initiating debris flows, it can 
be seen from the data that storm events are not necessarily consistent within basins. 
Only three years have a dendrogeomorphic signal that records more than one debris 
flow in the same year: 1906 in the Apikuni basin, 1959 in the Appistoki basin, and 
1955 in two basins sharing a common drainage divide, Kennedy and Windy.

These results are complicated by the fact that not all debris flows had trees that 
could be sampled and not all debris-flow events will impact the trees that are present. 
Despite these complications, the combination of using the tree cores along with 
other geomorphic techniques, led to the conclusion that the interaction of several 
geomorphic variables unique to each landform are responsible for the initiation of 
debris flows in Glacier National Park. Antecedent storm conditions (water content 
in the slope debris) and storm characteristics are the most important variables on 
the scale of each individual debris flow landform. Isolated summer thunderstorms 
provide enough water to initiate flows, but are highly variable in scale. Larger, 
basin-scale rain on snow events are also important, but are again going to be 
controlled by the antecedent snowpack conditions on each slope.
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Table 1 Summary of dendrochronology analysis of debris flows in Glacier National Park, 
Montana

Drainage basin
Debris flows sampled 
(Year sampled)

Event chronology 
(c = core; xs = cross section)

Apikuni 1 (1997) 
2 (1997)
3 (1997)

1906c, 1934c, 1956c 
1930c
1898c, 1906c, 1932c

Appistoki 1 (1997) 
2 (1997)

1959c 
1959c

Kennedy 1 (1997) 
2 (1997)
3 (1997)
4 (1997, 2000)

1984c 
1955c, 1977c
1935c, 1952c, 1974c
1842c, 1857xs, 1947xs, 

1964xs, 1968xs, 1979xs
Rose 1 (1994) 

2 (1997, 1999)
1904c, 1921c, 1961c 
1954c, 1964c

Windy 1 (1997) 1955xs
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1  Introduction

Debris flows repeatedly cause damage to infrastructure or even loss of life on cones 
or at the mouth of gullies (Jakob and Hungr 2005). With the projected greenhouse 
warming (Christensen and Christensen 2007), there is much debate about changes 
in the frequency, magnitude and seasonality of precipitation events and related 
flooding or mass-wasting processes (Milly et al. 2002). Before establishing any 
cause-and-effect relationship between global warming and the incidence of geomor-
phic processes, the natural variability of extreme weather events must be examined 
as well as detailed information obtained on past process dynamics on debris-flow 
cones, alluvial fans or floodplains. Sletten et al. (2003) pertinently emphasize that 
records of past debris-flow activity may be particularly useful in the recognition of 
past process dynamics and precipitation events. Individual debris flows are usually 
released during intense rainfall (Caine 1980; Blikra and Nemec 1998) and repetitive 
debris flows usually occur in sediment-rich catchments, as long as the triggering 
precipitation events are recurring (Zimmermann et al. 1997). In addition, debris-
flow deposits have a high preservation potential on cones and can therefore be used 
for the analysis of spatial patterns of past events (Bollschweiler et al. 2007).

While chronostratigraphic records on past debris-flow activity exist for several 
case-study areas of northern Europe or the United States (e.g. Jonasson 1993; 
Matthews et al. 1997; Blair 1999), such reconstructions remain widely non-conclusive 
for the European Alps in general and for Switzerland in particular.

It is therefore the purpose of this paper to assess late Holocene debris-flow activity 
and process dynamics on a forested cone in the Swiss Alps using dendrogeomorphic 
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methods. Through the identification of surface deposits and analysis of 2,246 tree-ring 
series obtained from 1,102 old-growth trees disturbed by past debris flows, this paper 
focuses on (i) the investigation of the frequency and timing of events, (ii) the dating 
and quantification of material deposited on the present-day cone surface, and on 
(iii) the discussion of potential effects of projected changes in climatic conditions upon 
the frequency and magnitude of events in a future greenhouse climate.

2  Study Area

The analysis of debris-flow dynamics and growth disturbances in century-old trees was 
conducted around the Ritigraben torrent (Grächen, Switzerland, 46° 11' N, 7° 49' E). 
Figures 1 and 2a show the torrent beginning at 2,600 m a.s.l. In its source zone, 

Fig. 1 The Ritigraben torrent (Valais, Swiss Alps) rises from its source at 2,600 m a.s.l. and 
passes through a forested cone located on a structural terrace near the village of Grächen, before 
converging with the Mattervispa river (1,080 m a.s.l.)
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geophysical prospecting and BTS measurements indicate the existence of contemporary 
permafrost (Lugon and Monbaron 1998).

On its downward course to the Mattervispa river, the torrent passes a large 
forested cone (32 ha; ca. 4.3 × 106 m3) on a structural terrace (1,500–1,800 m 
a.s.l.), where debris-flow material affects trees within an old-growth stand com-
prised of European larch (Larix decidua), Norway spruce (Picea abies) and Swiss 
stone pine (Pinus cembra). Figure 2b illustrates the intermediate debris-flow cone, 
which is of Holocene age.

At the confluence of the Ritigraben torrent with the Mattervispa River at 1,080 m 
a.s.l., depositional features are lacking and debris-flow material is immediately eroded. 
Debris-flow material consists of heavily disintegrated, weathered metamorphic gran-
ites of Permian age partly originating from the steep source zone of the Ritigraben 
torrent, where an active rock glacier provides material for the initiation of debris flows. 
Further debris is mobilized from the channel, which is continuously recharged with 
fallen rocks or through bank erosion. Although mean rock sizes on the cone surface 
generally remain well below 2 m in diameter, there is also evidence that boulders with 
volumes exceeding 10 m3 have been transported by debris flows in the past.

The high elevation of the source area currently restricts debris-flow activity in the 
Ritigraben torrent from June to September (Stoffel et al. 2005a; Stoffel and Beniston 
2006). Present-day debris-flow activity is initiated by persistent precipitation in fall 
and thunderstorms in summer. The documentation of past events only covers the last 
20 years, with the “largest event ever” recorded in 1993 having eleven erosive surges 
and an estimated volume of 60,000 m3 (Zimmermann et al. 1997).

Geomorphic processes other than debris flows are negligible at the study site: 
Snow avalanches have never been witnessed on the Ritigraben cone. Similarly, the 
source area and bed lithology are not suitable for the formation of floods and the 
torrent lays dry during most of the year. Rockfall exclusively occurs in its uppermost 
part, which has been disregarded for analysis.

Fig. 2 (a) Photo of the Ritigraben debris-flow system from its source to the confluence (catch-
ment area: 1.36 km2, channel lengths: 3.5 km). (b) Detailed view of the intermediate debris-flow 
cone (32 ha) and its mixed conifer stand
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3  Material and Methods

3.1  Geomorphic Mapping of Debris-Flow Channels  
and Deposits

Analysis of past debris-flow activity began with a detailed mapping of all features 
associated with past events, such as lobes, levees or abandoned flow paths on a 
scale of 1:1000. Features and deposits originating from other geomorphic processes 
or anthropogenic activity were indicated on the map as well, so as to avoid misdating 
of debris-flow events. Due to the presence of a relatively dense forest cover, GPS 
could not be used on the cone, which is why geomorphic mapping was executed 
with a tape, inclinometer and compass. In addition, the mean size of blocks 
was measured for every individual lobe and levée (<0.5, 0.5–1, 1–2 m) and the 
vegetation cover present on the features was qualitatively assessed (light, medium, 
dense).

3.2  Sampling Design

On the intermediate debris-flow cone covering approximately 32 ha, a majority of 
the century-old conifers show visible growth defects related to past debris-flow 
activity (i.e. tilted stems, partial burying of the trunk, destruction of root mass, 
scars). Based on the detailed geomorphic map and on an outer inspection of the stem 
surface, trees obviously disturbed by past debris flows were preferably sampled.

In this investigation, at least two cores were extracted per tree using increment 
borers, one in the flow direction of past debris flows and the other on the opposite 
side of the trunk. In order to gather the greatest amount of information on the 
growth disturbances (GD) caused by past events, increment cores were preferably 
sampled at the height of the visible damage or within the segment of the stem tilted 
during past events. In the case of visible scars, further increment cores were 
extracted from the wound and the overgrowing callus tissue.

In addition to the disturbed trees sampled on the cone, undisturbed reference 
trees were selected from a forest stand located southwest of the cone. For every 
single reference tree, two cores per tree were extracted parallel to the slope direction. 
In total, 1,204 trees were sampled (2,450 increment cores): 539 L. decidua, 429 
P. abies and 134 P. cembra trees (2,246 cores) from the cone as well as 102 trees 
(204 cores) of the same species from undisturbed reference sites. In contrast to the 
disturbed trees, increment cores of the reference trees were extracted at breast 
height (»130 cm).

Data recorded for each tree sampled included: (i) determination of its position 
within levees, flow channels or on deposits; (ii) sketches and position of visible 
disturbances in the tree morphology such as tilted stems, partial burying of 
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the stem, destruction of root mass or erosion as well as scars; (iii) position of the 
sampled cores on the stem surface; (iv) diameter at breast height (DBH) derived 
from circumference measurements; and (v) data on neighboring trees.

3.3  Debris-Flow Frequency and Timing of Events

Samples were analyzed and data processed following the standard procedures 
described in Stoffel and Bollschweiler (2008). Single steps of sample analysis 
included surface preparation, skeleton plots as well as ring-width measurements 
using digital LINTAB positioning tables connected to a Leica stereomicroscope 
and TSAP 3.0 software (Rinntech 2008). Growth curves of the disturbed samples 
were then crossdated with the corresponding reference chronology constructed 
from undisturbed trees for each of the three conifer species sampled on the cone 
(L. decidua, P. abies, P. cembra), in order to separate insect attacks or climatically 
driven fluctuations in tree growth from GD caused by debris flows.

Growth curves were then used to determine the initiation of abrupt growth 
reduction or recovery (McAuliffe et al. 2006). In the case of tilted stems, both the 
appearance of the cells and the growth curve data were analyzed (Braam et al. 
1987; Fantucci and Sorriso-Valvo 1999). Finally, the cores were visually 
inspected so as to identify further signs of past debris-flow activity in the form of 
callus tissue overgrowing abrasion scars or tangential rows of traumatic resin 
ducts (TRD) formed following cambium damage (Stoffel 2008; Bollschweiler 
et al. 2008).

As conifer trees react immediately to damage with the formation of callus 
tissue or TRD, the intra-annual position of these disturbances (i.e. early, mid and 
late earlywood as well as early and late latewood; for details see Stoffel et al. 
2005b or Stoffel et al. 2010) was used to assess the timing of debris-flow activity 
in particular years. For the Valais Alps, highly-resolved data exist on the timing 
and different periods of radial growth of L. decidua and P. abies (Müller 1980), 
rendering dating of past debris-flow events at Ritigraben possible with monthly 
precision. The results obtained on the intra-seasonal timing of debris-flow events 
were then compared with precipitation records from a local meteorological sta-
tion, operational since December 1863 (Stoffel et al. 2010), and with archival 
data on flooding events in rivers of the Valais Alps (Lütschg-Lötscher 1926; 
Röthlisberger 1991).

3.4  Dating of Deposits and Spatial Spread of Events

After the dating of GD on the increment cores, we assessed the age of lobes 
by attributing severe GD in the tree-ring series to the deposits in the field. 
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As exemplified in Fig. 3, dating of a lobe was only possible if (i) a survivor tree was 
injured through the deposition of material (callus tissue or TRD in the growth ring); 
(ii) its stem base was buried by debris (abrupt growth reduction in ring widths); or 
(iii) if it was tilted (eccentric growth rings and presence of reaction wood).

Special attention needs to be addressed to multiple GD identified in the tree-
ring series. Here, only the geomorphic features left during the most recent event 
could be dated. Older episodes of GD identified using dendrogeomorphic meth-
ods may have been caused either by surges that passed through without leaving 
material or by deposits that were later eroded or overridden by more recent 
debris-flow activity.

3.5  Magnitude–Frequency Relationships of Debris Flows

Magnitudes of previous events were assessed for the last 150 years based on (i) the 
volumes deposited during individual events, (ii) mean and (iii) maximum sizes of 
boulders transported, (iv) the damage caused to the vegetation (tree removal), (v) 
the distribution of even-aged deposits and levees on the cone, (vi) the seasonal tim-
ing of events (determining the availability of material from the active layer of the 
rock glacier), as well as (vii) the type, (viii) duration and (ix) severity of the 
precipitation event leading to the release of the debris flows (Stoffel et al. 2010). 
Magnitudes are given qualitatively and past incidences classed into small (S = 102 
– 103 m3), medium (M = 103 – 5 × 103 m3) large (L = 5 × 103 – 104 m3) and very 
large (XL = 104 – 5 × 104 m3) events (Stoffel 2010).

Fig. 3 Tree-ring ‘signatures’ used to determine the age of debris-flow deposits
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4  Results

4.1  Debris-Flow Features and Deposits

Geomorphic mapping permitted identification of 769 features relating to past debris-flow 
activity on the intermediate cone of the Ritigraben torrent. The features and deposits 
inventoried in the study area covering 32 ha included 291 lobes, 465 levees and 13 well-
developed debris-flow channels. Figure 4 illustrates the features identified on the cone 
and provides indications of the density of the vegetation cover. Further details on the 
mean diameter of blocks deposited in the lobes as well as information on the vegetation 
cover present on the lobes are given in Table 1. The mean block size generally remains 
<1 m and almost half of the deposits are covered with dense vegetation. Lobes containing 
mostly large blocks (1–2 m) are sparsely vegetated, whereas deposits with finer rock 
fractions (<0.5 m) normally have a very dense vegetation cover.

The length of lateral levees varies from a few to several dozens of meters. 
Whereas some of these lateral levees appear quite isolated on the actual surface of 
the cone, others can easily be attributed to one of the twelve major channels 
that were in use before the erosive 1993 event and incision of the main channel. 

Fig. 4 Detailed geomorphological map of the intermediate debris-flow cone with lobes, levees 
and channels. The key indicates the density of the vegetation cover and the mean size of debris on 
the lobes
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Table 1 Mean block size identified in and vegetation cover on the deposits

Vegetation 
cover

Mean diameter of blocks in deposits

<0.5 m 0.5–1 m 1–2 m Total

Light  13  55  20  88 (30%)
Medium  21  47  4  72 (25%)
Dense  86  42  3 131 (45%)
Total 120 (41%) 144 (50%) 27 (9%) 291 (100%)

Table 2 Relative number of types of growth disturbances (GD) 
used to infer past debris-flow activity from increment cores. TRD 
= tangential rows of traumatic resin ducts

Growth anomaly Number (%)

TRD  987 43.6
Wound  118 5.2
Callus tissue   22 1.0
Reaction wood  728 32.1
Growth reduction  194 8.6
Growth release  214 9.5
Total 2263 100.0

The currently abandoned flow tracks are still clearly visible over large parts of the 
cone, although parts of their banks have collapsed and their beds are now filled with 
fallen debris and vegetation.

4.2  Age and Growth Disturbances in Trees

Data on the innermost rings of the 1,102 L. decidua, P. abies and P. cembra trees 
sampled on the cone varied from AD 1492 to 1962 with 53% of the increment cores 
showing more than 300 tree rings at sampling height and old trees being quite 
evenly spread over the cone.

Analysis of the disturbed trees allowed reconstruction of 2,263 GD caused 
by passing debris-flow surges or the deposition of material on the cone. Table 2 
shows that signatures of past events were mainly identified on the increment 
cores via TRD (43.6%) or reaction wood (32.1%). Abrupt growth recovery 
(9.5%) or reductions (8.6%) were only occasionally found in the tree-ring series 
and wounds (5.2%) and overgrowing callus tissue (1%) was rarely present in the 
cores.

4.3  Debris-Flow Frequency and Timing of Events

In total, dendrogeomorphic analysis of the increment cores allowed reconstruction 
of 124 debris-flow events covering the last 440 years. The reconstructed occurrence 



219Frequency–Magnitude Relationships, Seasonality and Spread of Debris Flows

of debris flows is given in Fig. 5. From the data, it appears that periods of repeated debris-
flow activity alternate with phases of little or almost no activity. Such clustering of events 
is especially obvious in the early 1870s, the 1890s and between the late 1910s and 1935.

The number of increment cores available for analysis at any one moment in the 
past is shown by a dotted line indicating ‘sample depth’ in Fig. 5. Based on the 
large sample depth used in the reconstruction and the distribution of old trees on 
the cone, it can be assumed that the GD caused by most events of the last 300 years 
have been recorded. Prior to this period, the decreasing number of trees available 
for analysis may influence the quality of the reconstructed frequency.

In Fig. 6, the reconstructed frequency is broken down into 10-year periods, with 
bars representing variations from the mean decadal frequency of debris flows for 
the period 1706–2005, when 3.26 events occurred every 10 years. Results illustrate 
that the frequency of events generally remained well below average during most of 
the classical Little Ice Age (LIA, 1570–1900; Grove 2004). Periods with increased 
debris-flow activity only start to emerge from the data after the last LIA glacier 
advance in the 1860s. This period of increased activity continued well into the early 
twentieth century reaching a peak between 1916 and 1935. During these 20 years, 
the tree-ring series indicate 14 events. Results further illustrate that this major 

Fig. 6 Reconstructed 10-year frequencies of debris-flow events between AD 1566 and 2005. 
Data are presented as variations from the mean decadal frequency of debris flows of the last 300 
years (AD 1706–2005). The gray surface indicates the period where sample size may influence 
the number of reconstructed events

Fig. 5 Tree-ring based reconstruction of debris flow activity at Ritigraben between AD 1566 and 
2005 containing 123 events. The sample depth (dotted line) shows the number of cores available 
for analysis at specific years in the past
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episode of activity was followed by a decrease in debris flows, with particularly low 
activity over the last 10-year period (1996–2005), with only one debris-flow event 
recorded on August 27, 2002. The three lowest debris-flow activity periods in the 
last 300 years occurred in the 10-year periods of 1706–1715 and 1796–1805 and 
during the most recent 10 years.

The timing of past events was established by comparison of the intra-annual 
position of TRD in the tree rings with highly-resolved growth data of L. decidua 
and P. abies from the Valais Alps, meteorological records from the local 
MeteoSwiss station (1863–2005) and with archival data on river flooding in the 
Valais Alps. Results showing the timing of debris-flow activity, presented in 
Fig. 7, indicate that events generally occurred much earlier in summer prior to 
1900. This is especially true for the period 1850–1899, when more than 70% of 
the reconstructed debris-flow events took place in June and July, with none in 
September. In the twentieth century, debris-flow activity clearly shifted towards 
August and September, with only one event registered in June after AD 1962. Our 
reconstructions suggest that snowfall and frozen ground has inhibited debris 
entrainment from the source zone (>2,600 m a.s.l.) during precipitation events 
between October and May.

4.4  Dating of Deposits and Spatial Spread of Events

The analysis of injured, buried or tilted survivor trees in deposits allowed dating of 
249 out of the 291 lobes identified on the intermediate cone (86%). Attribution of GD 
to a specific lobe was most frequently achieved through the presence of TRD or 

Fig. 7 Seasonality (JJAS) of past debris-flow activity as inferred from the intra-annual position 
of TRD in the tree ring, archival data on flooding as well as meteorological data (1863–2005)
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reaction wood in trees located close to the snout of lobes. Due to the considerable size 
of boulders transported by individual surges, trees located in the flow path of debris 
flows were normally eliminated or died as a result of excessive burying. As a conse-
quence, buried survivor trees were less readily available on the cone and abrupt 
growth suppression was only occasionally identified in the tree-ring records. Dating 
was not possible for 42 lobes (14%), where trees were simply not present for analysis 
or did not show severe GD caused by past activity in their tree-ring record.

A majority of lobes that are visible on the present-day surface of the cone were 
deposited over the last 80 years. Although more than a third of the reconstructed 
debris-flow events occurred prior to 1790, only six lobes (2.4%) could be attributed 
to that period, with the oldest material dated on the cone to AD 1705.

Some 68 lobes (27.3%) were attributed to the period 1794–1897 and even 92 
lobes (37%) were dated to the first third of the twentieth century (1897–1934). 
For the early decades of the twentieth century dated material is largely restricted to 
the southwestern part of the cone and it seems that the 1922 event considerably 
remodeled the morphology of the cone around 1,650 m a.s.l., leaving 26 lobes on 
the present-day surface. As a result, the central part of the cone was cut-off for 
further debris-flow activity and surges were directed to the southwestern sectors of 
the cone. Finally, 83 deposits (33.3%) were attributed to events that have occurred 
during the last 70 years (1935–1993). Selected events for the period 1916–1993 are 
presented in Fig. 8.

Fig. 8 Deposition of debris-flow material on the intermediate cone during selected events 
between 1916 and today
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4.5  Frequency–Magnitude Relationships

Based on the material deposited on the cone, mean and maximum sizes of boulder, 
data on tree removal, the seasonal timing of events as well as the type, duration and 
severity of the precipitation event, magnitudes of previous events are given quali-
tatively as very small, small, medium, large and very large events.

Figure 9 illustrates the magnitudes of the 63 events identified in the tree-ring 
series for the period AD 1858–2008. From the data, it appears that 41% of the 
reconstructed debris-flow events were either very small or small, with volumes 
involved <1,000 m3. Medium-size events transporting less than 5,000 m3 each are 
identified 20 times (32%), whereas 14 debris flows (22%) are considered to have been 
large incidences (5 × 103 – 104 m3). During three events (5%), very large debris 
flows occurred at the study site, namely in 1922, 1948 and 1993. Although the 
event of August 1922 transported much more than 10,000 m3, its volume remains 
certainly much smaller than the 60,000 m3 transported during the 11 surges in 
September 1993. The importance of the September 1948 event is, in contrast, much 
harder to assess, as the mobilization of material on the cone has led to a strong 
incision of the channel, maybe comparable to that in 1993.

5  Discussion and Conclusions

In the study presented here, increment cores extracted from 1,102 living L. decidua, 
P. abies and P. cembra trees allowed reconstruction of 2263 GD belonging to 124 
debris-flow events since AD 1566. In addition, 86% of the deposits identified on 

Fig. 9 Frequency distribution of debris-flow magnitudes for the last 150 years (AD 1858–2008). 
Note the clustering of important events in the early decades of the twentieth century and the 
absence of class XL debris flows before 1922
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the present-day surface of the intermediate cone of the Ritigraben torrent (Valais, 
Swiss Alps) were dated, spatial patterns of past activity identified, and frequency-
magnitude relationships of debris flows assessed.

Based on the evidence presented above, it is possible to characterize climatic and 
meteorological factors driving debris-flow activity at the case-study site. Between 
the 1570s and 1860s, cool summers with frequent snowfalls at higher elevations 
(Pfister 1999) regularly prevented the release of debris flows. The warming trend 
combined with greater precipitation totals in summer and fall between 1864 and 
1895 resulted in an increase in conditions favorable for the release of debris flows. 
Enhanced debris-flow activity continued well into the twentieth century and the 
reconstruction exhibits a clustering of events for the period 1916–1935, when 
warm-wet conditions prevailed during summer (Pfister 1999). The reconstructed 
frequency is also in agreement with documented data on flooding events in Alpine 
rivers (Lütschg-Lötscher 1926; Röthlisberger 1991), where a scarcity of flooding 
events is observed for most of the LIA and during the mid-twentieth century. 
However, floods in neighboring Alpine rivers became more frequent in the 1830s 
(Pfister 1999), 3 decades before activity increased at the study site.

The timing of events also underwent changes and a clear shift in debris-flow 
activity from June and July to August and September is observed over the twentieth 
century. Findings are in agreement with data from Schmidli and Frei (2005), indi-
cating a decrease in heavy summer rainfall and a slightly positive trend in heavy 
fall precipitation intensities for the wider case-study area.

The assessment of magnitudes based on tree rings, superficial deposits and 
meteorological data has its limitations, as the release of debris flows and the ensuing 
magnitude of events not only depend on precipitation intensities and duration, but 
also on sediment availability in the source zone and the channel. In the present case, 
an active rock glacier delivers sediment to the departure zone and the main channel 
is continuously recharged with fallen rocks and material from former surges. 
Debris is, thus, readily available and easily entrained in the catchment and cannot 
therefore be considered a limiting factor under current conditions (Lugon and 
Stoffel 2010).

 Rock-glacier dynamics in the torrent’s source zone or the vegetation mantling 
the slopes on both sides of the channel are, however, constantly being subjected to 
changing climatic conditions. We therefore conclude that debris-flow activity in the 
Ritigraben catchment over the last ~300 years primarily depended on the presence 
of triggering meteorological events rather than on sediment supply. In addition, it 
also seems that the size of former and potential future incidences also depends on 
the state of the active layer of the rock-glacier body in the departure zone. We realize 
that very large events (104 – 5 × 104 m3) only occurred several decades after the end 
of the LIA and as a result of a series of exceptionally warm summers. In addition, 
the largest events on record were restricted to August and September, when melting 
of the active layer was largest and when advective precipitation events were regis-
tered. With the ongoing melting of ice of the rock-glacier body in the departure 
zone, the availability of sediments and the risk for a release of very large events will 
most probably increase in the future (Lugon and Stoffel 2010).
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As for the potential evolution of climate and based on the IPCC A2 emissions 
scenario (Nakićenović et al. 2000), regional climate models suggest a shift in the 
occurrence of heavy precipitation events in the Swiss Alps from summer to spring 
and fall by 2100 (Beniston 2006). Spring and fall temperatures are projected to 
remain 4–7°C below current summer temperatures implying lower freezing levels 
as compared with current summers and therefore probably widespread buffering 
effects of snow on runoff and debris entrainment. Provided that mean and extreme 
precipitation events occur less frequently in summer and that wet spells will 
become more common in spring and fall, it is possible that debris flows will not 
necessarily occur as frequently in the future as they did in the past. However and as 
illustrated before, the magnitude of future (summer) and early fall incidences could 
be even greater, as warmer temperatures and higher precipitation intensities may 
result in greater runoff and in an increase in the transport capacity of surges leading 
to a greater erosive potential of debris flows.

The use of GD in tree rings for the dating of deposits on the intermediate cone of 
the Ritigraben torrent introduces an additional tool to aid in our better understanding 
of the frequency, magnitude, seasonality and spatial patterns of past events. Although 
overriding and erosion of older deposits are important on the cone, we are convinced 
that the coupling of geomorphic field surveys with tree-ring data may provide a 
realistic image of spatial activity for at least the twentieth century.

The apparent predominance of accumulation events on the intermediate cone 
should also be taken into account in risk analysis, as the banks and levees of the 
current channel incised by the September 1993 event have already started to 
collapse in some places. As a result, future debris flows could overtop the channel 
above 1,650 m a.s.l., reactivate abandoned flow paths and deposit material on the 
eastern or southwestern parts of the cone, theoretically threatening buildings and 
public infrastructure.
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1  Introduction

We established and tested a new method of precise debris-flow dating using an 
existing model of wood formation (Deslauriers et al. 2003). The study was based 
on the hypothesis that scars and other wood anomalies record the stage of tree-ring 
development at the moment when a high-energetic impact kills the cambium, stopping 
further cell production. We also assumed that tangential rows of traumatic resin 
ducts and wood density fluctuations within the growth ring could develop soon 
after injury. Debris-flow sampling was carried out at four different sites located in 
three valleys of the Monts-Valin, north of the Saguenay River (48°40¢–49°00¢ N, 
70°00'–71°15¢ E), Québec (Canada). Fifty balsam fir (Abies balsamea) trees with 
scars dating back to 1996 were selected from a collection of 240 discs representing 
12 debris-flows sites (Kaczka and Morin 2006). Major debris-flow events were 
recorded in the Saguenay region in 1996 as a result of severe rainstorms lasting 
from July 18–21 (199–202 Julian days). That known event was used to estimate the 
synchronism of three different proxies used in dendrogeomorphology to date 
debris-flow incidences, namely: (i) scars, (ii) tangential rows of traumatic resin 
ducts and (iii) density fluctuations.

The high-precision dating of the debris-flow event of 1996 was reconstructed by 
comparing the ratio of wood formed before the first appearance of the three proxies 
with a model of intra-annual xylem development for balsam fir for the larger study 
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region (Deslauriers et al. 2003). The ratio or percentage of wood formed before the 
onset of proxy formation as a result of debris-flow disturbance was obtained by 
comparing the number of cells in the injured and the complete parts of the 1996 tree 
ring. In a subsequent step, the intra-annual timing of the impact was assessed by 
comparing the ratio of wood formed in the scarred trees with growth data of the 
model of intra-annual xylem development (Fig. 1). In theory, this method allows 
assessing the date of previous debris-flow events with an accuracy of 1–2 weeks 
during the growing season (Fig. 2).

Results for the three different proxies revealed differences in the estimated 
timing of the debris-flow event. According to the model, scar occurred on average 
5 days before the debris flow actually occurred. The underestimation of event 
timing based on scars is related to the collapse of cells which are not fully formed 
at the time of the event. Dating based on tangential rows of traumatic resin 
ducts and density fluctuations shows, in contrast, an overestimation of the event 
timing by about 10–15 days. These differences are related to the physiological 
processes of cell development and wood anomaly production. Similar to Silver fir 
(Abies alba; Stoffel 2008), it appears that Balsam fir would react quickly to 
geomorphic disturbance and that it would only require roughly 2 weeks to develop 
tangential rows of traumatic resin ducts in the tissues neighboring the injury.

Fig. 1 Model of intra-annual xylem development expressed as relative growth, percentage of 
tree-ring developed during the growing season
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Dieback of Norway spruce (Picea abies) following flooding, Swiss Alps  
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1  Introduction

Each year, floods cause enormous damage to property and kill thousands of people 
around the world. During the 1990s alone, freshwater flooding affected more than 
1.4 billion people and caused about 100,000 deaths (Jonkman 2005). Worldwide, 
insured losses due to floods topped US$2 billion in 2008 (SwissRe 2009), making 
them the second-most expensive type of natural catastrophe (exceeded only by 
damages caused by tropical storms). In addition to the threats they pose to human 
communities, major floods are also important geological and biogeochemical 
agents that influence rates of erosion and sediment transport (Molnar 2001), redis-
tribute organic matter and nutrients to downstream reaches (Velasco et al. 2006) 
and homogenize ecological processes and biological communities within flood-
plain systems (Thomaz et al. 2007).

In conventional flood science, the likelihood of floods occurring in the future is 
estimated from the frequency of similar floods in the past. Unfortunately, river and 
lake gauge records are often too short for hydrologists to make accurate predictions 
of the probability of large, infrequent floods (Klemeš 1989). Further-more, proba-
bilistic flood-frequency analysis requires events to be identically distributed, 
independent and random through time, but real flood data usually violate these 
assumptions (Baker et al. 2002). Instrumental flood records are also relatively short 
compared to the time horizons used in the design of flood protection infrastructure 
and provide a limited perspective on the impact of climate or environmental change 
on flood risks.
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Paleoflood hydrology uses physical evidence left behind on the landscape to 
make inferences about past floods that were not directly observed or recorded by 
humans (Baker 2006). Paleoflood records based on geological and biological field 
evidence can span several hundreds or thousands of years and provide a prehistoric 
context for shorter modern flood records based on direct observations. 
Paleohydrological studies most commonly use geomorphic evidence of past flood 
stages (e.g. Baker 1987; Enzel et al. 1996; Knox 2000), but paleoflood studies can 
also draw upon contributions from geophysics (Pickup et al. 2002), limnology 
(Brown et al. 2000), archaeology (Brown et al. 2001), and dendrochronology 
(Yanosky and Jarrett 2002).

The argument that trees recorded evidence of past floods in their annual growth 
rings was first put forward by Robert Sigafoos of the United States Geological 
Survey in 1964. Working along the Potomac River near Washington, DC, USA, he 
showed that unusual growth forms in riparian trees, including vertical sprouts, 
partial uprooting and tilted trunks, developed in association with floods docu-
mented at nearby gauge records (Sigafoos 1964). By demonstrating that these trees 
represented a biological archive of past floods, this initial work created a new tool 
for paleoflood research that has been applied widely to hydrological problems in 
the subsequent four and a half decades. Dendrochronologists are now able to 
exploit a broad range of physical evidence preserved in tree rings to develop 
insights into the occurrence, extent and magnitude of floods prior to direct observa-
tions. The articles and case studies in this chapter illustrate how flood evidence 
from trees is being used around the world to address issues related to long-term 
hydrological change, the impacts of human modification of hydrological systems 
and future risks of extreme floods.

2  Flood Evidence in Tree Rings

Dendrochronologists use four main strategies to study past floods and high water 
using evidence from tree rings. Three of these approaches examine evidence 
created by the direct effects of flooding on inundated trees while the fourth depends 
on indirect connections between hydrology, climate and the growth environment of 
trees.

Scarring caused by abrasion or impact is the most common type of tree-ring 
evidence used in paleoflood research. Ice, logs, sediment or other debris rafted into 
riparian forests by high water can abrade or penetrate the bark and kill the underlying 
cambium. Trees will attempt to seal the wound by forming undifferentiated, often 
discoloured scar tissue (callus), which acts as a permanent record of local cambial 
death. Eventually, the scar will be overgrown by the cambium and disappear under 
newly formed wood and bark, but if the tree is subjected to repeated scarring at the 
same location, the cambium will not recover and the wound will remain exposed at 
the surface (Fig. 1). The timing of the flood can be determined by counting 
the number of rings between the scar and the outside ring, and the height of the 
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scar represents the minimum elevation of high water (Harrison and Reid 1967; 
McCord 1996; Zielonka et al. 2010, this volume). Along rivers, scarred trees are 
most frequent where steep gradients or channel constrictions increase stream 
velocity and its capacity to carry heavy debris. In nival environments, elevated 
lake levels can also lead to tree scarring when lake ice is pushed into onshore 
forests following spring break-up (Tardif and Bergeron 1997; Tardif et al. 2010, 
this volume).

Floods can also interfere with physiological processes that control tree 
growth and cause anatomical changes within a portion or the entirety of the 

Fig. 1 Extensive scarring caused by ice jams on a plains cottonwood (Populus deltoides) along the 
bank of the Red River in Winnipeg, Canada
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annual growth increment. These features are often referred to as ‘flood rings’ and 
have been observed most often in ring-porous trees such as ash or oak. Flood rings 
can be produced in low-lying trees when floodwaters reach the crown and fully or 
partially defoliate the tree during late spring or early summer (Yanosky 1983). If 
the tree is able to refoliate after flooding subsides, its growth ring will often contain 
a double cohort of large conductive vessels separated by one or more rows of 
smaller vessels. Flood rings can also be formed in flood-plain trees when the roots 
and trunk are subjected to prolonged inundation during the early part of the growing 
season (Astrade and Bégin 1997; St. George and Nielsen 2000; St. George 2010, 
this volume). These signatures are usually distinguished by the presence of anoma-
lously small vessels in the earlywood of the annual ring but they can also include 
other anatomical features such as fibers with unusually thin cell walls and disrupted 
flame parenchyma. Whether caused by defoliation or inundation, flood rings are 
generally believed to form in response to disruptions in the normal downward flow 
of auxin, which partly controls the size of earlywood vessels in hardwoods 
(Fig. 2).

In some circumstances, floods can damage trees by tilting or partial uprooting 
or can uproot them completely, causing their death. When catastrophic flooding 
kills all trees along a reach of a river, the age of the oldest trees that colonize the 
fresh surface provides a minimum estimate of the flood date (Sigafoos 1964; 
Gottesfeld and Gottesfeld 1990). This approach requires estimates of the ecesis 
interval, the delay between the exposure of the new surface and the establishment 
of new trees. Partial uprooting can cause smaller trees to form vertical sprouts along 
their main stem, with the age of the sprout indicating the date of the flood that 
caused the change in growth habit (Sigafoos 1964). In extreme cases, trees 

Fig. 2 Riparian trees inundated by the 2009 Red River flood in Manitoba, Canada
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that are repeatedly damaged by flooding adopt a growth form with multiple 
stems that can resemble the product of coppicing. Tilting can also cause trees to 
form tension or compression wood (depending on whether they are deciduous 
or conifers) and anomalously wide or narrow rings in subsequent years (Yanosky 
and Jarrett 2002).

Major long-lasting shifts in regional hydrology can also create indirect evidence 
of their occurrence by making microsite conditions more or less favorable to tree 
growth. This type of analysis usually requires the presence of a water body, usually 
an artificial reservoir, large enough to influence aspects of the local climate such as 
seasonal temperature changes, evaporation rates or near-surface wind regimes. 
Dendrochronologists often use a suite of tree-ring indicators to compare local trees 
against a control population growing too far away to be affected by the reservoir. 
Depending on the amount of time that has passed since its construction, investiga-
tors may also examine long-lived trees to compare tree growth before and after 
reservoir construction. Most studies using this approach have shown that trees 
growing in the immediate area display a complex set of anatomical and growth-
form responses that depend strongly on their position relative to the newly-created 
reservoir. Observed responses include but are not limited to temporary growth 
reductions during reservoir filling, a reduction in wood density caused by an 
extended growing season, an increased frequency of traumatic resin canals forced 
by major foliar losses and the formation of reaction wood at exposed sites due to 
stronger winds (Tremblay and Bégin 2005; Bégin et al. 2010, this volume).

3  Strengths, Limitations and Future Directions

The principal advantage of paleoflood studies based on tree rings is their relatively 
high temporal resolution and dating accuracy compared to most other methods. 
Dendrochronological methods can routinely date past floods to the year of their 
occurrence and, in rare cases, can estimate the timing of floods that occur during 
the growing season to within 2 weeks. This high degree of chronological control, 
which is surpassed only by that provided by direct observation or instrumentation, 
can be used to determine whether floods in separate watersheds were synchronous 
or offset by several years and test hypotheses that suppose linkages between 
extreme floods and specific forcing mechanisms. The wide geographic distribution 
of tree species with dateable rings combined with the broad suite of methods available 
to examine interconnections between floods and tree growth allow dendrochronologists 
to apply their style of paleoflood hydrology in many settings that are not appropriate 
for techniques that depend on geological evidence.

To date, paleoflood analysis based on tree rings has been restricted to describing 
floods that occurred during the last 500 years. Flood signatures have been reported 
in more ancient trees (Bernard 2003) but as yet there has not been any attempt to 
compile tree-ring evidence of floods that occurred prior to roughly AD 1500. 
Naturally, the reason that most dendrochronologically-based paleoflood studies 



238 S. St. George

tend to be relatively short is because the life expectancy of trees growing in flood 
zones is comparatively brief. Because floods often kill trees and wash their remains 
downstream, it can be difficult to find evidence of floods that are older than the 
most recent catastrophic event and sample depth usually decreases back in time 
quite rapidly. It is possible to develop long paleoflood records from tree rings using 
samples collected from subfossil trees and historic buildings St. George and Nielsen 
(2000) but the success of this approach depends on the availability of ancient logs 
and archeological wood.

The use of tree rings to address questions related to flooding remains almost 
exclusively the domain of the scientific community, and there are very few exam-
ples where paleoflood evidence from trees has been formally incorporated into 
flood risk analysis. In part, the gap between scientific innovation and societal appli-
cation is due to the fact that tree rings and other natural archives are well outside of 
the curriculum in civil engineering departments at most universities and, as a result, 
practitioners and decision-makers responsible for flood infrastructure can be 
unaware of the potential benefits offered by a broader geological perspective. At the 
same time, many lessons learned from tree rings can be difficult to apply to flood 
management because they do not relate to measures that are regarded as meaningful 
by decision-makers. Future paleoflood research involving tree rings will need to 
strike a balance between improving our understanding of the biological and fluvial 
processes that link tree growth to past floods and providing answers to questions 
about flood dynamics and flood hazards that are needed to safeguard people and 
property from future floods.
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1  Introduction

While research shows that large water bodies can produce significant micro- and 
meso-climatic effects, these effects are not well documented. The flooding of large 
areas transforms terrestrial environments into aquatic environments, with hills 
becoming islands and the flooded edges dynamic shorelines. In creating these 
reservoirs, we expose the new shoreline forests to processes and natural hazards 
pertaining to lacustrine environments. The environmental transformations caused 
by these processes are generally limited to the immediate edges of the reservoirs. 
In Russia, Vendrov and Malik (1965), D’yakonov and Reteyum (1965), and 
Butorin et al. (1973) have shown that the effects of reservoirs in the Volga are 
limited to their riparian edges. Wind controls the geomorphologic activity of 
waves and ice delineating the shore tree line. The wind also controls the distribution 
of snow at the edge of the water body during the long part of the year that is 
covered by ice. In New Zealand, Fitzharris (1979) reviewed the effects of the 
planned Upper Clutha Valley hydroelectric project. The study highlighted thermal 
effects, i.e., a decrease in daily thermal differences at the start of summer, a 
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general warming in the middle of summer, and a lengthening of the warm season 
in autumn. A decade earlier, in Japan, Shirata (1969) found the same effects along 
the shores of Lake Inawashiro. In Canada, along the banks of the Canadian-
American Great Lakes, earlier studies were synthesized by Eichenlaub (1979). 
The principal conclusions point to the fact that large water bodies increase the 
mean annual temperature, reduce daily and seasonal thermal variations, delay 
seasons by several weeks, amplify local winds, and decrease local precipitation 
while increasing evaporation. Lacking a dense network of meteorological stations, 
most of these studies were based on estimations and theoretical models (Therrien 
1981; Mysak 1993; Gooseff et al. 2005; Stivari et al. 2005). Within this context, 
several authors have hypothesized that the creation of vast water bodies for hydro-
electric projects can have an effect on local climate (Perrier et al. 1977; Sottile and 
Levesque 1989). Ecological indicators on the islands and edges of large lakes in 
northern Québec have led several authors to stipulate that these large water bodies, 
particularly when frozen, may create local climates colder and more humid than 
those above land. These local climates create an environmental risk of transforming 
the ecological conditions at the peripheries of the new water bodies, as well as on 
their islands. To what extent are these environments exposed to disturbances that 
did not exist before their flooding? The development of these reservoirs creates 
new conditions that may cause exacerbate the intensity of natural phenomena 
beyond certain thresholds thus resulting in a shift of the exposed shoreline envi-
ronments from one ecological state to another.

To investigate the possibility of these “anthropogenically facilitated hazards”, 
we draw on the example of the climatic impacts resulting from the creation of 
large reservoirs in north eastern Canada. The creation of the La Grande hydroelectric 
complex in northern Québec inundated an area of 11,400 km2, of which only 12% 
were previously wetlands or water bodies (Tamenasse 1980; SEBJ 1987; Fig. 1). 
In a study commissioned by Hydro-Québec, Météoglobe Canada (1992) estimated 
that the climatic effects of the reservoirs extended to a maximum of less than 25 km 
from their borders, a distance equivalent to the breeze created by the temperature 
contrast between the water body and adjacent land, that extends 1.5 times the radius 
of the basin according to Litynski et al. (1989). Météoglobe Canada expressed 
reservations about the validity of predictions of local climate effects based on 
models using temporally discontinuous and spatially sporadic data. We investi-
gated the effects that the Robert-Bourassa Reservoir (also called LG-2) may have 
had on the forest environments of its periphery and the islands that were created 
by its flooding. We hypothesized that the reservoir would have a significant 
climatic influence on the forests, which would be observable using dendro-
chronological indicators. The Robert-Bourassa Reservoir (created in 1979–1980), 
with an area of 2,835 km2 is the second largest reservoir in the La Grande 
complex after Caniapiscau (4,275 km2). The time duration that the reservoir 
has been flooded (1979–1980) may be sufficient to observe how the change in 
climate is expressed within the regeneration, growth forms, and annual rings of 
new riparian trees.
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2  Study Site

The drainage network of La Grande Rivière (La Grande) was, before the development 
of the hydroelectric complex, the fourth largest in Québec in terms of area (97,643 km2). 
The Robert-Bourassa Reservoir is situated 117.5 km from the mouth of La Grande 
Rivière. It is the largest hydroelectric development in the world.

The study area is dominated by a cold continental climate. The influence of 
Hudson Bay and James Bay on the climate is very significant. During winter, the 
complete freezing of the bays and the gentle relief of the region allows colder con-
ditions to develop. The mean minimum temperature in January is −23.2°C (Station 
LGA). In summer, warming is delayed by the presence of ice and cold currents 
from the peripheral seas. The mean maximum temperature for July is 13.4°C. The 
growing season for the region extends from mid-June to mid-September. The frost 
free period is very short (208 days) in the region. The annual precipitation is 679 
mm, with 40% (271.6 mm) falling as snow. Snow precipitation at the start of winter 
is controlled by the duration of the freezing of James and Hudson Bays. The freez-
ing of these interior seas begins towards the end of December or the beginning of 
January, resulting in a reduction in humidity and snow precipitation in the region. 
Despite the rigorous climate, winter is the sunny season of the year and the atmo-
spheric conditions during this period are relatively stable. Snow is less abundant 
(~1.5 m) than in southern Québec (~2.5–3.5 m) and storms are also less frequent. 
Summer is short and autumn arrives early with frequent night frosts.

Fig. 1 Location of the Robert-Bourassa Reservoir within La Grande Rivière hydroelectric pro-
duction zone in Northern Québec
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3  Methods

An assessment of the climate conditions over Robert-Bourassa Reservoir was made 
by the comparison of data collected simultaneously at four stations located on 
islands and at two other stations distant from the reservoir to the west and the east 
(Fig. 1). In order to determine the effects of temperature and wind on tree growth, 
a strategy was designed to sample trees on the reservoir’s islands with site exposure 
being the principal factor considered. Results will be presented for the dominant 
species, namely black spruce (Picea mariana). Trees were selected from the shore-
line forest edges of 16 islands; these are referred to as “exposed” trees and were 
sampled according to north, south, east, and west orientations (Fig. 2). At each 
island a minimum of 30 trees with diameters of less than 8 cm were sampled 30 cm 
from their base for a total of around 490 trees. The sampled trees were situated 
directly on the forest edge and thus had maximum exposure to lake effects. In addition, 
only trees that were isolated from neighboring trees were selected in order to avoid 
the influence of competition. Trees located at a distance from the forest edge were 
also selected and were considered as “sheltered” from the wind. These trees were 
sampled from band transects running perpendicular to the shore and are referred 

Fig. 2 Location of the sampling sites located on islands in the Robert-Bourassa Reservoir. Circles 
indicate islands where trees were sampled on hill tops for the analysis of reaction wood 
sequences
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hereafter as north sheltered, east sheltered, etc. Only black spruce trees with a 
diameter of less than eight cm were sampled. Individual trees were sampled at 
10 m intervals resulting in 29–31 trees per site. The maximum transect length 
was 300 m, with some being shorter in order to only sample sites that were homog-
enous in terms of topography, exposure, and forest structure and composition. In total, 
amongst over 900 trees sampled, 243 black spruce trees were retained for complete 
analysis. We systematically rejected trees that showed reaction wood sequences 
caused by wind destabilization. To assess the impacts of the changes in the eolian 
regime on the forest, we sampled mature trees situated in the open forests at the 
highest altitudinal points of six islands (around 15 trees per island for a total of 90 
trees). These trees were the ones most exposed to the wind prior to the reservoir’s 
creation and, by showing the development of reaction wood since its flooding, we 
suspected that their exposure to even stronger winds would have destabilized their 
original stature.

In the laboratory, in order to determine the effect of the reservoir’s creation on 
black spruce growth, we identified and described abnormal rings (frost rings, 
incomplete rings, resin ducts, reaction wood), and measured the growth of annual 
rings using the methods of Schweingruber (1988). A densitometric analysis of a 
number of samples was also conducted using x-rays following the methods of 
Schweingruber et al. (1978). The density of earlywood, latewood, and the proportion 
of final wood were then analyzed for each annual ring. Finally, we investigated the 
effects of wind-blown snow on trees that showed intricate growth forms (Tremblay 
and Bégin 2005).

4  Results

4.1  The Reservoir’s Effects on the Temperature  
and Wind Regime

The temperatures at reservoir locations differed than those outside its area of influence 
throughout all seasons, except winter. The mean temperature differed by 2.4°C in 
spring (April to June) and 0.8°C in summer. A reversal to warmer temperatures 
occurred in autumn, the reservoir being warmer than the hinterland (−1.5°C). No 
differences were observed in winter, the reservoir being covered by ice. The reser-
voir’s continuous ice cover in winter possesses the same thermal properties as 
the surrounding lands. In light of these results, it is clear that the water body cools 
the local climate during spring and summer.

Growth degree days (GDD) were calculated as follows:

 1 ( 5) 5n
i iT=å ñ -  (1)

where T was the mean daily temperature (°C) for each of the days of the year ‘i’ 
above 5°C and ‘n’ was the number of days. GDD were calculated using data from 
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the stations for the year 1997, which serves as a reference, as it is considered an 
average year for the entire record. The calculation started on the 27th of June, as all 
stations were functioning at that time. Island stations showed a delay compared to 
hinterland ones, which suggests a cooling effect caused by the reservoir. For 
instance, the 300 GDD level was reached the 30th of July on a reservoir island, as 
compared to the 25th of July at La Grande airport situated inland (a delay of 5 days). 
This difference increased over the course of the season. The 700 GDD marker 
was attained on the 28th of September at reservoir stations in 1997, 19 days later 
than at inland stations (9th of September). The La Grande airport station possessed 
an advance of around 2 weeks up until mid-September when the effect of the 
reservoir seemed to reverse, i.e., its cooling effect was greatly reduced. GDD 
decreased along the distance to water edge (Sirois et al. 1999).

We also observed a delay in the first day of frost (i.e., the first day where the 
mean temperature is below 0°C). Freezing at insular stations occurred about 24 days 
later than the inland stations.

It seems clear that thermal effects are prevalent on the islands of the reservoir. 
However, these effects vary with seasons and the type of weather. Indeed, the average 
seasonal temperature differences between the two locations (island versus hinter-
land) was about 3°C in spring. This difference decreased as the year progressed 
(2°C in summer and null or inversed in autumn and winter). According to the 
isotherms of Québec (data available on Environnement Canada web site, www.
ec.gc.ca), the conditions prevailing on the reservoir resemble those of Inukjuak, 
which is situated at the northern limit of the subarctic zone (530 km farther 
north). The start of the growing season is delayed under these conditions. In autumn, 
during windless conditions, the reservoir had a slight warming effect on the local 
climate, in contrast with spring and summer. However, the growing season, as 
indicated by the GDD, is not prolonged. In winter, the thermal climate of the 
region was homogenous and the continuous ice cover did influence the local 
thermal regime.

A summary analysis of wind data comparing both sectors of the water body 
indicated differences that can be attributed to the reservoir. There were notable 
differences in the eolian regimes of the islands compared to the land. A meteo 
station located in the largest open water part of the reservoir recorded winds that 
were double the speed of those at inland stations throughout all the seasons. 
The acceleration of winds within the central basin also allows edge effects to 
penetrate more deeply into the interior of the islands’ forests. Coupled with thermal 
effects, these factors may cause a phenological delay that extends for a greater 
distance from the water in the central basin than elsewhere. In winter, eolian stress 
may also affect wider forest fringes regardless of orientation within the central 
basin. A summary analysis of wind data comparing both sectors of the water body 
indicated differences that can be attributed to the reservoir. There were notable 
differences in the eolian regimes of the islands compared to the land. A meteo 
station located in the largest open water part of the reservoir recorded winds that 
were double the speed of those at inland stations throughout all the seasons. 
The acceleration of winds within the central basin also allows edge effects to 
penetrate more deeply into the interior of the islands’ forests. Coupled with thermal 
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effects, these factors may cause a phenological delay that extends for a greater 
distance from the water in the central basin than elsewhere. In winter, eolian stress 
may also affect wider forest fringes regardless of orientation within the central 
basin. Depending on the configuration of the islands, snow blown by the wind may 
also accumulate at various distances into the forest.

4.2  Effects of the Reservoir on Tree Growth and Ring Density 

A large number of the trees sampled showed growth decreases coinciding with the 
filling of the reservoir. Growth decreases were less than 5 years in duration and 
rarely irreversible. In most cases, the decrease in growth occurred a few years 
(1985–1986) after the transitional period of 1979–1980 when the reservoir was 
filled. This reaction may be attributable to the progressive deterioration (foliar loss) 
of the protective forest edge. Based on the orientation, the reaction of the trees 
appeared to be the most pronounced on the western and northern exposures, with 
very few reactions being observed on the south facing side of the islands. Trees 
with drastic and irreversible reductions in annual ring growth were rare with most 
of them being situated in the northern section of the central basin of the reservoir, 
although some were also found to the east. In summary, although undeniable effects 
were observed in many trees, variations in the widths of annual growth rings does 
not always appear to be an infallible indicator of the climatic influence of the 
reservoir. For example, summer 1992 was particularly cold in the Canadian subarctic, 
following the Pinatubo eruption. The reservoir did not exacerbate such cooling and 
the island trees did not show any difference in their response to climate.

Patterns of latewood characteristics for the trees situated on the islands and 
edges of the reservoir may be more indicative of local climate than annual tree-ring 
widths. Although densitometric analysis is tedious, it does provide valuable details 
concerning the formation of wood at the start of the growing season (earlywood) 
and at the end of the season (latewood). Indeed, the exposed trees displayed a net 
change in their densitometry profile. In general, exposure favors the development 
of less dense latewood (maximum density) and dense earlywood (minimum 
density). This reaction characterized the trees occupying the wind exposed edges 
of the forest islands. The densitometric profiles of sheltered trees were more variable 
and appeared to be dependent on the forested environments (Fig. 3).

Despite the absence of meteorological data characterizing the contrasts in the 
forested environments of exposed versus sheltered sites, the general trend of a 
decrease in ring density and an increase in the proportion of latewood suggests a 
delay in the growing season that involves an increase in the average density of the 
earlywood and a longer late growing period that allows for a greater development 
of latewood. The late ending of tree dormancy caused by the thermal effect of the 
frozen water body, along with the late autumn caused by the mitigating effects of 
the water body, favors the formation of a large proportion of latewood cells. 
The triggers for the formation of latewood in trees are still unknown. However, we 
do know that they appear after the foliation period.
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The large number of environmental factors compared to local climatic factors 
does not allow us to interpret the effects that the reservoir may have on different 
individual tree growth parameters. However, the edge effects observed around the 
lake shorelines and on the islands are clear. Indeed, the reduced foliar mass of the 
trees, their eroded growth forms, and physical damage were indicators of this influ-
ence. The study of climatic effects on the forest environment should therefore be 
refocused at the local scale. At the Robert-Bourassa Reservoir, the clearest border 
effects are related to the wind exposure of the forests and to the unequal distribution 
of snow cover. Similar to subarctic trees, the trees occupying the shores of the 
reservoir possess irregular growth forms that are indicators of hibernal erosion. 
This phenomenon is well documented in the literature, but its occurrence within the 
boreal zone is not typical. Indeed, the trees occupying the banks of large, natural 

Fig. 3 Average minimum (solid line) and maximum (dotted line) densities of the tree-rings of 
spruce sampled on exposed and sheltered sites according to directional aspects on the 16 islands 
selected in the Robert-Bourassa Reservoir. Each line represents the average of about 30 trees. The 
vertical line refers to the year the reservoir was created
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lakes in the region possess symmetrical growth forms, while those of the reservoir 
possess numerous dead branches that lead to the development of eroded forms 
(Lavoie and Payette 1997). The regression of growth forms is associated with the 
loss of foliar mass that occurs due to winter wind events (removal of leaves and 
buds by wind-blown snow crystals). The effect is not solely a winter phenomenon. 
Indeed, the distance to water (or ice cover) delays the bud set period despite the 
occurrence of milder autumn conditions. Incomplete protection of buds and needles 
limit their survival and, as a result of harsh winters, reduces the potential for the 
reconstruction of the chlorophyll apparatus over the following summers. The large 
number of environmental factors compared to local climatic factors does not allow 
us to interpret the effects that the reservoir may have on different individual tree 
growth parameters. However, the edge effects observed around the lake shorelines 
and on the islands are clear. Indeed, the reduced foliar mass of the trees, their 
eroded growth forms, and physical damage were indicators of this influence. The 
study of climatic effects on the forest environment should therefore be refocused at 
the local scale. At the Robert-Bourassa reservoir, the clearest border effects are 
related to the wind exposure of the forests and to the unequal distribution of snow 
cover. Similar to subarctic trees, the trees occupying the shores of the reservoir 
possess irregular growth forms that are indicators of hibernal erosion. This phenom-
enon is well documented in the literature, but its occurrence within the boreal zone 
is not typical. Indeed, the trees occupying the banks of large, natural lakes in the 
region possess symmetrical growth forms, while those of the reservoir possess 
numerous dead branches that lead to the development of eroded forms (Lavoie and 
Payette 1997). The regression of growth forms is associated with the loss of foliar 
mass that occurs due to winter wind events (removal of leaves and buds by wind-
blown snow crystals). The effect is not solely a winter phenomenon. Indeed, the 
distance to water (or ice cover) delays the bud set period despite the occurrence of 
milder autumn conditions. Incomplete protection of buds and needles limit their 
survival and, as a result of harsh winters, reduces the potential for the reconstruction 
of the chlorophyll apparatus over the following summers. This phenomenon also 
characterizes the shoreline trees of large natural water bodies in this region. 
The spruce trees that are located at the water’s edge of these water bodies generally 
exhibit a krummholz growth form (Lavoie and Payette 1997). The trees that are 
located at the edge of the reservoir differ from the natural lake ones by having been 
established much earlier than the reservoir was created. Their degradation thus 
occurred after the flooding of the reservoir.

4.3  Frost Rings and the Phenological Delay  
of Tree Growth on the Islands

Frost rings (Glerum and Farrar 1966) form while wood cells are still living, i.e., 
around 40–50 days after their development. They are formed when air temperatures 
drop below 0°C for 1–5 days, which causes the contents of the cells to freeze and 
the consequent bursting of the cells. The broken cells are sometimes sealed by resin 
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from the resin canals of the woody rays. The affected area in the ring is clearly 
visible at the macroscopic level (deformed wood cells). Frost rings may be simple 
(unique/singular) or double depending on the number of frost events that have 
affected a tree during the same growing season. They can also be continuous or 
discontinuous (only affecting part of the tree circumference). We observed a scarcity 
of frost rings after the reservoir creation. While they were frequent before 1980, they 
have subsequently become rare and less defined anatomically (Fig. 4). The sampled 
black spruce trees were all considered to be less than 50 years of age – the maximum 
cambial age after which frost rings cannot develop due to the protection provided by 
the development of thick bark. A delay in the ending of dormancy may also protect 
trees in the reservoir’s environment from frost damage. The absence of frost rings 
after 1980 in the western sector is striking. This phenomenon could be related to the 
more pronounced cooling effects within the central basin of the reservoir.

Traumatic rings with a proliferation of resin canals have become more frequent 
along the reservoir islands since its flooding, even at some distance from shoreline. 
While the factors responsible for the development of these rings are not fully known, 
the most likely hypothesis is that they are a response to massive foliar loss. They are 
common in black spruce and their abundance is not dependent on tree age.

Fig. 4 Frost ring chronologies (number of frost rings amongst the sampled trees) on the islands 
of the Robert-Bourassa Reservoir. The gray bar indicates the year of flooding. The four upper 
diagrams indicate trees at the shoreline edge (exposed to the north, east, etc.); the lower diagrams 
correspond to trees sheltered from the wind (trees selected along a band transect towards the inner 
part of the island)
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4.4  Trees Destabilized by the Wind

Although the trees occupied windy positions on the hilltops before the reservoir’s 
flooding, their current situation on the islands that formed after flooding likely 
exposes them to greater winds. However, wind destabilized trees were found 
primarily on the shorelines and in open forests. At shoreline sites, we avoided 
sampling trees with leaning stems to avoid reaction wood, particularly for the 
densitometric analysis. Reaction wood is over-lignified wood that appears as a 
reaction to changes in mechanical tension that occur when a stem is destabilized 
(Scurfield 1973). Lignin gives wood an amber color and makes reaction wood readily 
identifiable. The majority of the trees showed the start of reaction wood sequences 
in 1980 (Fig. 5). This observation confirms that an increase in local wind force 
has occurred, as suggested by other work conducted on the edges of reservoirs 
(Arritt 1987). The presence of reaction wood and its orientation in the stems 
(it develops on the side where the tree is bent) are important indicators that allow 
wind events to be dated and delineated spatially.

4.5  The New Insular Nival Regime and Mechanical 
Damage to Pre-established Trees

By creating a barrier to the wind, forest edges capture powdered snow and contribute 
to the modification of local snow conditions. Indeed, one of the most important 
impacts of the reservoir was the creation of large ice surfaces over which the wind 
blows to create new distribution patterns of snow on the ground. Once the ice cover 
of the reservoir is consolidated in December, snow collected and blown by the wind 

Fig. 5 Proportion of trees (in classes of three) located at the tops of islands and possessing reac-
tion wood sequences due to destabilization by the wind before and after the reservoir’s creation. 
Numbers on the right refer to sampling sites (Fig. 2)



Fig. 6 (a) Schematic representation of a tree having experienced severe disturbances due to the 
over accumulation of snow on an island. (b–g) Frequency of damage to trees. The number of trees 
studied = 46. (b) Stem bending dated by the beginning of compression wood sequences and plowing 
scars. (c) Frequency of branch tearing scars. (d) Death of apical axis and development of a new 
leading stem. (e) Start of compression wood sequences (at least five consecutive rings) indicating 
stem tilting. (f) Incomplete rings. (g) Traumatic rings with alignments of resin ducts (Tremblay 
and Bégin 2005)
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over large distance accumulates at the obstacles that are situated on the exposed 
southwestern banks. The islands, which were formerly hilltops that had little snow in 
winter due to winds, are now effective snow traps that collect up to 4 m of snow 
(in the past they only accumulated 1 m). The distribution pattern of snow depends 
on the orientation of the bank, the size and height of the island, and the forest struc-
tures present. The small islands have little effect on the wind as they are not 
obstacles. Their ability to accumulate snow is limited. Tall islands and those with 
large forest structures capture lots of snow. However, snow accumulation in the 
forests is highly dependent on the effectiveness of the barrier created by the foliage 
and branches of the first fringe of exposed trees. The progressive degradation of this 
fringe and/or the modification of its growth forms results in the accumulation of 
snow deeper and deeper within the forest to the point where damage caused by the 
over-accumulation of snow becomes common. This phenomenon has previously 
only been observed on large lakes within the subarctic zone (Boivin and Bégin 
1997). Thus, it appears that the creation of the Robert-Bourassa Reservoir allows 
for the expression of phenomena that are generally found in the subarctic and not 
yet reported from lakes further south.

In order to determine the dendrochronological indicators regarding changes in 
the snow accumulation regime for an island in the Robert-Bourassa Reservoir, 
Tremblay and Bégin (2005) examined trees damaged by excessive snow. Changes 
in their growth forms recorded the history of damage that they experienced since 
the reservoir’s flooding (Fig. 6a). The study revealed a gradual change in the local 
snow accumulation regime that corresponded with the degradation of the forest 
due to wind exposure. Beyond the riparian forest border that acts as an obstacle 
to the wind, snow accumulates towards the center of the island. Since the creation 
of the reservoir, trees in the shoreline forest have been subjected to various types of 
visible damage including stem bending, knocking over of stems, and tearing off 
of branches due to heavy snow loads (Fig. 6b–e). Damage to trees resulted in 
growth anomalies that spontaneously appeared within 3 years of the injury (Fig. 6f–g). 
Changes in tree growth patterns documented the degradation processes of the 
forest’s margin. Abundant incomplete rings and traumatic rings with resin canals 
were found within the exposed trees at the periphery of the island, while trees 
situated in the interior possessed numerous scars that developed following mechanical 
damage related to excess snow. Damage abundance is related not only to the quantity 
of precipitation, but also to the reservoir’s level in winter.

5  Discussion and Conclusions

The application of dendrochronology in this study relies on several fundamental 
principles. Firstly, although the reservoir has existed since 1980, it is possible that 
manifestations of the climatic effects may depend on certain events or a combi-
nation of conditions that have not yet occurred to leave obvious traces in the 
environment. However, the likelihood that stressful events have not occurred has 
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been minimized by choosing the oldest reservoir in the La Grande complex. It has 
already been reported that visible manifestations of the influence of large subarctic 
lakes only occur on their immediate edges and on their islands. By analog, we have 
formulated the hypothesis that the effects of the reservoir on the forest will also be 
restricted to the reservoir’s edges and islands. Knowledge of the regional dendro-
climatic signal is required to test this hypothesis. Furthermore, the temporal 
dichotomy offered by the key year of 1980, corresponding to when the reservoir 
was flooded, allows for the calibration of the dendrochronological indicators 
representing the reservoir’s microclimatic effects with data concerning previous 
growth conditions.

Secondly, variations in the growth of trees that are affected by the climatic 
effects of large water bodies only provide an indirect and minimal measure of this 
influence. Trees only react to stress once a threshold has been passed and the 
thresholds vary according to species, tree status within the stand, age, abundance 
of foliage, and state of health. It is possible that the climatic influence of a lake on 
its surrounding environments may only affect a few sensitive individuals or cause 
different reactions amongst individuals. The analysis of these reactions and a clear 
understanding of the biological and ecological characteristics of the tree species in 
question are therefore fundamental. Manifestations of climatic stress, as shown 
by abnormal tree growth forms, only allow minimal assessments of the affected 
riparian strip, beyond which timber productivity and reproductive efforts can be 
affected by distance from the water body and exposure to the dominant westerly 
winds.

Thirdly, tree growth is subject to numerous ecological factors that must be 
distinguished from the influence of climate. Although trees can record some punctual 
climatic stress events (frost events during the growth season), tree rings more typi-
cally provide a signal representing the cumulative events that describe the inter-
annual trends of the region’s climatic fluctuations. Through the careful selection of 
trees, according to their environmental conditions and physical characteristics, 
these factors can become a well-controlled variable in the analysis (Fritts 1976). 
Finally, the microclimatic effect of the reservoir may increase or decrease through 
the action of macro climatic events, which, under certain conditions, favor or limit the 
expression of the exposed trees’ reactions. We propose a third hypothesis that 
the expression of climate is a result of the specific ambient conditions existing at 
strategic moments of a tree’s life and according to temporal variations in its growth 
and the growth season. For example, at the edge of the reservoir, the duration of the 
ice cover would delay and slow growth, delay the development of reproductive 
structures, and lead to growth anomalies. Analyzing these growth characteristics 
would allow the effect of the local climate to be delimited for particular moments 
of the year.

The creation of large reservoirs is a good example of the type of major development 
projects that humans are capable of constructing. While we may not have the ability 
to control natural hazards, we do have the ability to exacerbate them. In the context 
of current climate change, of which we are a cause, these vast reservoirs constitute 
areas where mankind’s footprint will last forever.
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Ice floods occurring at the time of spring break-up were reconstructed for Lake 
Duparquet, a large unregulated water body located at the southern fringe of the 
boreal forest in north-western Quebec (Tardif and Bergeron 1997). Reconstruction 
of the frequency and magnitude of spring floods associated with ice break-up was 
successfully achieved using cross-dating of ice-scars occurring along the trunk of 
northern white-cedar (Thuja occidentalis) trees exposed to drifting ice and debris 
during ice break-up. Maximum ice-scar height was also used as an indicator of high 
lake water level. Ice-scarred trees were systematically sampled on the islands and 
lake shore. A total of 81 T. occidentalis trees were collected resulting in 253 cross-
sections and over 2,000 dated scars associated with 616 scarring events. All scars 
were dated using cross-dating within (prior and after the recorded event) and 
among samples. The reconstruction was also recently compared with earlywood 
vessel anomalies occurring in tree rings from black ash (Fraxinus nigra) trees growing 
on the lake floodplain. It was hypothesized that earlywood vessel development would 
be affected in F. nigra trees exposed to floods lasting into the early growing season 
thus resulting in reduced cross-sectional area of the earlywood vessels. Earlywood 
vessels were analyzed in twenty F. nigra trees from two floodplain stands. 
After cross-dating, the cross-sectional area of the earlywood vessels was measured 
in each tree-ring using WinCell Pro Ver. 2004a (Régent Instruments Inc. 2005). 
In the absence of long term hydrological data for Lake Duparquet, mean 
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monthly discharge of the unregulated Harricana River, located about 100 km to the 
east, was used as a proxy for the lake water level.

The ice-scar chronology revealed an increase in ice-scar frequency since about 
AD 1870 corresponding roughly to the end of the Little Ice Age (Fig. 1a). From 
1890, ice scars were most frequent in 1934, 1936, 1939, 1947, 1956, 1967, 1976–
1977, 1979–1980 and 1986 (Fig. 1a and Table 1). A comparison of both cumulative 
ice-scar frequency distribution and T. occidentalis age distribution indicated that 
they were significantly different (Fig. 1a; Kolmogorov-Smirnov test; p < 0.0001) 
stressing that the increase in ice-activity observed in the twentieth century is not to 
be associated with over sampling of younger/smaller T. occidentalis trees (Tardif 
and Bergeron 1997).

For example, only 5% of the scarring events were recorded in 1870 at a time 
when more than 80% of the trees were present on the lake shore (Fig. 1a). On Lake 
Duparquet, an increase in maximum ice-scar height was also observed during the 
twentieth century (Fig. 1b) with maximum height being approximately 100 cm 
higher than during the late part of the Little Ice Age (Tardif and Bergeron 1997). In 
the twentieth century high flood levels at the time of ice break-up were observed in 
1922, 1947, 1959, 1976, 1979 and 1984 (Fig. 1b and Table 1). Some of these years 
also corresponded to years with abundant scarring events (Fig. 1a). Many of 
the major flood years on Lake Duparquet were also reported in other regions 

Fig. 1 Thuja occidentalis ice-scar chronology for the period 1655–1990 (top figure). Values 
above the zero line are from visible scars and values below the zero line are from hidden scars 
discovered after sectioning of the trees. Both the cumulative tree age and scar distributions are 
also indicated. The bottom figure represents the maximum ice-scar height recorded for the same 
period. The years 1947 and 1979 are indicated by the gray bars (Adapted from Tardif and 
Bergeron 1997)
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Table 1 List of the years for which values of the cross-sectional area of earlywood vessels chro-
nology were 1.28 standard deviation below the mean and for which both ice-scar frequency and 
maximum height were above 1.28 standard deviation above their respective mean value for the 
overlapping reference period 1890–1990. The years in bold correspond to those with tree-rings 
showing reduced earlywood vessel area that were synchronous with either scar frequency and/or 
scar height

Vessel area Scar frequency Scar maximum height

1890 1934 1922
1907 1936 1947
1909 1939 1959
1917 1947 1976
1922 1956 1979
1928 1967 1984
1947 1976
1950 1977
1960 1979
1967 1980
1979 1986
1989

(Payette 1980; Bégin and Payette 1988). As hypothesized, anomalies in the ear-
lywood vessels were observed in F. nigra trees (Fig. 2a).

The chronology values were negatively skewed and years with lowest cross-
sectional area of the earlywood vessels were 1890, 1907, 1909, 1917, 1922, 1928, 
1947, 1950, 1960, 1967, 1979, and 1989 (Fig. 2). Many of these years also corre-
sponded with years of maximum ice-scar frequency and/or ice-scar height (Table 1). 
An example of severe reduction in the cross-sectional area of the earlywood vessels 
is presented for the year 1947 (Fig. 2b), a year also corresponding to abundant ice 
scarring and maximum ice-scar height (Table 1). The large scale nature of the 
climatic events leading to high magnitude floods may be illustrated by the year 
1979, a major and widespread flood year that may have been triggered by climatic 
conditions prevailing across all of Canada (Payette 1980). In 1979, the extent of the 
snow cover over North America was also maximal (Groisman et al. 1993). At Lake 
Duparquet, this high magnitude flood also resulted in the year 1979 being one of 
reduced cross-sectional area of the earlywood vessels in F. nigra trees exposed to 
flooding (Table 1).

Using the period of overlap among all chronologies (1890–1990), both ice-scar 
derived chronologies (frequency and maximum height) were significantly associ-
ated (Spearman r = −0.723, p < 0.001). Interestingly, the earlywood vessel chronol-
ogy was negatively associated with both ice-scar frequency and maximum height 
(Spearman rho r = −0.573, p < 0.001 and −0.329, p = 0.001, respectively). The 
strong association between the ice-scar derived chronologies and the independently 
derived earlywood vessel chronology suggests that during major ice-flood years, 
the high water level on Lake Duparquet may persist long enough so that the early-
wood vessel production of floodplain F. nigra trees is affected. All three chronolo-
gies were also associated with the Harricana River mean discharge for the period 
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1915–1990. The river discharge in both May and June was positively associated 
with ice-scar frequency (Spearman r = 0.539, p < 0.001 and r = −0.390, p < 0.001 
respectively) and with maximum ice-scar height (Spearman r = 0.380, p < 0.001 
and r = −0.265, p = 0.021 respectively). They were also both negatively associated 
with the earlywood vessel chronology (Spearman r = −0.719, p < 0.001 and r = 
−0.551, p < 0.001 respectively). In a context where spring flood levels have 

Fig. 2 Standardized mean cross-sectional area of the earlywood vessels for the period 1890–2005 
from 20 Fraxinus nigra trees growing on the Lake Duparquet floodplain (top figure).The number 
of trees in the chronology is indicated. Tree ring sequence in F. nigra showing complete rings for 
the years 1945–1948 (bottom figure). The year 1947 (black arrow) is characterized by abnormally 
small cross-sectional area of the earlywood vessels. Vessel lumens were highlighted in white to 
increase contrast. Adjacent vessels were separated with black lines. Cracks in the wood appear 
white as cores were rubbed with chalk. The years 1947 and 1979 are indicated by the gray bars
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increased since the end of the Little Ice Age, one would expect that F. nigra trees 
would also register these changes. Reduced cross-sectional area of the earlywood 
vessels in F. nigra were found to correspond to major spring floods in the twentieth 
century but at the moment the chronology does not extend sufficiently back in time 
to allow further validation of the ice-scar data. Changes in F. nigra stand dynamics 
were however documented in response to raising water levels (Tardif and Bergeron 
1999). Interestingly, ice-scars are revealing flood level at the time of break-up 
whereas anomalies in the earlywood vessels may correspond to spring floods per-
sisting into the early growing season. Further work on the hydrological and climatic 
information in earlywood vessel anomalies is currently underway. While each data 
set has its own specificity, the correspondence between the two can be used to 
provide better understanding of the historical variation in the frequency, magnitude 
and potential hazard associated with flooding. The correspondence of our results 
with those of other studies (Tardif and Bergeron 1997) and the correspondence of 
specific flood dates across large areas further indicated the regional nature of these 
events and the ability to use a large network of tree-ring chronologies to better 
understand changes in flood regime and climate in northern regions.
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1  Introduction

Dendrochronological methods enable the dating of episodes with sudden disturbance 
events such as forest fires, tree uprooting, rockfall, and snow avalanches in time and 
space (e.g. Denneler and Schweingruber 1993; Fantucci 1999; Lang et al. 1999; 
Niklasson and Granström 2000; Storaunet and Rolstad 2004; Stoffel and Perret 2006). 
Tree rings have also been used to identify floods and raised water levels (Harrison and 
Reid 1967; Begin and Payette 1988; Hupp 1988; Gottesfeld and Gottesfeld 1990; 
Tardif and Bergeron 1997; Begin 2001). Information on past activity might be pre-
served in living trees or dead stumps, thus allowing a long-term reconstruction of past 
flood events (LePage and Bégin 1996; Yanoski 1999; St George and Nielsen 2003). 
The time window accessible using tree scars is probably wider than that achieved by 
dating coarse woody debris accumulated in stream channels. This seems to be espe-
cially true for small, steep mountain streams with water flow causing redistribution, 
fragmentation and abrasion of tree trunks shortly after their delivery to the channel.

Annual rings of various tree species record the occurrence of floods following 
cambium injury or death in a portion of the circumference due to mechanical abrasion. 
If the size of the wound is not sufficiently large for the tree to be killed, the injury 
is often overgrown in the years following the event to form a scar. The identification 
of overgrown scars can allow for a detection of the exact year of an event that 
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caused the injury (Arno and Sneck 1977). Flood scars are wounds on the stems of 
trees growing on channel banks and in floodplains caused by impacts from objects 
transported with water (Gottesfeld 1996) such as floating woody debris, ice, stones 
and boulders. A distribution of scars on calendar-time scale permits the identification 
of years with flood events (Harrison and Reid 1967). There are, however, only few 
examples of flood event reconstructions using tree scars in Europe. Historical infor-
mation about flood events is usually limited to rivers crossing inhabited areas where 
floods are a serious source of damage. Much less information is available from 
small forested catchments, such as the one identified for this research. Data generated 
by such a study might be very important in explaining and understanding fluvial 
activity of streams, geomorphological dynamics of stream channels, transportation 
of debris including coarse woody debris or the dynamics of riparian vegetation 
(McCord 1996).

Floods are among the most dangerous and unpredictable phenomena responsible 
for enormous losses and constituting a major threat for people. Detailed knowledge 
of the flood regime in the past, their frequency and intensity is important for the 
evaluation of potential threats for the future. Because floods are phenomena of cyclic 
character, it is especially important to obtain the longest possible series of observation. 
For this purpose, the length of dendrochronological reconstructions may signifi-
cantly exceed standard series of discharge measurements or climatic records.

This study aims at (i) reconstructing a history of floods in a small mountain 
stream, (ii) relating these events to meteorological records, and at (iii) indicating 
possible combinations of extreme weather variables, which may be responsible for 
the occurrence of floods.

2  Study Site

The study was conducted in the Polish Tatra Mountains in the Western Carpathians 
and focused on the Potok Waksmundzki mountain stream (Fig. 1). The climate in 
this area is cool (mean annual temperature: 2–4°C, Hess 1996) and the annual 
precipitation at elevations of approximately 1,600 m a.s.l. reaches 1,800 mm/year. 
Common soils in the area are acid podzols formed on granite bedrock (Komornicki 
and Skiba 1996).

The Potok Waksmundzki stream originates at an elevation of 1,950 m a.s.l. and 
its outlet into the Białka River is located at approximately 1,000 m a.s.l. The total 
length of the stream is 6.6 km, the mean slope is 14.6% and the drainage basin area 
is 5.35 km2. Bedrock of the valley is dominated by granite and below 1,430 m a.s.l. 
the stream flows through a forested area. The Waksmundzka Valley belongs to the 
best preserved areas in the Polish Tatra Range, as the entire valley has been declared 
a strict reserve in the Tatra National Park for the last 50 years, thus forest management 
practices and other human activity have been significantly limited.

The study was conducted along a 2.75 km-long section of the stream at an altitudinal 
range of 1,380–1,080 m a.s.l., where the stream flows through a natural subalpine forest. 
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The stand covering the entire valley including the stream banks is dominated by 
Norway spruce (Picea abies). At higher elevations, dwarf pine (Pinus mugo) and 
individual stone pines (Pinus cembra) are present as well. Forest stands in the valley 
are unevenly-aged and spruces 150–200 years old dominate, however some of the 
oldest spruces attain up to 350 years at DBH (Zielonka 2006). The bottom of 
the valley near the channel is usually covered with younger tree cohorts.

3  Material and Methods

Basal parts of trees, both living and dead, were inspected on both banks of the 
stream for the presence of scars and the other growth anomalies. Only scars closest 
to the stream channel and facing the stream axis were integrated (Fig. 2). We paid 
attention to exclude scars formed by other factors such as the fall of neighbors from 
inside the forest or rot. Scars of doubtful origin were not included in the study.

Fig. 1 Map of the study site. The catchment of the Waksmundzki stream and its location on a 
map of Poland
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In total, 48 wood samples containing scars were extracted with a saw from dead 
and living trees, with trees being evenly distributed along the 2.75 km-long section 
of the stream. While whole cross-sections were collected from dead stumps, 
sampling of living trees was restricted to the extraction of wedges from the scars 
(Arno and Sneck 1977). In the lab, samples were dried and polished with a belt 
sander. For the construction of a local reference chronology, 30 living spruces were 
chosen in the forest surrounding the stream within an altitudinal gradient between 
1,100 and 1,300 m a.s.l. Selected trees belonged to the dominant layer and were 
free from visual signs of mechanical disturbance like broken tops or damaged 
branches. Each tree was cored twice perpendicular to the slope direction. Cores 
were glued to wooden sticks, dried and polished. Ring widths of wood samples 
and cores were then measured with a resolution of 0.01 mm using the LINTAB 
measurement devices (Rinn 1996). Before constructing the reference chronology, 

Fig. 2 A typical flood scar in a base of a spruce stem from the stream bank formed by debris 
transportation during a flood event (a). Cross-section extracted from the stem exhibits two flood 
scars. Dendrochronological cross-dating indicates that both scars were formed during the dormant 
season, namely in 1957/1958 and 1983/1984 (b)
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the validity of tree-ring measurements was checked with COFECHA (Holmes 
1983) and two measurements of each tree were averaged. So as to eliminate long-
term variability, time series were indexed using a five-point moving average (Baillie 
and Pilcher 1973). Wood samples with scars were then cross-dated against the 
reference chronology using standard parameters provided by the TSAP software 
(Rinn 1996), before the validity of the cross-dating was verified with the sequence 
of pointer years (Schweingruber et al. 1990). The calendar year of scar formation 
was then determined (Fig. 2). We compared the years of scar formation with available 
climatic data recorded at the meteorological station in Zakopane, located approxi-
mately 10 km from the study area at an elevation of 820 m a.s.l. Climatic records 
are available for the station since AD 1900. The following weather parameters were 
taken into consideration: average monthly precipitation for the April-September 
period, average winter precipitation (December–March), the highest 24-h precipitation 
in a year, and the difference between average April and May temperatures (as a 
snow melting indicator). Variance analyses were used to test the significance of the 
relationship between the years of scar formation and weather parameters. As the 
time of scar formation was determined with yearly resolution, we assumed that 
weather parameters responsible for spring and early summer floods are linked with 
scars formed in the previous calendar year during the dormant season.

4  Results

Most of the cross-dated tree-ring series covered the entire twentieth century 
(Fig. 3). The oldest ring identified in the trees growing along the channel was cross-
dated to 1841. In 14 samples, the first rings were formed in the nineteenth century. 

Fig. 3 Distribution of flood scars in time. Horizontal lines show the time span of each tree, dots 
indicate the year of scar formation in the trees sampled
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However, in some cases, it was not possible to cross-date the pith due to rot in the 
central part of the stem.

Analyses allowed for a cross-dating of 58 scars (Fig. 3). The oldest recorded 
wound was induced in AD 1928. Four wood samples contained three scars, six 
samples contained two scars, and the rest of the trees bore just one scar (Fig. 3). 
For the period between AD 1928 and 2005, 17 years with scars were identified. 
On average, scars occurred every 4–5 years. The highest number of scars (33% of 
all recorded) was observed in the dormant season of 1957/1958. Numbers 
of scarred trees in the remaining years were much lower and did not exceed six 
scarred trees per year (1946/1947).

Monthly precipitation averages distinguished by both high values as well as 
peaks in the twentieth century overlapped with the years of scar formation 
(Fig. 4). This is especially true for the summer months, when precipitation was 
generally highest. Peaks in precipitation of July overlapped with scar formation 
in AD 1934, 1938, 1980 and 1997 (Fig. 4). The highest precipitation in the 
century occurred in June (over 300 mm in 1948, 1959 and 1972) and might be 
responsible for scar formation in the dormant season before cambial activity 
or in the beginning of cambial activity in these years. Similarly, the second 
highest level of precipitation during the last century, in May 1940 might have 
resulted in scars in the dormant season of 1939/1940. Unusually high precipi-
tation in August 1938 (305 mm) and August 1972 (323 mm) might also have 
resulted in late summer floods which were responsible for scar formation.  
In September, which usually is much dryer than the summer months, high 
values of 272 mm were recorded in 1931 and 247 mm in 1996 when scars were 
formed. The relationship between years of scar formation and snow accumulation 
in winter (precipitation December–March) was not statistically significant, 
and no years with high winter precipitation coincides with years of scar for-
mation (Fig. 4).

The maximal 24-h precipitation recorded in individual years does not seem to be 
strongly related with years of scar formation. In AD 1934, when the highest 24-h 
precipitation was observed (172 mm), only one scar was found in the trees (Fig. 5). 
During an important 24-h precipitation event in 1983 (109 mm), however, we 
identified five scars in the selected trees (Fig. 5).

The best explanation as to why the highest percentage of scars appeared in 
1957/1958 (33%) was the extraordinary value of snow melting indicator (Fig. 6). 
The difference between the mean temperatures of April and May 1958 was more 
then twice higher than the average for the century and totaled 12.2°C (Fig. 6). This 
was the result of exceptionally low temperatures in April (mean 1.4°C) followed by 
a very warm May (mean 13.6°C) (Fig. 7). A similar situation may have occurred in 
1929, when a difference between May and April temperature of 10.6°C was noted 
and the oldest scar found in AD 1928/1929. However, an ANOVA test for the entire 
series of scarred years did not confirm the significance of this relationship. In the 
case of the event year 1946/1947 showing the second highest number of scars, 
none of the analyzed parameters indicated abnormal precipitation or temperature 
distributions.



Fig. 4 Percentage of formed scars and the distribution of monthly precipitation in the twentieth 
century. Winter precipitation comprises precipitation in January, February, March as well as 
December of the previous year. Dashed lines show the average value for the century. Arrows 
indicate years with the highest precipitation which might be responsible for scarring
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Fig. 4 (continued)



Fig. 5 Percentage of scars and the maximal 24-h precipitation recorded during a year. The dashed 
line shows the average value for the century. Arrows indicate years with the highest precipitation 
which might be responsible for scarring

Fig. 6 Percentage of scars and snowmelt (difference between the average temperatures of April 
and May). The dashed line shows the average value for the century. Arrows indicate years with 
the highest values of the melting factor which might be responsible for scarring

Fig. 7 Distribution of monthly temperatures, average for the whole century and for AD 1958
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5  Discussion

In the Waksmundzki Potok stream, scars on trees are most likely caused by transported 
logs and probably also rocks and boulders. Logs of different stages of decay and 
various dimensions were present along the whole study section of the stream. Also, 
scars might be caused by granite boulders, which fill the stream channel. During 
fieldwork, boulders of different dimension were identified on the banks among 
ground vegetation, and this indicates that granite debris can be transported from and 
to the channel banks during floods. In contrast, floating ice, which can also be 
responsible for tree injuries (Begin 2001), is nonexistent in the studied stream due 
to the high relief and high decline of the stream channel.

According to Gottesfeld’s (1996) observations, scars are easily formed on the 
stems of living trees by rubbing of transported logs during floods. Woody debris 
may hit partially submerged trees forming a wound, then rotate and continue move-
ment downstream. Other stems may remain anchored against trees and start to rub 
the bark according to changes of the water level. Such a rubbing cycle may last 
from 10 s to several minutes with vertical movement ranging from 10 to 30 cm 
(Gottesfeld 1996). These mechanisms may also explain the occurrence of several 
scars in the same tree. After causing the first wound, a log remaining caught at the 
base of a living tree may cause further scars during the next flood event, thus resulting 
in a series of partially healed wounds (Fig. 2). On the other hand, successive and 
partially healed scars occurring at the same position of the tree trunk may also 
result from frequent impacts of debris.

The average time interval between subsequent flood events calculated for the 
period AD 1928–2005 was 4.5 years and shows that the Waksmundzki stream 
discharge can be highly variable and flood events appear very frequently. The lack 
of scars before AD 1928 could be caused by at least two factors. Most of the trees 
growing on the banks were rather young. Flow activity of the stream as a distur-
bance factor probably resulted in the lack or regular removal of old trees on the 
banks. It can also be expected that a minimal diameter is required for a tree to 
sustain an injury and survive. Trees of small diameters could easily be devastated 
by floating objects, or wounds might be too extensive to enable further growth. We 
can also presume that the channel was located at some distance from the present 
course of the stream before the late 1920s. Old, inactive channels, overgrown by 
vegetation and spruce regeneration were observed in the field in some flat frag-
ments of the valley bottom.

Our results show that most probably there are two weather factors responsible 
for floods in the studied stream: violent mid-summer rainfall and heavy snow melting 
in spring. In the Tatras, the highest precipitation amounts occur in the summer 
months. The average July precipitation for the twentieth century was 177 mm. 
Rainfall in this month might be responsible for scar formation in AD 1934, 1938, 
1980 and 1997. During these years, July rainfall varied from 323 to 423 mm and 
was more than twice as high as the mean precipitation for July. For example, at the 
beginning of July 1997, a large flood was recorded throughout southern Poland, 
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and much flood damage was reported along streams and rivers in the nearby area. 
August is characterized by lower average precipitation (147 mm), however, the 
rainfall can still be substantial in this month. In 1972, when four flood scars were 
formed, the highest August rainfall in the twentieth century was recorded (323 
mm). Also, in AD 1938, a very wet July was followed by a rainy August.

The amount of snow fall during winter does not seem to influence the occur-
rence of spring floods. Irrespective of precipitation in winter, the depth of the snow 
cover is 0.5–1.5 m but locally may exceed 3 m in the higher elevations (Łajczak 
1996). The rate of snow melting which most likely induces high water flows is 
more important. Many scars formed in the dormant season of 1957/1958 were most 
likely the result of such an intense snowmelt event in late spring of 1958. Climatic 
records also indicate that an unusual increase of the temperature in May occurred 
during this year. The monthly temperature of April was 3.1°C below average while 
the temperature of May was 3.8°C above average. The snow melting period, which 
normally lasts from April to May was limited to May in 1958. Also, the average 
precipitation in June 1958 exceeded considerably the average for the century. 
This may indicate that flooding in 1958 was a result of a coincidence of intensive 
snowmelt due to warm spring temperatures and high precipitation amounts in June. 
Such a combination of extremes, when snowmelt adds to the catchment discharge 
from the rainfall may cause flooding (Benestad and Haugen 2007). The flood in 
1958 was also recorded in nearby Tatranská Lomnica (Slovakia), located on the 
other side of the mountain range (Koreň 2005). Historical information also confirms 
a large flood in 1958 in southern Poland, described as “the largest since the Second 
World War” (Fal 1997). The oldest scar from 1928/1929 might also be a result of 
such an anomaly in AD 1929, when one of the highest differences between April 
and May temperatures was recorded.

The high precipitation in May and June reinforcing discharge normally caused 
by snowmelt may explain scar formation in 1939/1940, 1947/1948, 1958/1959 and 
1972/1973, when the highest values of precipitation (>300 mm) were recorded.

The relatively small dataset collected in this study of the formation of scars 
during floods is to some extent accidental. The formation of a flood scar requires 
high flow, the presence of debris in the channel and finally an abrasive process in 
stems of trees growing on the bank. Thus, the flood scar indicates a flood event, but 
a period without scars does not have to be a period without floods. In the small 
scale of this study (2.75 km along a stream), a flood event may happen without 
leaving scars due to the lack of transported objects and therefore result in the 
absence of injured trees. Also scarred trees might have already disappeared from 
the banks. This means that the series of reconstructed flood events cannot be treated 
as a complete dataset. A similar problem concerns the intensity of the flood events. 
A high number of scars formed in the dormant season of 1957/1958 may indicate 
an event of relatively high intensity. In the case of the rest of the flood years when 
the number of scarred trees varied from one to six, the intensity of the flood can 
hardly be estimated. Available climatic records from Zakopane may not precisely 
reflect the weather conditions in the study area, where elevation is significantly 
higher. The use of monthly precipitation and temperature is a simplification as well, 
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as it might be too long a period to detect weather anomalies. For instance, the 
presence of six scars identified in 1946/1947 could not be explained with climatic 
data. This shows that stream flow in small catchments extending across wide alti-
tudinal ranges and different hydrological zones may react very violently to abrupt 
local weather change, which might not be recognized with basic weather records.

6  Conclusions

Our study shows that it is possible to reconstruct flood events in the fine scale of a 
small mountain stream over almost one century. It is hard to point out one weather 
factor, which is responsible for these flood events. In the mountain area, a flood is 
usually linked with complex extreme meteorological events like violent rainfall and 
rapid snowmelt due to high spring temperatures. Small catchments of high relief 
and varied physiography may react very suddenly to weather extremes. Flood-scar 
evidence proves that the Waksmundzki Stream discharge can be highly variable. 
Cross-dated scars also enabled detection of past floods, which hardly could be 
reconstructed only with basic climatic data. The reconstruction of the flood history 
based on tree rings may substantially improve our understanding of this phenom-
enon, especially in different spatial scales when direct discharge records are 
lacking.
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Spring flooding along the Red River is one of Canada’s most disruptive natural 
hazards. In 1997, floodwaters from the Red inundated more than 2,000 km2 in 
Canada and the United States and threatened communities through-out the Red 
River basin (Fig. 1). Dubbed the ‘flood of the century’ by local media, the 1997 
flood caused more than CDN $500 million in damages in southern Manitoba 
(Manitoba Water Commission 1998) and was even more destructive upstream in 
Minnesota and North Dakota. The Red River breached the dikes protecting the 
cities of Grand Forks and East Grand Forks, caused damages in excess of USD $3.6 
billion and chased several thousand people from their homes (International Joint 
Commission 2000). The region’s largest city, Winnipeg, avoided disaster by a 
narrow margin. Almost half a century earlier, the Red River flood of 1950 caught 
the basin largely unprepared and unprotected, and displaced nearly 100,000 people 
from Winnipeg and other communities (Bumstead 1997).

Estimates of future flood risks are based on the frequency and magnitude of 
floods observed in the past (Stedinger et al. 1993). By definition, extreme floods 
occur infrequently, and the probability of their occurrence is often difficult to 
estimate from gauge records (Klemeš 1989). Moreover, a few decades of observa-
tions provides a limited perspective to judge how flooding may be influenced 
by factors such as climate change, low-frequency variability and land-use 
change. In the Red River basin, dendrochronology has provided a means to develop 
extended records of severe floods that span the last several hundred years.

During a severe flood, the Red River inundates trees growing within its riparian 
forest for several weeks between late April and early June (St. George and Nielsen 
2002). Prolonged flooding causes bur oak (Quercus macrocarpa) to develop unusual 
anatomical features within its annual growth ring (Fig. 2). Flood signatures in bur 
oak are characterized primarily by extreme reductions in the size of conductive vessels 
within the earlywood (St. George and Nielsen 2000, 2003). In some cases, ‘flood 
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Fig. 1 Flooding in the Red River basin during the spring of 1997. Photograph by Greg Brooks

Fig. 2 Normal and flood-damaged tree rings in bur oak. The left-most ring was formed during 
1826 and contains shrunken earlywood vessels and anomalous latewood with disrupted paren-
chyma and little fiber. Rings formed in 1827 and 1828 have much larger vessels and normal flame 
parenchyma. Photograph by Suzana Radivojevic
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rings’ also feature amorphous latewood with disrupted flame parenchyma and a 
reduced proportion of fiber. Rings formed during extremely large floods also contain 
low levels of Mg, Mn and Sr in their earlywood (St. George et al. 2006), but it 
is not clear if these anomalies represent an independent biochemical response to 
flooding or if they are a secondary effect caused by changes in wood anatomy.

Flood rings have proven to be an exceptional tool for studying the history of 
flooding in Manitoba. For the Red River, the proxy flood record developed from 
these signatures extends to AD 1648. During this interval, the Red River basin 
experienced several episodes of frequent floods: the mid-1700s, the early to mid-
1800s and the latter half of the twentieth century. Conversely, there have been long 
periods where the Red River has been relatively quiescent, with almost a century 
passing between major floods. Tree-ring evidence has also been used to estimate the 
magnitude of past floods by comparing the relative frequency of flood rings in 
the regional tree-ring chronology. This analysis suggested that the largest flood in the 
last three and a half centuries occurred in the spring of 1826.

Paleoflood records from tree rings have provided a critical long-term perspective 
on flood dynamics in southern Manitoba. By documenting the occurrence of large 
floods during the past several centuries, tree rings have contributed to improved risk 
assessments for communities in the Red River basin and influenced the design of new 
flood measures protecting Winnipeg. These multi-centennial records have also helped 
clarify how climate and land-use change and geomorphic processes influence the 
frequency of large floods. Most importantly, tree rings preserve direct evidence of 
past floods that can be used to communicate flood hazards directly to those at risk.
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1  Introduction

When assessing the impacts of human activities on the climate system, it is necessary 
to have an insight on baseline climates where human encroachment is absent or 
limited, in order to determine how current and future trends may be out of the range 
of “natural” climate variability. In this respect, paleoclimate reconstructions have 
played a leading role in establishing robust estimates of baseline climates, spanning 
back decades to millennia, according to the proxy used (Bradley et al. 2003; Cook 
et al. 2002; Crowley and Lowery 2000; Esper et al. 2005; Guiot et al. 2005; 
Jones et al. 2001; Mann and Jones 2003; Mann et al. 1998; Villalba et al. 2003; 
Xoplaki et al. 2005).

Using proxy data for the analysis of extremes is, however, more problematic, in 
that in many cases extremes are short-lived phenomena and often on very local 
scales, such that many forms of paleoclimatic archives would not even register this 
type of event. There are other instances, however, where persistent events beyond a 
certain threshold (e.g., heat waves) or acting over large surface areas (droughts or 
extensive floods) do register in many proxy archives (e.g., Cole and Cook 1998; 
Cook et al. 2004; Le Quesne et al. 2006; Luckman and Wilson 2005; Luterbacher 
et al. 2004; Osborn and Briffa 2006; Woodhouse and Overpeck 1998). Indeed, the 
existence of massive droughts in the southwestern part of North America have been 
highlighted through dendrochronology and palynology (Cook et al. 2004; Schubert 
et al. 2004). Novel techniques that use information on damage to tree rings to docu-
ment severe and even short-term events (e.g., Stoffel et al. 2005, 2008) are cur-
rently emerging, thereby also shedding light on the possible changes in frequency 
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and severity of events such as rockfall or debris flows in mountain regions, for 
example. Further examples of dendrochronological analyses that have been used 
with some degree of success include the reconstruction of tropical cyclones in the 
United States (e.g., Miller et al. 2006; Liu et al. 2008; Gentry et al. 2010, this vol-
ume; Grissino-Mayer et al. 2010, this volume) and even tornados (e.g., Sheppard 
et al. 2005, 2010, this volume).

This chapter will provide a succinct overview of extreme climatic events, what 
they are and where they come from, before suggesting where dendrochronology 
can be of key interest in the study of past, current and future extremes. Finally, a 
list of suggested recommendations as to future research needs linking tree-ring 
science and extreme weather analyses is provided.

2  What Are Extreme Events, Where Do They Come  
from, and Why Are They Important?

There is no single definition of what constitutes an extreme event. Extremes can be 
quantified inter alia on the basis of (Beniston et al. 2007):

•	 How Rare They Are: Events that occur with relatively low frequency. For 
example, the IPCC (2007) defines an ‘extreme weather event’ to be “an event 
that is rare within its statistical reference distribution at a particular place. 
Definitions of ‘rare’ vary, but an extreme weather event would normally be at 
least as rare as the 10th or 90th percentile.”

•	 How Intense They Are: Events characterized by relatively small or large values 
(i.e. events that have large magnitude deviations from the norm). Not all intense 
events are rare: for example, low precipitation totals are often far from the mean 
precipitation but can still occur quite frequently. Note, intensity as defined here 
should not be confused with the definition of intensity used in the point process 
literature to denote the frequency/rate of events.

•	 How Severe They Are: Events that result in large socio-economic losses. 
Severity is a complex criterion because damaging impacts can occur in the 
absence of a rare or intense climatic event: for example, thawing of mountain 
permafrost leading to rock falls and mudslides.

It is clear that none of these definitions on their own are entirely satisfactory, and 
each definition corresponds to a particular situation but cannot necessarily be 
applied in a universal context. Understanding the mechanisms underlying various 
forms of climatic extremes is of interest to assess of the manner in which they may 
evolve in the future, under changing climatic conditions.

Extreme weather events are amplifications beyond normal levels of a particu-
lar physical process such as precipitation or winds. Such amplifications can take 
place within mid-latitude baroclinic waves, leading for example to strong winter 
wind storms, over warm tropical oceans (hurricanes), or when moisture conver-
gence occurs over land surfaces that have been heated (severe thunderstorms). 
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At larger geographical scales, disturbances in normal atmospheric circulation patterns 
can result in heat waves, droughts, or conditions leading to large-scale flooding. 
Decadal-scale variability induced by phenomena such as ENSO (El Niño/Southern 
Oscillation) or the NAO (North Atlantic Oscillation) can result in large-scale disrup-
tions of large-scale weather patterns (droughts and floods during El Niño events in 
many parts of the world; unusual heat and drought or the reverse according to the 
NAO mode on both sides of the Atlantic; etc.) Finally, the added thermal energy in 
the atmosphere forced by enhanced greenhouse-gas concentrations may already be 
leading to increased frequency and/or intensity of many extremes (IPCC 2007).

As climate continues to warm during the course of the twentyfirst century, it can 
be expected that extreme events will also increase, because the thermal energy that 
drives many atmospheric processes will be enhanced. Insurance statistics reveal that 
climate-related hazards take the heaviest toll on human life and generate some of the 
highest claims for insured damage. In the second half of the twentieth century, earth-
quakes caused 71 ‘billion-dollar events’ globally; however, more than 170 such 
events were related to climatic extremes, in particular wind storms (tropical cyclones 
and mid-latitude winter storms), floods, droughts and heat waves. Furthermore, there 
is evidence that insured losses from extreme climate events have increased in recent 
decades (Munich Re 2002), due not only to increases in insured infrastructure – 
more cover, higher premiums (Swiss Re 2003) – but also to recent changes in 
weather and climate extremes (e.g., more storms and heat waves in the 1990s; cf., 
Harnik and Chang 2003; Huth et al. 2000; Siegismund and Schrum 2001). Because 
climatic extremes are those that generate the highest costs in terms of mortality and 
economic losses, compared to changes in mean climate, there is an obvious incentive 
for research on extreme events and the possible shifts in their frequency and intensity 
as climate changes in the course of the twentyfirst century.

3  How Can Tree Rings Help in Reconstructing  
Extreme Events?

Dendrochronology is certainly one of the key techniques that has provided extremely 
valuable information related to environmental and climatic change in the past. Tree-
ring analyses have proven to be essential in climate and vegetation reconstruction 
over centuries to millenia in many parts of the world, providing data for periods 
when direct instrumental observation is unavailable. Tree-ring studies can also be 
used to determine fire histories and volcanic eruptions, stream-flow conditions 
using calibrated relationships between ring width and runoff amounts, as well as 
certain forms of extreme climatic events (Briffa et al. 2004). Dendrochronological 
analysis is not without problems, however, because precipitation and temperature 
are not the sole determinants on tree growth. Furthermore, the biological response 
to climate forcing may change over time (Brovkin et al. 2002; D’Arrigo et al. 2004; 
MacDonald et al. 2000). Carbon dioxide fertilization may also have an influence, 
particularly on tree species at high elevations.
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Two distinct techniques provide climatic information, namely the measurement 
of annual ring width, and the analysis of wood density (Fritts 1976; Schweingruber 
et al. 1979). Ring width, when corrected for age trend, varies strongly in response 
to summer temperature towards polar and upper altitude tree-lines, and to 
summer moisture near the lower altitude tree-line in arid regions (Briffa et al. 
2004; Tessier et al. 1997). In addition, the isotopic ratios (oxygen, deuterium and 
carbon) in tree-rings are the result of the response of the tree to complex biological 
and eco-physiological processes, of which climate is probably the dominant 
factor. Tree-ring chronologies need to be calibrated against absolutely-dated 
sequences and the signal-to-noise ratio has to be optimized. In this context, 
Hughes et al. (1982) paved the way for methodologies that treat tree-ring 
sequences in such a way that climate-related information (i.e., the signal) is 
retained while non-climatic variation (i.e., the noise) is removed (e.g., Fritts 
1976; Briffa 2000; Moberg et al. 2005). In effect, the climatic factor is the only 
one that exhibits an annual periodicity and where the climatic anomalies are 
coherent over large regions. As a result, the inter-annual fluctuations of climate 
can be identified in the ring characteristics. Other issues such as the detection of, 
and distinction between, high, medium and low-frequency signals in the records 
need to be addressed when preparing a chronology (e.g., Briffa and Osborn 2002; 
Jones et al. 1997; Tessier et al. 1997).

As previously mentioned, extreme events, and not changes in mean climate, 
generally have the strongest bearing on environmental disruption, damage, and 
loss of life. This has prompted interest in modeling studies to assess the possible 
changes in extremes in a changing climate, to test the capability of models to 
reproduce past events and project these into the future, and to assess what may be 
some of the important non-linearities and feedbacks that are important in contrib-
uting to various extremes (e.g., Rial et al. 2004). Models are not only dependent 
on tree-ring data for initialization and verification purposes, but they can under 
certain circumstances be a powerful tool to explain the observed chronologies, 
particularly at the regional scale (e.g., Coe and Harrison 2002). For example, 
appropriate model initializations can help to simulate the atmospheric circulations, 
and the precipitation patterns embedded in these flows, that have resulted in 
particular configurations of tree-ring width and densities observed in a particular 
region for a given time frame (Beniston 2002). The model studies can thus provide 
insight as to whether the tree rings have been influenced by local, regional, or 
large-scale shifts in precipitation or temperature. Fine-scale regional climate models 
(RCMs) can also be used as “intelligent interpolators”, in order to fill the gaps in 
sparse data and provide missing climatic information for various geographic 
zones. This can be particularly of interest for remote high-elevation or high-
latitude sites.

At the large spatial scales, comparisons of records of past vegetation dynamics 
to paleoclimatic simulations by GCMs have improved the understanding of the role 
of climate in governing past vegetation change (Trenberth and Otto-Bliesner 2003; 
Webb et al. 1993). Several major findings of paleo research have guided investiga-
tions of the effects of future climate change on the Earth’s biota. These include 
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changing seasonality, which may result in unexpected vegetation patterns (Prentice 
et al. 1991), rapid changes in both climate and vegetation with ecosystem-wide 
implications, and short-term extreme events which may impact tree population 
structures (Lloyd and Graumlich 1995).

Certain forms of short-lived extreme events can today be investigated with a 
hybrid technique known as dendrogeomorphology (Stoffel et al. 2005). This 
consists of looking at the damage to trees that debris flows, rock falls or other 
geomorphologic hazards are capable of exerting and assessing their frequency 
and intensity. The technique is of particular relevance in mountain regions where 
these hazards can be quite common and pose threats to mountain communities 
and disrupt communication routes. Stoffel and Beniston (2006), for example, 
have shown how the behavior of over 100 debris-flow events in one Swiss alpine 
valley is linked to climate as the primary driver, and how the study of past events 
can shed light on the triggering of future debris flows under much warmer 
conditions.

4  Conclusions: Future Research Needs

Research should continue to foster closer ties between the dendrochronology 
and climate modeling communities. Dendrochronology has been a key actor in 
the climate change debate, by providing much of the baseline climate informa-
tion over the past several centuries (IPCC 2007). Tree-ring science will 
continue to have significant added-value for climate research, in areas that 
include:

•	 Experimental Studies: Dendrochronology-based information has value for fun-
damental understanding of various processes relevant to climate. Specific 
regional field studies, including transects and focusing wherever possible on 
regions or time horizons prone to extreme events, would allow the compilation 
of data sets on extremes that is still largely lacking.

•	 Links to Numerical Models: As already mentioned, tree-ring chronologies 
can provide essential data for initialization and inter-comparison purposes with 
climate models, particularly at the regional scales. The trends reconstructed 
from tree-ring data can be used for testing other types of model as well, such as 
ecosystem response models, hydrological models, and cryosphere models, 
enabling an integrated approach to extremes, from their underlying trigger 
mechanisms to the impacts that they exert on many environmental systems.

Implementation of such research, which by essence must be compatible with the 
long time-scales of forest dynamics anthropogenic climatic change, will help 
further our understanding of the fundamental processes involved. This in turn will 
allow the formulation of appropriate adaptation or mitigation strategies that need to 
be developed in order to alleviate the most adverse impacts of climatic change, 
namely those associated with extreme weather and climate.
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1  Introduction

Tropical cyclones (TCs) (hurricanes, typhoons, and cyclones) are considered 
the natural hazard with the greatest potential for loss of life and destruction of 
property, for several reasons. First, TCs occur with greater frequency than many 
other destructive natural hazards, such as earthquakes and volcanic eruptions. 
This frequency, we are learning, depends on trends in ocean sea-surface tempera-
tures (SSTs) (which can be monitored using the Pacific Decadal Oscillation (PDO) 
and the Atlantic Multidecadal Oscillation (AMO)) combined with other climatic 
factors, such as the presence/absence of El Niño and the extensiveness of easterly 
wave activity. Second, TCs disburse large amounts of energy, acting as a siphon and 
absorbing energy from the oceans and subsequently releasing it back to the atmo-
sphere. Higher SSTs equate to greater amounts of latent heat and greater amounts 
of energy released during condensation during a tropical cyclone. Third, tropical 
cyclones are spatially extensive, from the eye wall of cumulonimbus clouds 
characterized by sustained and very damaging winds that can move in excess of 
250 km/h (180 mph) to the spiral bands that can extend out hundreds of kilometers 
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and capable of producing flooding rainfall. Fourth, tropical cyclones affect 
sub-tropical and extra-tropical locations, such as Southeastern Asia, where infra-
structure is poor and there is very limited ability to provide early warnings or to 
evacuate human populations that often number in the millions.

Impending changes to global climate could exacerbate any of these properties. 
For example, an increasing trend in TC intensity and longevity has been observed 
for the Atlantic Ocean (Klotzbach 2006), perhaps due to increasing SSTs. Energy 
dissipation and therefore storm intensity of tropical cyclones may increase due to 
global warming, but with considerable spatial variability between hemispheres and 
among ocean basins (Emanuel et al. 2008). The unprecedented 2005 tropical 
cyclone season in the Atlantic Ocean was likely caused by abnormally high SSTs 
(0.9°C above the 1901–1970 normal), a major percentage attributable to global 
warming and not to natural variability (Trenberth and Shea 2006). TC tracks in the 
Atlantic Ocean are likely to shift poleward with increasing global temperatures 
(Jiang and Perrie 2007), thus likely affecting geographic locations not accustomed 
to repeated occurrences of hurricanes. A greater proportion of intense hurricanes in 
the last 30 years may be attributable to geographic changes in tropical cyclone 
source regions and therefore their subsequent tracks, highlighting a need for more 
carefully monitoring effects of increasing temperatures (Wu and Wang 2008). 
Global warming is likely to cause an increase in the size of hurricanes with a simul-
taneous decrease in the time it takes to reach tropical cyclone status (Jiang and 
Perrie 2007).

Now more than ever, a long-term perspective on TC activity is needed to place 
these expected changes in historical context. The use of natural archives for under-
standing the past history of TC activity is therefore becoming increasingly important 
(Fan and Liu 2008). Sand layers in near-shore sediments, bracketed by radiocarbon 
dates, along the Atlantic and Gulf of Mexico coasts have been particularly instructive 
for reconstructing TC activity (Liu and Fearn 1993, 2000; Donnelly et al. 2001; Liu 
et al. 2008). These are produced when overwash of coastal dunes from wave activity 
associated with particularly intense hurricanes is deposited in the adjacent lagoon 
or lake. These studies have also been carried over to Pacific Ocean coastal locations 
in Australia (Nott and Hayne 2001) and the South China Sea (Yu et al. 2009), in 
some case with decadal resolution over many thousands of years. Nyberg et al. 
(2007) reconstructed vertical wind shear and SSTs using luminescence intensity of 
banded corals growing in the Caribbean Sea and found that the frequency of 
hurricanes in the 1970s and 1980s was anomalously low compared to the last 270 
years, and that current TC activity is not unusual (although this has been debated; 
see Neu 2008). The isotopic composition of speleothems that formed in subtropical 
locations have shown striking correspondence to TC events (Frappier et al. 2007), 
although the length of the current record is quite short (23 years).

Although promising, such high-resolution studies are rare, attributable to the 
challenges (labor, time, and finances) one faces when analyzing sediments, corals, 
and speleothems at high temporal resolutions. Ideally, a proxy record is needed that 
is spatially abundant in coastal locations, has annual or finer resolution, and can be 
processed relatively quickly with the proper equipment.
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2  Hurricanes and Tree Rings

Tree-ring data have long been known to contain a signal of TC activity. Pillow 
(1931) noticed hurricanes produced reaction wood once trees were forced to lean 
from high winds, and Manabe and Kawakatsu (1968) were able to reconstruct past 
typhoons back to AD 473 using reaction wood in Japanese cedar (Cryptomeria 
japonica). Most tree-ring studies, however, have been applied to understand the 
effects of TCs on tree growth and forest development. For example, Henry and 
Swan (1974) quantified in detail the effects of the 1938 New England hurricane on 
forest development in the Harvard Tract of southwestern New Hampshire (USA), 
noting how 18 downed stems dated using tree rings all pointed in a southwesterly 
direction. Subsequent studies focused on hurricane effects on New England forests 
(Foster 1988; Dunwiddie 1991) and, more recently, on forests of the southeastern 
U.S. Gorham (1992) and Doyle and Gorham (1996) analyzed effects of Hurricane 
Camille (1969) on coastal pine forests in Alabama, Mississippi, and Louisiana, and 
found a hurricane signal using a combination of growth suppressions, growth 
releases, and establishment dates. Parker et al. (2001) found growth releases in sand 
pine (Pinus clausa) growing in the panhandle region of Florida that were coincident 
with past TCs dating back to the 1890s. Rodgers et al. (2006) found a hurricane 
signal in individual tree series of pines growing in coastal Alabama via growth 
suppressions and releases, which were muted when multiple series were averaged 
together.

Lines of evidence of past TC activity based on tree growth patterns are only 
indirect, however, and an improved, direct geo- or bio-marker of TC activity was 
needed that maintained annual precision. The goal of our study was to analyze the 
oxygen isotope composition of longleaf (Pinus palustris) and slash (Pinus elliottii) 
pine tree rings to isolate the years of landfalling hurricanes from a site in southern 
Georgia prone to TCs that originate in both the Gulf of Mexico and Atlantic Ocean. 
Previous studies have shown that TC activity produces rainfall that is depleted in 
18O (by as much as 10‰) when compared to typical thunderstorms (Nicolini et al. 
1989; Lawrence and Gedzelman 1996; Lawrence 1998). Two basic physical factors 
govern d18O values in TC precipitation: (1) continued fractionation during conden-
sation, with preferential incorporation of 18O in the condensate, leads to low isotope 
ratios in both vapor and precipitation in systems with tall, thick clouds, and (2) 
diffusive isotopic exchange between falling rain and ambient vapor, which results 
in a 18O enrichment of the falling rain and a decrease in vapor compositions. Large, 
organized, and long-lived storms, such as TCs, particularly amplify these isotope 
effects (Miyake et al. 1968; Lawrence and Gedzelman 1996; Gedzelman et al. 
2003). Furthermore, this 18O-depleted water can remain in the soil for weeks 
following a TC event (Lawrence et al. 2002), ensuring uptake by trees and incor-
poration of the 18O-poor oxygen in the wood cellulose. Lastly, the eye of a TC event 
need not pass directly over the study area to be recorded because TC-related isotope 
depletions can be significant several hundred kilometers from the eye (Lawrence 
and Gedzelman 1996).
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3  Study Site

Pines used in this study came from two locations in southern Georgia that were 
collected for a separate but related study to reconstruct past climate from the 
tree-ring record. Core samples from living slash and longleaf pines were collected 
from the campus of Valdosta State University in Valdosta Georgia from trees 
that were felled for building construction in the late 1990s. These trees all 
established in a short window of time between 1825 and 1830, indicating a 
disturbance-mediated (fire or wind) cohort. To extend the tree-ring chronology 
back in time, samples from remnant longleaf pine trees were collected from Lake 
Louise, about 15 km (9 mi) south of Valdosta. These samples came mostly from 
stumps left over from late nineteenth and early twentieth century logging related 
to the turpentining industry which pervaded the southeastern Atlantic coastal 
region between ca. 1800 and 1920. The samples represent rare old-growth lon-
gleaf pines with very slow growth rates that contained tree-ring series that were 
sensitive to seasonal and annual changes in rainfall amounts (Fig. 1). Standard 
dendrochronological techniques (Stokes and Smiley 1996; Grissino-Mayer 2001) 
were used to develop a continuous master chronology from 61 trees total from 
both locations back to AD 1421. Tree rings back to AD 1770 were analyzed in 
this study.

Fig. 1 Longleaf pine sample LLC 004 from the Lake Louise site in southern Georgia, with tree 
rings that date from AD 1542 to 1813
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4  Methods

TCs are more common in late summer and fall months, when pine trees at this 
latitude are already forming latewood. Therefore, an isotope signal of TC activity 
most likely will be seen in the d18O of the latewood. We began by sectioning indi-
vidual crossdated tree rings from two pine trees into earlywood (EW) and latewood 
(LW) components. Alpha-cellulose was isolated using modified techniques 
described by Loader et al. (1997) to ensure complete removal of mobile resins 
(Miller 2005). Approximately 100 mg of each sample were weighed and loaded into 
silver capsules. Oxygen isotopes were analyzed using a quantitative high temperature 
carbon reduction elemental analyzer (TC/EA) interfaced with a continuous flow 
isotope ratio mass spectrometer (Finnigan MAT Delta Plus XL IRMS). Samples 
were pyrolyzed at 1,450°C and CO was separated from H

2
 and nitrogen-bearing 

gases by gas chromatography. The CO was carried in a He-stream to the mass 
spectrometer for measurement of 18/16O ratios.

5  Results

The oxygen isotope time series for both EW and LW show clear decadal to multi-
decadal-scale variations (Fig. 2), especially in the EW values. EW tends to be 
enriched in 18O by 1–2‰ in comparison to LW values prior ca. 1930. After 1930, 
the two series become more similar in composition. Divergent compositions 
pre-1930 are most likely related to differences in source moisture between winter/
spring rainfall (which contributes to EW formation) and summer/fall rainfall 
(which contributes to LW formation). The decadal-scale variations most likely 
reflect systematic variations in seasonal temperature or sources of normal precipitation 

Fig. 2 d18O values for earlywood (top) and latewood (bottom) from two pines collected in southern 
Georgia
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controlled by larger-scale climate modes, such as the AMO and North Atlantic 
Oscillation (NAO). For example, inspection of the EW and LW series during the 
twentieth century shows some similarities (and differences) with trends in the 
AMO. From the 1870s to early 1950s, a strong inverse relationship exists between 
EW and LW isotopic compositions and the AMO. From 1965 to 1990, the correla-
tions are weaker, and positive for EW compositions, and there is no significant 
correlation with LW. Wavelet analysis (Torrence and Compo 1998) verified a 
statistically significant period at approximately 80 years (for nearly the entire 
record) and a near-significant period at approximately 32 years (Fig. 3), both of 
which could be associated with AMO activity.

The abrupt change in the relationship between the AMO and isotopic composi-
tions coincides with a change in the predominant type of tropical cyclones, i.e., 
tropical or baroclinically-enhanced tropical cyclones of extratropical origin. These 
types of tropical cyclones form by fundamentally different mechanisms (Elsner and 
Kara 1999). The 1965–1990 period, in which baroclinically enhanced tropical 
cyclones were dominant, was one of relative quiescence for major tropical cyclones 
impacting the US coast. Since the mid-1990s, tropical cyclones have returned to 
dominance (Elsner and Kara 1999), with a greater number and greater intensity 
than in the previous 30 years.

Fig. 3 (a) LW isotope time series along with (b) Morlet wavelet analysis, and (c) the global 
wavelet power spectrum (black line). Blackcontour in (b) is the 5% significance level, using a 
red-noise background spectrum (Torrence and Compo 1998; http:// www.ResearchSystems.com)
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The low-frequency trend in the LW time series does not make apparent any 
relationship with TC activity, so we removed the low-frequency signal by modeling 
the LW series with an AR(1) process that effectively models the series as a function 
of itself lagged by 1 year to account for serial persistence. We used the residuals of 
the autoregressive model where negative values indicate low oxygen isotope 
compositions. We then compared the residual time series with a record of TC 
events recorded by instrument or historical documents that occurred within 400 km 
of the study area in south Georgia over the period 1851 to 1990 using the HURDAT 
database (Jarvinen et al. 1984; Landsea et al. 2004).

We observed that TC events coincided in years in which the residuals of the LW 
isotope compositions were anomalously negative (<−1.0) (Fig. 4). Using this –1 
threshold, only one “false positive” (i.e., a storm detected by proxy for which there 
is no instrumental evidence) was noted and only three storms known to have 
tracked near the study area were missed (“true negatives”) over the period 1855 to 
1990. For example, a residual approaching –3 was found for the year 1871. In that 
year, no fewer than three hurricanes (Storm 4, 25–28 August; Storm 6, 6–7 
September; and Storm 7, 4–6 October) affected the study area, with Storm 7 making 
a direct hit. In 1953, Hurricane Florence struck the panhandle of Florida as a 
Category 3 storm, then veered just to the north of our study site, causing large 
amounts of rainfall. This TC event is recorded with one of the lowest residuals in 
the entire record (–2.2). In 1958, Hurricane Helene stayed off the Georgia and 
South Carolina coasts but was still recorded with a residual of –2.0, even though 
local rainfall amounts from this hurricane would be considered modest (2.5 cm).

Further back in time, an unusual triad of TC events is shown in 1811, 1812, and 
1813 with residuals of –1.2, –1.0, and –1.2 respectively. The years 1811 and 1813 
particularly stand out because coastal areas of South Carolina were devastated in 

Fig. 4 Residuals (actual–predicted) created after fitting an AR(1) model to the original LW isotope 
time series. Documented TCs are shown as black dots
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these years by catastrophic hurricanes (Ludlum 1989). The “Great Louisiana 
Hurricane of 1812” (Ludlum 1989), however, would have been a considerable 
distance from our study area in southern Georgia. Even further back in time, the 
LW residuals indicate a TC event in 1780 (–1.9) which could be showing one of 
the three “Great Hurricanes” that struck the Caribbean region in 1780 (Sandrik and 
Landsea 2003). Historical records are inconclusive whether any TC made landfall 
in the U.S. but a powerful hurricane (known as “Solano’s Hurricane”) struck the 
eastern Gulf of Mexico region north of Cuba between 17–22 October in 1780 
(Ludlum 1989).

Although residual values £–1.0 strongly correlate to occurrence of a TC, TC 
activity is also noted for many years with residual values £–0.5 (Fig. 4), although 
using this threshold can lead to a few more “false positives.” For example, residuals 
of –0.6, –0.7, –0.6, and –0.5 occurred in 1910, 1935, 1974, and 1988, respec-
tively, but no known TC events occurred within 400 km of the study area during 
these years. For residual values >–0.5, there is no apparent relationship with TC 
occurrence. A TC event may or may not have occurred in those years. In some 
cases, residual values do not capture evidence of a storm reported to have affected 
the study area. For example, residuals appear to miss known storms in 1893, 1896 
and 1898.

6  Discussion

The magnitude of TC-related isotopic depletions in cellulose will depend on many 
factors, including the size and proximity of the storm, soil type, and preexisting soil 
moisture conditions, and is therefore most useful as positive, rather than negative, 
evidence of an event, and cannot be used as a measure of TC intensity. A complicating 
factor concerns evaporative enrichment of oxygen isotope ratios in soil and leaf 
water caused by drought conditions preceding or during the growing season in which 
the TC event occurs, as this may affect the oxygen isotope compositions (Tang and 
Feng 2001). Evaporative enrichment would dampen TC isotope anomalies in the 
soil, causing TC events to be missed by this proxy record. For example, several well-
documented TCs occurred in the 1890s, a decade that was “the busiest decade on 
record for the Atlantic seaboard of the United States” (Landsea et al. 2004). TCs 
occurred near our study area in 1893 (the “Sea Islands Hurricane” off the Georgia 
coast), 1896, and 1898 but were not detected in the isotope proxy record because 
this decade experienced mild to severe drought in the study area. A reconstruction 
of January–April rainfall based on longleaf pines from the Lake Louise study area 
showed that 14.2 in. of rainfall occurred during this interval each year during the 
1890s compared to the long-term (AD 1421–1999) average of 16.2 in.

Nonetheless, examination of the temporal patterns of all residuals £–0.5 reveals 
striking patterns of increased and decreased TC activity in our study area, which 
may indicate broader-scale patterns of TC activity throughout the region. Five periods 
of increased activity are indicated: 1773–1780, 1800–1815, 1838–1852, 1867–1888, 
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and 1928–1959 (Fig. 5; Table 1). Periods of decreased TC activity occurred 
between 1781–1799, 1816–1837, 1853–1866, 1889–1927, and 1960–1997. 
HURDAT records show that “the period of the 1850s to the mid-1860s was quiet, 
the late 1860s through the 1890s were busy and the first decade of the 1900s were 
quiet” (Landsea et al. 2004), which is clearly substantiated in our record. Particularly 
noteworthy were the decades of the 1800s (six events), 1840s (six events), 1870s 
(five events), 1930s (five events), and 1940s (five events).

Our isotope record may help researchers isolate unknown TC events. For example, 
two events are indicated in 1847 and 1857 by very low residuals (–2.5 and –1.9). 
No event has yet been historically documented for 1847, either on the Gulf Coast or 
Atlantic seaboard (Ludlum 1989), so this event could represent an unknown TC or 
represent a “false positive.” The 1857 residual, however, may indicate a previously 
unknown TC event based on ongoing searches through historical documentation 
(Mock 2004). Efforts are currently underway by TC scientists to extend the TC 
record back to the 1800–1850 period and beyond, and we hope these efforts reveal 
TC events in such years as 1773 (–1.6), 1778 (–1.6), 1793 and 1795 (–1.5), 1805 
(–1.5), 1809 (–1.6), 1819 (–1.5), 1821 (–1.4), 1827 (–2.1), 1834 (–1.1), and 1843 
(–1.8). For example, in 1819 and again in 1821, TCs struck near Mobile, Alabama, 
480 km from the study area, but the 1819 TC of 27–28 July was considered the worst 

Fig. 5 Timeline of TC activity from 1770 to 1997 inferred from the residual time series (values 
<−0.5). Black/white areas above denote increased/decreased TC activity

Table 1 Periods of above- and below-average TC activity (residuals £−0.5)

Period of above-average TC 
activity

Period of below-average TC 
activity Number of events (%)

1773–1780 5 (63%)
1781–1799 3 (16%)

1800–1815 10 (63%)
1816–1837 5 (23%)

1838–1852 9 (60%)
1853–1866 1 (7%)

1867–1888 11 (50%)
1889–1927 4 (10%)

1928–1959 15 (47%)
1960–1997 7 (18%)
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the residents of that part of the Gulf Coast had seen up until the 1850s (Ludlum 
1989). The year 1827 saw two major hurricanes, one pushing westward across the 
Gulf of Mexico until eventually striking Mexico and another called the “Great North 
Carolina Hurricane of 1827” (Ludlum 1989). The latter may be too far removed to 
have affected the study area, but the former may have passed in close enough prox-
imity to the study area. In 1834, a “small hurricane” stayed off the South Carolina 
coast (Ludlum 1989), but rainfall may not have made it all the way inland to the 
study area. In 1843, a major hurricane struck the panhandle of Florida, just 120 km 
southwest of our study area, near today’s Newport, Florida (Ludlum 1989), which in 
all likelihood would have caused rainfall to occur in our study area.

A more comprehensive network of sites throughout the Gulf of Mexico and 
Atlantic Ocean coastal areas where the isotopic composition of pines are analyzed 
could provide insights on tracks and/or area affected for those TCs for which we 
have very little information, especially prior to 1850. For example, if several sites 
up the Atlantic coast from northern Florida to Cape Hatteras, North Carolina reveal 
18O-depleted alpha-cellulose during a particular year, this could indicate the track 
of a TC up the coast of the Southeastern U.S. This denser network of sites would 
also provide finer temporal and spatial resolution for landfalling TCs and provide 
critical information on TC frequency and patterns of TC activity over time, and 
suggest specific coastal regions that have been particularly vulnerable to repeated 
events. Lastly, the record of TC events can be pushed back in time, limited only by 
the length of the tree-ring records. We currently have well-replicated longleaf pine 
tree-ring chronologies for Hope Mills, North Carolina (back to AD 1503), Eglin Air 
Force Base, near Pensacola, Florida (back to AD 1507), eastern Texas (back to AD 
1632), Sandy Island, South Carolina (back to AD 1458), St. Augustine, Florida 
(back to AD 1680), and Lake Louise in southern Georgia (back to AD 1421).

Another useful strategy concerns sub-sampling of the LW to improve accuracy 
with which TCs are detected in the isotope record. Although the phenology of lon-
gleaf pine has not been studied in detail, the phenology of other yellow pines has, 
including the close associate species slash pine, which is faster growing and there-
fore has greater economic value. Slash pine diameter growth begins approximately 
2 months after budbreak (i.e. growth beginning around April or May) and ending 
approximately 6 months later (around October and November) (Dougherty et al. 1994). 
Latewood in southern yellow pines can begin forming in early summer likely caused 
by soil moisture reserves being largely used up (Moehring and Ralston 1967; Cregg 
et al. 1988) coinciding with energy expended for reproduction (emergence of male and 
female cones) (National Phenology Network 2009). For example, mean LW transition 
in loblolly pine was found to occur around day 175 (Late June) (Cregg et al. 1988). 
This timing encompasses the majority of hurricane season and suggests that the 
isotopic signal of a TC event can be masked by analysis of material representing the 
entire LW growth period. To overcome this limitation, the latewood, which is often 
abundant in longleaf pines (Fig. 1), can be sub-sampled into smaller portions. For 
example, Hurricane Florence struck the study area on 26 September 1953 and 
was recorded with a residual value of –2.2. We divided the LW evenly into early 
LW and late LW portions and found a 4.9‰ difference in these two samples with 
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the early LW residual being much lower at –3.0. Therefore, we believe that higher-
resolution sampling of the LW will improve detection of the isotopic anomaly and 
clarify the interpretation of samples with modest (–0.5 to –1.0) LW residuals.

We also must consider additional chemical analyses of pine wood from coastal 
regions beyond just isotopic analyses. Advances have been made in the last 10 years 
for rapid and cost-effective analyses of the elemental composition of organic and 
inorganic materials using Laser-Induced Breakdown Spectroscopy (LIBS) (Lee et al. 
2004; Cremers and Radziemski 2006; Singh and Thakur 2007). This technique uses 
a pulsed laser to ablate a small amount of the target material to cause constituent 
elements to emit light under high temperatures within the generated plasma plume. 
Atomic emission lines of elements within the plume can then be observed using an 
interfaced spectrometer with a wide spectral range, usually 170 nm (ultraviolet) to 
1,100 nm (near infrared), where all elements have emission lines. LIBS has shown 
great utility in the environmental sciences for analyzing soil composition (Bublitz et al. 
2001), contaminated sites (Theriault et al. 1998; Bousquet et al. 2008), and wood 
products (Moskal and Hahn 2002), for example. Coastal trees should be affected by 
considerable salt spray during a TC event, causing additional salt water to be added 
to the freshwater taken up by coastal pines. Although sodium is a macronutrient and 
expected in plant materials, chlorine is not and LIBS can be used to detect concen-
trations of dissociated chloride anions within the plant cellulose. Previous studies 
have shown that chlorine can be detected using LIBS (Kaski et al. 2004; Wilsch 
et al. 2005; Weritz et al. 2008). LIBS conducted on separated annual rings could 
potentially detect TC events by observing anomalous levels of chlorine in the wood 
cellulose and provide yet another proxy for reconstructing TC history.
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Tree-ring responses to a historic tornado (Sheppard et al. 2005) are documented here. 
Little research has been published showing tree-ring responses to tornadoes, that is, 
long-term growth changes due to short-term, intense winds. The tornado of interest 
occurred at Sunset Crater Volcano National Monument, northern Arizona (Fig. 1a, b), 
at about 2:30 PM on 24 October 1992 (Arizona Daily Sun Newspaper, 25 October 
1992; Crisp 1996). The tornado first touched ground south of Sunset Crater and then 
moved generally north-northwest toward O’Leary Peak (Fig. 1c) before dissipating. 
Many trees were uprooted and killed by the intense winds of the tornado, while other 
trees growing within the swaths were damaged by the tornado but survived the event 
and continue living today. This tornado is historically well-documented (Arizona 
Storms Database 2004) and thus can serve as a test case for calibrating ring-growth 
changes in trees that were buffeted – but not killed – by high winds. Such a calibration 
could serve to identify tornadoes of the past within tree-ring records.

The study area is located about 25 km northeast of Flagstaff, Arizona (Fig. 1b) at 
an elevation of about 2,200 m asl. Field sampling was done in the summer and fall 
of 2004, about 12 years after the tornado. Living trees were increment cored in the 
three areas damaged by the tornado (Fig. 1c). All sampled trees were ponderosa pine 
(Pinus ponderosa) and were living in 1992 as well as at the time of fieldwork.

Field procedures followed typical methods of dendrochronology (Phipps 1985). 
Trees were selected based on their extent of damage by the tornado: some had 
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crowns damaged or broken, others were completely knocked over but still living, 
and others showed no apparent damage. Laboratory treatment of the samples also 
followed typical methods of dendrochronology (Swetnam et al. 1985). Samples 
were visually crossdated by matching patterns of wide and narrow rings across 
trees (Douglass 1941). To demonstrate tree-ring responses to the tornado, ring 
growth was compared pre- and post-event in trees affected by the tornado.

Eighty-three living trees were sampled within the tornado swaths, 47 of which 
(57%) show one or more dendrochronological responses to the 1992 tornado. These 
event-response trees are mostly young and/or small, averaging 60 years in age and 
17 cm in diameter.

Ring-growth responses to the tornado include four different changes:

– Growth Release: 57% of response trees show a release in radial growth (wider 
rings) beginning with 1993 and continuing to 2004 (Fig. 2a).

– Reaction Wood: 28% of response trees show reaction wood in the form of discolored 
tissue beginning with 1993 and continuing to 2004. Half of these trees show reaction 
wood for the full rings (Fig. 2b), while the other half show reaction wood only in the 
latewood portions and/or for only the first couple of rings after the tornado (Fig. 2c).

– Suppressed Growth: 6% of response trees show some varying degree of 
suppressed growth after the tornado. One of these trees has just four unusually 
narrow rings, from 1993 to 1996 (Fig. 2d). Another tree shows highly suppressed 
ring growth from 1993 until at least 2004 (Fig. 2e).

– Reduced Latewood: 45% of response trees show unusually thin latewood for just 
the 1993 ring (Fig. 2f).

Multiple dendrochronological signals are possible for identifying past tornadoes 
within tree-ring records.

Fig. 1 Site maps. (a) The state of Arizona, (b) regional detail north of Flagstaff, and (c) site detail 
near Sunset Crater. Filled irregular polygons denote the tornado swath areas



307Dendrochronological Responses to a Tornado

Acknowledgments Staff from the Coconino National Forest and the Sunset Crater National 
Monument assisted this research. Víctor Peña and Robert Jones assisted in the field, and Frank 
Telewski assisted with interpretation of results. This research was funded in part by the National 
Science Foundation, Petrology and Geochemistry.

References

Arizona Daily Sun Newspaper (October 25, 1992) Twisters, hail shake up area
Arizona Storms Database (2004) Available online from http://ag2.calsnet.arizona.edu/cgi-bin/

storms.cgi
Crisp DL (1996) Monitoring of Penstemon clutei A. Nels. on tornado salvage. In: Maschinksi J, 

Hammond HJ, Holter L (eds) Southwestern rare and endangered plants: proceedings of the 
second conference. US Department of Agriculture, Forest Service, General Technical Report 
RM-GTR-283, pp 243–246

Douglass AE (1941) Crossdating in dendrochronology. J Forest 39(10):825–831
Phipps RL (1985) Collecting, preparing, crossdating, and measuring tree increment cores. US 

Geological Survey Water Resources Investigations Report, pp 85–4148
Sheppard PR, May EM, Ort MH, Anderson KC, Elson MD (2005) Dendrochronological responses 

to the 24 October 1992 tornado at Sunset Crater, northern Arizona. Can J Forest Res 
35:2911–2919

Swetnam TW, Thompson MA, Sutherland EK (1985) Using dendrochronology to measure radial 
growth of defoliated trees. USDA Forest Service Agricultural Handbook 639

Fig. 2 Examples of Sunset Crater ring-width responses to the 1992 tornado. (a) Increasing ring 
widths, (b) classic reaction (compression) wood for entire rings, (c) reaction (compression) wood 
evident only in the latewood portions of each ring, (d) temporary ring-width suppression followed 
by a return to normal growth, (e) permanent ring-width suppression, (f) thin latewood width rela-
tive to total ring width. Dots on the sample indicate decadal years, with the quadruple dots indicating 
the AD 2000 year



309M. Stoffel et al. (eds.), Tree Rings and Natural Hazards: A State-of-the-Art,  
Advances in Global Change Research 41, DOI 10.1007/978-90-481-8736-2_30,  
© Springer Science+Business Media B.V. 2010

1  Introduction

Hurricanes affect much of the lower to mid latitudes around the world. Hurricane 
season is during autumn when ocean waters have warmed from the summer, 
providing enough energy to maintain these large storms. Hurricanes cause severe 
damage when they make landfall with torrential rains and high wind speeds. Past 
occurrence of hurricanes can be documented through sediment analysis (Liu and 
Fearn 1993) but dendrochronological documentation of past hurricanes is a rela-
tively new application that is just now being developed. This paper will present 
some recent research around the effects of Hurricane Rita and examine the potential 
for future dendrochronological reconstructions of hurricanes.

On September 24, 2005, Hurricane Rita made landfall approximately 50 km 
from the Big Thicket National Preserve in eastern Texas. As a category three 
hurricane, Rita made its way north along the Texas-Louisiana border. The path of 
the hurricane passed with 20 km of the Angelina National Forest. Hurricane Rita 
maintained at least a category one status until it was more than 150 km onto land. 
The Texas forest service estimated that the winds from Hurricane Rita damaged 
more than 3.8 billion board-feet of timber at an estimated value of $833 million 
dollars (Fig. 1).
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The Big Thicket National Preserve is an excellent location to study the effects 
of hurricanes on tree growth and to examine the potential for hurricane reconstruction. 
Between 1865 and 2007, 19 hurricanes passed within 100 km of the city of Kountze 
in southeastern Texas near our study areas (Fig. 2). Included in these 19 hurricanes 
are five which were category three or greater when reaching landfall. The most 
active period was a 25-year span from 1938 to 1963 which saw six hurricanes make 
landfall in this area. These hurricanes alter the structure of ecosystems by the 
removal of standing biomass, but they also bring large quantities of precipitation 
(albeit, for only a short duration).

Reconstructing hurricane events is difficult using standard dendrochronological 
techniques. However, a new technique may allow for high-resolution reconstruction of 
past hurricane events. Analyzing the d18O ratio of tree ring a-cellulose has proven a useful 
tool for characterizing hurricane events, and may provide pertinent information regarding 
hurricane frequency prior to instrumental records (Miller 2005; Miller et al. 2006).

In this paper we will present the results from a dendroecological analysis of the 
effects of Hurricane Rita. The current state of the art in dendrochronology has not 
provided robust reconstructions of past hurricane events, but ecological signals of 
past documented events are leading us to a clearer picture of the effect hurricanes 
have on succession in subtropical forests. Great potential exists for the use of stable 
isotopes to reconstruct past hurricane events and we will end with a discussion of 
the current state of that research and provide some suggestions on how to proceed 
with hurricane reconstructions.

Fig. 1 Turkey Creek Unit showing trees downed by Hurricane Rita which made landfall on 
September 24, 2005 (Photo taken on December 13, 2005)
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2  Study Site

Established in 1974, the Big Thicket National Preserve has been an area of biological 
interest since Parks and Cory performed a biological survey in 1936. Numerous 
studies and surveys have been performed in and around the Big Thicket to measure 
vegetation dynamics (Harcombe and Marks 1977; Harcombe et al. 2002; Watson 
2006). The Big Thicket National Preserve is comprised of 12 disjointed units that 
include the majority of the plant associations in this region. Because of this great 
biological diversity, the United Nations, Education, Scientific, and Cultural 
Organization (UNESCO) designated the 97,000 acre Big Thicket National Preserve 
as an International Biosphere Reserve in 1981.

Three units of the Big Thicket National Preserve (Turkey Creek, Neches Bottom, 
and Big Sandy Creek) were selected for this research. The Turkey Creek North site 
is dominated by Longleaf pine (Pinus palustris) and is situated on the Kirbyville-
Niwana soil series (KgA). This series is located on nearly level (0–3% slopes 
with a 1% average) upland forest slopes. They are well to moderately well-drained 
with a seasonal water table of 0.6 m (UDSA SSURGO 2008). The elevations at 
the sampling site ranged from 42.0 to 42.6 m above sea level (a difference of 0.6 m) 
(Fig. 2). The Neches Bottom Unit, is at an elevation of only 9.1 m above sea 
level and a variability of less than 0.1 m, the site is seasonally inundated with 
water. These poorly drained soils have a forest canopy dominated by red maple 

Fig. 2 Location of Big Thicket National Preserve sites with lines representing hurricane tracks 
and the hurricanes’ category as it passed the field sites
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(Acer rubrum), american sweetgum (Liquidambar styraciflua), and oaks (Quercus 
spp.) on the slight upland flats, and by flood-resistant species such as Water tupelo 
(Nyssa aquatic) and bald cypress (Taxodium distichum) in the sloughs. The under-
story is a mix of shade-tolerant species such as ironwood (Carpinus caroliniana), 
pop ash (Fraxinus caroliniana), and holly (Ilex spp.) (Hall and Harcombe 2001). 
The Big Sandy Creek site is dominated by P. palustris and is located on Pinetucky 
fine sandy loam soils (PfB). The soils are well-drained with a seasonal water table 
of >2 m. Elevation at the sample site is approximately 75 m above sea level. All of 
these sites are relatively low-lying without much topographic variability and their 
proximity to the coast (approximately 100 km) makes them very susceptible to 
inundation from the heavy rains associated with hurricanes.

3  Material and Methods

3.1  Dendroecology

Dendroecological analyses were undertaken in order to identify an ecological 
signature for hurricane events and to determine if P. palustris is using meteoric 
precipitation as its primary source of water. Two projects were completed that can 
provide ecological information on the past occurrence of hurricanes. First we 
completed a stand-age analysis of two 20 × 20 m plots in the Neches Bottom Unit 
of the Big Thicket National Preserve to quantify changes in forest structure. 
All living and dead trees in the plots were sampled. The seven species dated in 
these two plots were A. rubrum, F. caroliniana, N. aquatic, American sycamore 
(Platanus occidentalis), Q. lyrata, Q. nigra, and T. distichum.

Second we selectively cored P. palustris trees in the Turkey Creek Unit of the 
Big Thicket National Preserve to determine their response to climate and see how 
hurricane events changed their response. Two increment cores were taken from 
each selected tree on opposite sides of the bole across the slope. One core was taken 
at breast height (approximately 140 cm above the forest floor) and the second was 
taken near the base (to maximize age) using an increment borer with a 5.15 mm 
interior core diameter. All cores and cross-sections were sanded with progressively 
finer grit sandpaper (ANSI 120-grit (105–125 mm) to ANSI 400-grit (20.6–23.6 
mm)) and then hand sanded with up to 9 mm sanding film (Orvis and Grissino-
Mayer 2002). All cores and cross-sections were visually cross-dated using a 
combination of skeleton plotting (Stokes and Smiley 1968) and memorization 
method (Douglass 1941) and each tree-ring was assigned to its exact year of formation.

After the cross-dating was complete, the individual rings from each sample were 
measured (earlywood (EWR), latewood (LWR), and total ring width (RWL)) using 
a Velmex measuring system with 0.001 mm precision. Measurements and cross 
dating were checked with the program COFECHA (Holmes 1983; Grissino-Mayer 
2001). The EVENT program was used to perform a superposed epoch analysis 
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examining the effect of drought and precipitation on the radial growth of P. palustris. 
This program compares one record (in this case radial growth) to the punctuated 
events that are defined by the user (in this case either drought years or hurricane 
events). Hurricane events were identified based on a hurricane track being within 
92 km of Hardin County, Texas using data from the National Oceanic and 
Atmospheric Administration (NOAA), Coastal Services Center.

3.2  Dendroecological Results

Sites in the Turkey Creek Unit from the Big Thicket National Preserve on the Texas 
Gulf Coast had an interseries correlation of 0.587 demonstrating that these trees 
crossdate well. Using factor analysis of climate variables (precipitation, temperature, 
and drought), approximately 30% of the growth in P. palustris was explained by the 
previous year’s evapotranspiration and current summer precipitation. These dry 
conditions could well be amplified in Texas due to the elevated summer tem-
peratures combining with the lowest average monthly precipitation during the year 
(Fig. 3).

The superposed epoch analysis found a significant decrease in radial growth in 
the year of a drought in both the latewood and total ring width chronologies 
(Fig. 4). With regards to hurricane years, hurricane derived precipitation had a 
significantly positive effect on radial growth in the year of a hurricane in both the 
latewood and total ring-width chronologies (Gentry 2008).

This research also found that numerous trees of many different species had 
establishment dates in the Neches Bottom that coincided with historical hurricane 
events (Fig. 5). The majority of the establishment dates occurred during six 
separate hurricane events between 1879 and 1963. A large number of species 
(25.0%) established during hurricanes in 1949 and 1957 (Hurricane Audrey). The 
majority of the species identified in these establishment pulses were shade-tolerant 
or late successional species such as A. rubrum, F. caroliniana, and T. distichum.

In addition to the trees which had establishment dates coinciding with hurricane 
events, we were also able to identify increases in radial growth at the time of the 
hurricane where advanced regeneration was able to acquire canopy dominance after 
the hurricane removed many or most of the mature trees on the site (Fig. 5). 
The majority of these species were A. rubrum and F. caroliniana. None of the dated 
species which established the year of the hurricane or could be attributed to 
advanced regeneration were pioneer species.

3.3  Dendroecological Indicators of Past Hurricane Activity

Tree rings provide a biological proxy with annual (to sub-annual) resolution that 
has the ability to record changes in climatic patterns back centuries, even millennia. 
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Fig. 3 Percentage of total hurricanes (dotted arrows) occurring by month compared to the Texas 
Climate Division 4 climograph. The Hurricane data is from NOAA for hurricanes that have 
tracked within 92 km of the field area

Fig. 4 Results from the superposed epoch analysis. Year zero represents drought years compared 
to radial growth in Pinus palustris as measured by total ring width (a) and latewood width (b). 
Figures c and d compare radial growth the year of a hurricane event with total ring width (c) and 
latewood width (d)
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Fig. 5 Establishment dates for trees at Neches Bottom (above) and Weir Woods (below). The 
y-axis shows the number of trees that established in each year. The hurricanes events are marked 
with triangles along the top of each graph with stronger hurricanes denoted with a larger triangle. 
The differences in shades of gray of the bars represent the different species
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The dendroecological study presented here documents the distinct response of 
species to hurricane events, where large trees are removed from the canopy and 
suppressed species in the understory usually grow to fill the gap. Shade-tolerant 
tree species usually thrive when the canopy is removed, because those trees have 
been surviving in the understory until the time when competition for light has been 
removed.

Foster and Brooks (2001) also found that summer precipitation is one of the 
primary factors controlling radial growth in P. palustris. They compared transi-
tional to xeric sites and found that moisture parameters had a strong influence on 
tree growth. Overall, they found that 17.5% of the variance in growth patterns was 
explained by their climatic parameters (monthly temperature, monthly precipitation, 
mean monthly PDSI, and monthly flow) compared to our analysis that had 30% 
variance explained. Generally tree-ring growth in the southern Atlantic and Gulf 
Coastal Plain is slowed by summer moisture deficits and dry conditions (Cook et al. 
1988). This is the time period when rains brought by hurricanes may greatly 
increase growth especially in the latewood of the trees. We hypothesize that this 
increase in latewood width along with an establishment pulse may be strong 
ecological indicators of past hurricane events. More studies on other sites should 
examine these indicators to determine their reliability in reconstructing past 
hurricane events.

Tree-ring oxygen isotope chronologies may have a greater potential to develop 
high-resolution hurricane records that may provide crucial information regarding 
the long-term variability of hurricane frequency prior to instrumental records.

3.4  The Potential Development of Hurricane Reconstructions 
from Stable Isotope Studies

Trees are useful candidates for stable isotopic analysis because they are 
stationary and record the environment at a given location over time. Trees 
obtain water primarily from soil moisture. Shallow-rooted conifers, such as 
P. palustris, primarily use soil moisture derived from meteoric precipitation 
rather than tapping into the water table (Anderson et al. 2002). A portion of 
the oxygen isotope signal in these trees will therefore reflect the oxygen 
isotopic composition of meteoric precipitation (Anderson et al. 1998; Roden 
et al. 2000; Anderson et al. 2002; Waterhouse et al. 2002; McCarroll and 
Loader 2004).

Tropical cyclone systems produce rainfall with an oxygen isotope signal 
10–20‰ lower than normal precipitation (Gedzelman and Arnold 1994; Lawrence 
and Gedzelman 1996; Lawrence 1998). The influx of precipitation from tropical 
cyclone events will replace or mix with existing soil waters. Uptake and assimilation 
of these waters into tree-ring cellulose results in a lighter isotopic signature in the 
tree rings. The North Atlantic hurricane season generally lasts from June to 
November, generally coinciding with the latewood portion of the annual growth ring. 
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By separating each annual growth ring into its seasonal component, the 18O-depleted 
rainfall events associated with tropical cyclones may be identified (Miller 2005; 
Miller et al. 2006).

Most researchers use the cellulose extraction methods outlined by Green (1963) 
with later modifications by Loader et al. (1997) for small-batch processing. New 
techniques are being developed that increase the speed of analysis enabling 
researches to include more replication from different samples and allow them to 
conduct their analysis with smaller quantities of wood. The oxygen isotope ratio of 
tree-ring a-cellulose can be rapidly analyzed using a continuous-flow isotope ratio 
mass spectrometer (IRMS). Cellulose samples are typically converted to CO gas 
using high-temperature degradation (pyrolysis). The oxygen isotope ratio (d18O) is 
reported in per mil (‰) notation, where d18O = (R

sample
/R

standard
 – 1) × 1000. Here, 

R
sample

 is the ratio of the rare isotope over the abundant isotope (18O/16O), and 
R

standard
 is the standard (V-SMOW for oxygen).

Several potential problems exist when using stable oxygen isotopes in tree rings 
to characterize hurricanes. First, hurricanes are dynamic systems, and the magni-
tude of isotopic depletion may vary widely across a single storm (Lawrence et al. 
2002; Gedzelman et al. 2003). Secondly, location and intensity of precipitation are 
variable inside the storm (Gedzelman et al. 2003), so that rainfall is not spread 
evenly across the affected area. These issues may have marked effects in the 
amount of depletion and amount of moisture received by trees during an event. If 
precipitation is not significantly depleted compared to normal meteoric precipitation, 
or if minimal rainfall is received, then the 18O-depleted signal may not appear in the 
tree-ring cellulose.

The initial oxygen isotope composition of the soil water prior to a hurricane 
event may also influence the ability of trees to record the storm. Detailed analyses 
of the oxygen isotopic composition of hurricane rainwater have yet to identify the 
amount of precipitation required to sufficiently alter the d18O of existing soil moisture. 
Tang and Feng (2001) noted that depleted rainwaters from hurricane events can 
remain in the soil for several weeks following the event, but the initial soil moisture 
characteristics preceding the hurricane events were not noted. It is possible that 
drought events may enrich the soil water d18O such that it is impossible for the 
18O-depleted precipitation from a hurricane to alter the isotopic composition of 
the soil water significantly (Miller 2005; Miller et al. 2006).

Tree-ring isotope records of hurricane events are still few. The first record 
developed for the southeastern U.S. (Miller 2005; Miller et al. 2006) spanned 220 
years using living and remnant P. palustris samples from southern Georgia. The 
resulting oxygen isotope series recorded all hurricanes in the area with only one 
false positive event when compared to instrumental hurricane track and precipitation 
data from 1940 to 1990. The record also highlighted periods of increased and 
decreased hurricane activity, likely tied to long-term ocean/atmospheric oscillations 
patterns known to affect Atlantic Basin hurricane frequency.

Similar techniques are currently being applied to develop long-term hurricane 
records from the Florida Gulf Coast (Pensacola), South Carolina (Sandy Island), 
and the Texas Gulf Coast (Big Thicket National Preserve, Big Sandy Creek Unit) 
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(Nelson 2008, Lewis unpublished data). These studies are not complete as of yet, 
but initial results indicate that trees in these areas are capable of yielding long-term 
hurricane chronologies, although 100% accuracy of the records is unlikely.

The combination of stable isotopic analysis with stand-age structure analysis 
may be able to provide confirmation of past hurricane events. Many different 
factors can cause establishment pulses in deciduous forests or an increase in late-
wood thickness in P. palustris. But these changes, coupled with a significant 
decrease in stable isotopic composition are likely to only be due to a hurricane. Due 
to ongoing research in this area (see Grissino-Mayer et al. 2010, this volume), we 
expect these techniques to be strengthened so that dendrochronological hurricane 
reconstruction can become more common in the next 10 years.
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Part VIII
Wildfires

Ground fire damages trees in Grand Canyon National Park, U.S. (© P. Z. Fulé)
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1  Introduction

In February 2009, wildfires raged across 3,900 km2 in southern Victoria near 
Melbourne in southeastern Australia, killing over 200 people and destroying 
more than 1,800 homes, the worst wildfire tragedy in the country’s history and 
worst ever natural disaster (Callinan 2009). Wildfires in Australia are in fact 
common. The vegetation of the region is well-adapted to frequent fire, suggesting 
a long history of fires that stretches back for millennia, well before human presence, 
but the severity with which these series of wildfires struck caught the country (and 
scientists alike) by surprise. Although several arsonists were arrested and charged, 
some speculate that climate change contributed to the severity and spatial extent of 
these wildfires, although this is still a highly debatable topic (Sullivan 2009).

In October 2003, San Diego County in southern California (USA) witnessed 
three simultaneous wildfires that were the largest and deadliest in the state’s history. 
Sixteen people were killed, 2,400 homes were destroyed, and 1,520 km2 were 
scorched. In October 2007, San Diego County found itself again inundated by nine 
simultaneous wildfires that required the evacuation of 300,000 people and caused 
the loss of more than 1,800 homes. Nine people lost their lives, 1,500 km2 were 
charred, with an estimated cost of over US$ 80 million (San Diego Wildfires 
Education Project 2009). Up to 2008, the year 2006 is the worst year on record for 
wildfire activity (not counting prescribed or wildland fire use fires) for the United 
States when 39,150 km2 burned (National Interagency Fire Center 2009).
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These events underscore the importance of research that provides background 
information on the history of wildfires so that land management agencies can 
develop more informed fire management policies and guidelines that take into 
account the longer-term perspective available via paleofire reconstructions 
(Kipfmueller and Swetnam 2001; Willis and Birks 2006). Several means exist 
that provide this perspective on past wildfires, such as analyzing temporal 
sequences of charcoal (microscopic and macroscopic) from lake, wetland, and 
pond sediments (Horn and Sanford 2002; Whitlock et al. 2008) and from soil 
(Gavin et al. 2007; Hart et al. 2008) coupled with radiocarbon dates. Tree-ring 
studies also have provided a wealth of information on past wildfires, taking 
advantage of the ubiquity of potential tree species that record wildfires in their 
tree rings coupled with the annual and sub-annual resolution available from the 
tree-ring record.

2  The Tree-Ring Record of Wildfires

The record of wildfires in the tree-ring record has long been recognized as an 
important contribution to ecosystem studies (Clements 1910; Leopold 1924). 
In their book Plant Ecology, Weaver and Clements (1938) observed that “The time 
of fire may be determined by counting the number of rings of wood put down since 
the burn scar was formed. Sometimes the burn scar may be double or even triple 
and thus give the dates of successive fires.” Later studies by Spurr (1954) in 
Minnesota, Weaver (1959) in Oregon, and McBride and Laven (1976) in California, 
among others, further laid the groundwork for investigating wildfires based on fire 
scars. The incorporation of crossdated tree-ring records added a level of accuracy 
that helped advance the quantification of tree-ring based fire history data in both 
Europe and the U.S. (Zackrisson 1977; Madany et al. 1982; Swetnam 1983). 
Another major milestone was the introduction of composite fire interval analysis 
that used crossdated fire scars from numerous trees in a study site to evaluate the 
spatial dynamics of wildfires (Dieterich 1980, 1983). Later, Thomas W. Swetnam 
and the Fire History and Ecology Group at the Laboratory of Tree-Ring Research 
(University of Arizona) would greatly advance our knowledge of fire regimes in 
North America and elsewhere (Baisan and Swetnam 1990; Swetnam 1993, 1996; 
Grissino-Mayer and Swetnam 2000).

Field and laboratory techniques for analyzing wildfires from tree-ring dated fire 
scars have been documented in many publications (Zackrisson 1977; Baisan and 
Swetnam 1990; Grissino-Mayer 1999; Kipfmueller and Swetnam 2001). Obtaining 
dates for past wildfires back centuries and even millennia with annual precision is 
itself a major accomplishment, but the next revolution occurred in the 1990s with 
the quantification of fire regimes from tree-ring data. Statistical descriptors of fire 
activity (such as the Mean Fire Interval) were then already commonplace and impor-
tant for managing fire-prone ecosystems, but more information was needed on the his-
torical range of wildfire activity (Morgan et al. 1994; Brown et al. 2000). Using 
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more advanced modeling of the fire-free interval data available from tree rings, we 
now can provide improved descriptors of fire activity in the past, such as the 
Weibull Median Probability Interval (which is a better measure than the Mean Fire 
Interval) and the Lower and Upper Exceedance Intervals, which help define the 
historical range of variation in fire regimes (Grissino-Mayer 1999, 2001; Fulé et al. 
2003; McEwan et al. 2007).

Another major advance in tree-ring studies of wildfire activity actually has a 
long history in dendroecology. Fire scars are found most often in ecosystems 
where low-severity fires are common. A moderate to higher severity wildfire could 
kill most or all trees in a stand, especially in ecosystems where wildfire is less 
common (such as in boreal and subalpine forests) causing a cohort of trees to 
establish after the fire. Early studies used the age structure of trees to reconstruct 
the history of fire disturbance in forest stands (Heinselman 1973; Tande 1979). 
Tree-ring dating can determine (with some small degree of uncertainty) when 
these trees established, thus allowing a more complete reconstruction of wildfire 
activity across a broader spectrum of fire severities (Ehle and Baker 2003; Brown 
and Wu 2005).

Important contributions of tree-ring based fire history analyses concern link-
ages now being discovered between wildfire activity and climate, especially 
broad-scale atmospheric-oceanic teleconnections such as the Pacific Decadal 
Oscillation (PDO), the Atlantic Multidecadal Oscillation (AMO) and the El 
Niño-Southern Oscillation (ENSO). In the American Southwest, Swetnam and 
Betancourt (1990) showed that positive phases of the ENSO correlate signifi-
cantly with a greater percentage of trees scarred. Grissino-Mayer and Swetnam 
(2000) found that fires were more frequent but less widespread during the Little 
Ice Age (ca. AD 1400–1800), but less frequent and more widespread during the 
warmer period that followed. Synchronous positive phases of PDO and ENSO 
were found to contribute to more widespread fires in northeastern California 
(Norman and Taylor 2003). In the Pacific Northwest, fires occur more often in 
dry summers and during positive phases of the PDO, while the percentage of trees 
scarred showed a significantly positive relationship with ENSO (Hessl et al. 
2004). Brown (2006) found that wildfires in South Dakota and Wyoming were 
synchronous during La Niñas coupled with positive PDO and AMO phases. 
These and other studies point to clear interdecadal to century-scale forcing of fire 
activity by climate.

3  Fire History in an Uncertain Future

New challenges face researchers who investigate fire history from the tree-ring 
record. The first concerns the quickening disappearance of suitable samples for fire 
history analyses. Ever expanding and intensifying wildfires today are actually 
destroying the very evidence we need to understand their history. Superimposed on 
this tragedy is the expanding use of controlled burns (whether prescription or 
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naturally set fires) to help restore degraded ecosystems, which also destroy valuable 
evidence. Within this backdrop is the steady decay of suitable samples over time. 
In summer 2009, I revisited a site I had sampled in 1991 in El Malpais National 
Monument of New Mexico and was astounded how easily the fire history samples 
we wished to sample crumbled in our hands even before using a chain saw.

Second, we must ask whether restoration of ecosystems is a viable management 
option given the changing nature of our environment. Many dendroecologists use 
as one of their justifications the importance of tree-ring based fire history studies 
for helping land management agencies restore degraded ecosystems where fire has 
long been purposely excluded. Fire exclusion beginning in the early twentieth 
century has changed the successional trajectory of nearly all temperate forests and 
woodlands (sometimes now called “novel ecosystems,” Hobbs et al. 2006), to the 
point that reintroduction of fire could have detrimental (high-intensity stand-
destroying fires) rather than beneficial (lower intensity stand maintenance fires) 
effects. Restoration begs the question: “What are we restoring to?” Environmental 
conditions seen in 1880? 1600? 1491? Restoration further may not be viable given 
that future environments will be responding to and evolving in a world dominated 
by increasing global temperatures, with no guarantee that ecosystem processes 
(such as wildfire) will operate as they once did (Westerling et al. 2006; Fauria and 
Johnson 2008).

Third, climate change means change in our forests and ecosystems and the vital 
processes that operate to shape and maintain them. Many studies have clearly 
linked changes in past climate with changes in past wildfire activity, including 
changes in fire frequency, seasonality, severity, and spatial extent (Clark 1988; 
Balling et al. 1992; Swetnam 1993). What remains uncertain are the fire regimes 
that could be expected in the twenty-first century given increasing temperatures and 
the likely accompanying changes in precipitation patterns, as well as the expected 
but uncertain changes in spatial patterns of rainfall, temperature, and drought across 
the Earth’s surface. Vegetation ranges certainly will not change with the rapidity 
with which climate is changing, meaning that forests and the disturbance processes 
that operate within them (including wildfires) will have to accommodate an evolving 
disequilibrium that could prove detrimental to the health of these forests. 
For example, fewer fires in western and eastern U.S. ecosystems will cause fire-
intolerant species to become more dominant, a successional trajectory we see 
happening today (Camp 1999; Schoennagel et al. 2004; DeWeese 2007; Nowacki 
and Abrams 2008).

Curiously, as we head into a more uncertain future, the value of tree-ring based 
research on fire history and ecology becomes greater, promoting a growing field of 
inquiry that has increasingly important implications for land management. Between 
1920 and 1970, only 30 published studies had investigated the use of tree rings to 
make inferences on past fire activity. By 1980, this number had more than doubled 
to 72 studies, to 176 by 1990, and to 433 by 2000. Furthermore, dendroecologists 
that specialize in fire history are being very efficient at training the next generation 
of tree-ring scientists, ensuring that this field of inquiry will thrive and continue to 
benefit society.
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1  Introduction

Climatic variables such as radiation, temperature and precipitation determine rates of 
ecosystem processes from net primary productivity to soil development. They predict 
a wide array of biogeographic phenomena, including soil carbon pools, vegetation 
physiognomy, species range, and plant and animal diversity. Climate also influences 
ecosystems indirectly by modulating the frequency, magnitude, and spatial scales of 
natural disturbances (Clark 1988; Overpeck et al. 1990; Swetnam 1993).

Disturbance is any discrete event that results in the sudden mortality of biomass 
on a time scale significantly shorter than that of its accumulation (Huston 1994). A 
broader definition would include any abrupt event that disrupts community struc-
ture and changes the physical environment, resources, or availability of space 
(White and Pickett 1985). Much of the focus in disturbance ecology has been on 
the patch dynamics produced by resetting of succession within portions of an eco-
system (so-called “gap disturbances”). Emphasis has shifted from how disturbances 
produce landscape mosaics to how these mosaics in turn predispose the landscape 
to further disturbance. Both spatial and temporal scales enter the discussion about 
whether disturbance helps to maintain or prevent ecosystems from ever reaching 
equilibrium.

The current paradigm favors a nonequilibrium perspective, but steady states may 
be scale dependent. Theoretically, if areas affected by disturbance are sufficiently 
small, then a self-reproducing steady state can exist as an average condition over 
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relatively larger areas (Sousa 1984; Rogers 1996; Turner et al. 1993). A regional 
steady state is unlikely wherever mesoscale disturbances (104–106 km2) recur on time 
scales shorter than the successional cycles necessary to reach and maintain equilibrium 
across a region (Romme 1982; Barden 1988; Sprugel 1991; Swetnam 1993; Turner 
et al. 1993). One such place is the American Southwest, where rates of plant and popu-
lation growth are sluggish; soil properties accumulate only gradually (103–105 years) 
and are usually in disequilibrium with current climate and vegetation; meager soil 
water and organic matter cannot buffer climatic extremes; and episodic mortality from 
drought, insect outbreaks, and fire is often synchronized and broadscale.

In this paper, we explore the effects of climatic variability and mesoscale distur-
bance on non-riparian ecosystems of the American Southwest. We emphasize decadal 
and regional scales for three reasons. First, the mean generation times of most of 
the woody perennials that dominate from the lowland deserts to upland forests are 
from 15 to 50 years; hence these are the minimal time spans to observe their popu-
lation dynamics. Second, there is ample evidence for climate behavior on decadal 
scales (15–30 year period) in both the instrumental (Cayan et al. 1998; Dettinger 
et al. 1998; Cayan and Webb 1992; Webb and Betancourt 1992) and tree-ring 
records of the American Southwest (Fritts 1991; Stahle et al. 1993; Dettinger et al. 
1998; Grissino-Mayer 1996). Lastly, local and shorter time frames have dominated 
empirical and experimental work in ecology, as well as resource management, 
while regional and historical perspectives have been neglected (Ricklefs 1987; 
Brown 1995). Experimentation is valuable for clarifying mechanisms, but is gener-
ally impractical or impossible at regional or decadal to centennial time scales. In 
the Southwest, long-term perspectives on ecosystem response to climate and distur-
bance are abetted by a long tradition of vegetation monitoring (Goldberg and Turner 
1984; Turner 1990; Martin 1986; Avery et al. 1976; Brown and Heske 1990; Pake 
and Venable 1995), and the ability to cross-date and map past climatic variations, 
disturbances, and tree demography at interannual resolution using tree rings (Fritts 
and Swetnam 1989).

Our goals in this paper are to: (1) explore the complexity of climate-disturbance 
relationships; (2) demonstrate the synchroneity and spatial extent of fires and 
drought-related plant mortality (and establishment); and (3) use extreme episodes 
such as the 1950s drought and the post-1976 climatic shift to illustrate the impacts 
of decadal-scale climate on ecosystems and the present challenge of disentangling 
natural and cultural factors.

2  Disturbance Climates of the American Southwest

2.1  Seasonal Variability

In the American Southwest, seasonal precipitation is characterized by a highly-
variable winter-early spring (November–March), an arid late spring and foresummer 
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(April–June), monsoonal rains in July and August, and a dry autumn (September–
October; Fig. 1). In general, cool season precipitation recharges soil moisture and 
controls woody plant growth, whereas summer rains drive the annual grass production 

Fig. 1 Three-dimensional time series plots of monthly precipitation totals from Tucson, Arizona, 
1870–1995 (upper plot) and Las Cruces, New Mexico, 1853–1995 (lower plot). Note the persis-
tence of winter and summer drought in Las Cruces during the 1950s, and the post-1976 increase 
in cool season precipitation in both Tucson and Las Cruces
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that supports the livestock industry. Synergism between seasonal precipitation and 
lightning activity yields a vigorous fire regime in late spring/early summer. During 
the arid foresummer (Fig. 1) fuels are dry, convective storms begin to generate 
lightning, and the maximum area is burned in June. Subsequently, full development 
of the monsoonal pattern in July leads to a maximum in numbers of lightning-
ignited fires, but increasing fuel moisture results in reduced area burned (Fig. 2).

Although the influence of seasonal climatic variability on wildland fires is intui-
tively obvious – droughts are correlated with fire – the predictive aspects of this 
association are poorly understood. Recently, there has been a surge of interest and 
research in fire climatology, driven in part by recognition of ENSO teleconnections 
and concern over potential impacts of future climatic change on wildfire activity 
(Simard et al. 1985; Swetnam and Betancourt 1990; Balling et al. 1992; Flannigan 
and Van Wagner 1991; Johnson and Wowchuck 1993; Larsen and MacDonald 
1995; Knapp 1995; Price and Rind 1994). In contrast to traditional emphasis on 
short-term and local weather (temperature, relative humidity, and wind speed) 
effects on fire (Rothermel 1983), more recent studies focus on relatively large 
spatial and long temporal scales, i.e., regional to continental, and seasonal to 
decadal.

In the Southwest, plant communities experience episodic recruitment and mor-
tality of seedlings and adults (Betancourt et al. 1993). To survive its first year, a new 
seedling must endure frost and seasonal drought. If winter is dry, there may be insuf-
ficient soil moisture for fast growth in the spring/early summer. If summer rains fail, 
the arid foresummer extends into the hottest time of the year, and even the hardiest 
of seedlings will wither and die. One outcome of seasonal or longer droughts is 
a lull in plant recruitment. Conversely, wet and/or warm conditions favor above-
average seed germination and survival of seedlings leading to recruitment pulses. 
These pulses may be dominated by single-year events, such as the year 1919 in many 

Fig. 2 Monthly distribution of numbers and area burned by lightning fires in Arizona and New 
Mexico National Forests, 1940–1974 (Barrows 1978)
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Southwestern ponderosa pine (Pinus ponderosa) stands (Pearson 1950; Savage 
et al. 1996), or they may be clustered in favorable decades (White 1985).

2.2  Interannual and Interdecadal Climate Variability

Interannual variability in southwestern precipitation is linked to shifts in the upper-air 
westerlies and ENSO. During the warm SO phase, warm waters in the eastern 
Pacific provide the necessary energy for development of troughs along the west 
coast of North America; the warm waters also weaken the tradewind inversion, 
resulting in stronger subtropical westerlies. Although there appears to be no single 
canonical response in the polar jet stream, the middle-latitude winter storm track is 
usually displaced southward during El Niño episodes. In general, an expanded circum-
polar vortex, with strengthened westerly winds centered about 30°N and positive 
700-mb height anomalies at higher latitudes, prevails during decades when the 
Southern Oscillation approaches a biennial cycle (Cayan and Webb 1992; Webb and 
Betancourt 1992; Cayan et al. 1998). In the Southwest, El Niño (La Niña) condi-
tions are associated with wetter (drier) winters and springs (Andrade and Sellers 
1988) and drier (wetter) summers in Year +1 after the onset of El Niño (Harrington 
et al. 1992).

Teleconnections between the tropical Pacific and American Southwest have 
been shown by correlations between indices such as SOI, equatorial sea surface 
temperatures, and Line Island rainfall against southwestern precipitation (Douglas 
and Englehart 1984; Cayan and Webb 1992), streamflow (Cayan and Webb 1992; 
Webb and Betancourt 1992; Kahya and Dracup 1994), and annual area burned in 
Arizona and New Mexico (Swetnam and Betancourt 1990; Price and Rind 1994). 
These teleconnections tend to be lagged, promising some predictive capability a 
season or more in advance. Although linear regressions provide weak predictive capa-
bility (about 25–30% of the variance) for precipitation, streamflow, and fire, the 
mesoscale responses to extreme phases of the SO are highly consistent. This pre-
dictability, for example, allows managers to schedule control fires or to improve fire 
readiness depending on the onset of El Niño or La Niña conditions, respectively 
(Swetnam and Betancourt 1990). For example, based on La Niña conditions in fall 
1995 and NOAA forecasts (Climate Prediction Center) for a dry Southwestern 
winter and spring, emergency funds were obtained and used to combat a heavy 
1996 fire season (Albuquerque Journal, April 14, 1996 and The New York Times, 
May 11, 1996).

Evidence for climate behavior on interdecadal scales (15–30 year period) has 
been demonstrated empirically from historical climate data sets (Namias et al. 1988; 
Rasmusson et al. 1990; Halpert and Ropelewski 1992; Xu 1993; Latif and Barnett 
1994; Trenberth and Hurrell 1994; Miller et al. 1994; Mann et al. 1995; Cayan et al. 
1998; Dettinger et al. 1998) and high-resolution (annual) climate proxies including 
tree rings, corals, marine and lake sediment varves, and ice cores (Ebbesmeyer et al. 
1991; Diaz and Pulwarty 1994; Dunbar et al. 1994; Meko et al. 1993; 1995;  
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Slowey and Crowley 1994; Stocker and Mysak 1992; Fritts 1991; Stahle et al. 
1993). In the American Southwest, three different tree-ring reconstructions of the 
Southern Oscillation suggest that the frequency and amplitude of the SO, and/or the 
strength of its teleconnections with winter precipitation in this region, has varied on 
decadal to multidecadal timescales (Lough and Fritts 1985; Michaelsen and 
Thompson 1992; Stahle and Cleaveland 1993). During the twentieth century, dec-
adal trends are evident in time series of monthly mean sea level pressure in the 
North Pacific and SOI (Trenberth and Hurrell 1994). In the Southwest, twentieth 
century climatic trends stemming from the interdecadal behavior of the westerlies 
and the tropical Pacific include wet winters in the early part of the century (1905–
1930), a mid-century dry period (1942–1964), and warm, wet winters and erratic 
summers since 1976 (Fig. 1).

In sections to follow, we illustrate and discuss a range of ecological responses to 
interannual and interdecadal climatic variability in the American Southwest.

3  Regionally-Synchronized Insect Outbreaks

Outbreaks of phytophagous insects are one of the most dramatic and poorly-
understood mesoscale ecological phenomena (Barbosa and Schultz 1987). The 
cyclical or aperiodic eruption of insect populations – sometimes from rare, endemic 
levels, to broadscale outbreaks covering 104–105 km2 – has been known at least since 
biblical times (e.g., locust plagues), and associated anecdotally with drought. The 
drought connection was formalized by White (1976) in the “stress” hypothesis, 
which stated that moisture and heat-stressed plants have a higher food quality than 
non-stressed plants. Highly variable and sometimes contradictory results of both 
observational and experimental studies, however, have fostered continued debate 
about insect, plant, and drought interactions (Larsson 1989; Martinat 1987; Price 
1991; Mopper and Whitham 1992). Part of the difficulty in identifying the role of 
climatic fluctuations in outbreak dynamics has been the lack of sufficiently long 
and large-scale records of climate or insect populations. This is particularly true for 
major forest defoliators, such as the western spruce budworm (Choristoneura 
occidentalis), and the eastern North American species (Choristoneura fumiferana), 
which have repeatedly erupted over regional areas at frequencies of only four or 
fewer outbreaks in the twentieth century (Sanders et al. 1985).

Tree-ring reconstructions of multi-century length budworm outbreak histories 
are possible because past defoliation of host trees by the budworm larvae cause 
distinctive growth reductions in tree-ring width series of surviving trees (Blais 1962). 
When non-host tree species (pines) are sampled in nearby sites and their ring series 
examined in comparison with the host tree species (firs and spruces), effects of 
climatic variation can be distinguished from the host-specific defoliation effects 
(Swetnam and Lynch 1993). These approaches have yielded 300-year reconstruc-
tions of budworm outbreaks in the Central and Southern Rockies of Colorado and 
New Mexico (Swetnam and Lynch 1993; Hadley and Veblen 1993; Weber and 
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Schweingruber 1995) and the Blue Mountains of eastern Oregon (Swetnam et al. 
1995). Independently derived tree-ring reconstructions of June Palmer Drought 
Severity (PDSI) from non-host tree species, show that, over the past three centuries, 
budworm outbreaks generally coincided with wet periods, whereas low budworm 
population levels corresponded to droughts (Fig. 3). These tree-ring reconstructed 
patterns are supported by similar comparisons between twentieth century time series 
of defoliated area (from aerial and ground measurements) and meteorological data 
in the twentieth century (Swetnam and Lynch 1993).

The positive association between precipitation or drought indices and budworm 
population proxies over such a long period and large spatial scale supports a “vigor” 
rather than a “stress” hypothesis (Price 1991). This finding is supported by experi-
mental results showing that, in the case of some leaf or bud feeding insects, food 

Fig. 3 Tree-ring reconstructed histories of western spruce (Picea glauca) budworm outbreaks in 
Oregon (b) and the Southern Rockies (d) compared to tree-ring reconstructed July PDSI (a and c) 
from the same regions. The lines with solid circles during the twentieth century in a and c are 
divisional PDSI values from Karl et al. (1983). The PDSI series are smoothed with a 13-weight 
low pass, gaussian filter. The vertical lines show approximate correspondence between drought 
periods and periods of endemic (low) budworm activity; the lines are centered on the lowest years 
of the smoothed PDSI
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quality and quantity may be enhanced by increased moisture (Larsson 1989). In 
contrast, drought inhibits the resin production that defends a tree against cambium 
feeders (e.g., bark beetles) (Craighead 1925; Lorio 1986). For example, bark beetle 
outbreaks were associated with broadscale tree mortality during the 1986–1992 
drought in the Sierra Nevada (Ferrell 1996).

Increasing drought stress and susceptibility due to increasing leaf area is touted 
as the leading cause of declining “forest health” in the Mountain West (e.g., Langston 
1995; Rogers 1996), but clearly, there can be a variety of responses by mesoscale 
disturbance agents, to both wet and dry periods. Another layer of complexity 
is added when we consider that insect outbreaks also influence subsequent fire 
activity by increasing highly flammable dead leaves and woody fuels  
(Stocks 1987). Although these synergisms are widely noted, their temporal and 
spatial dynamics are virtually unexplored and unknown.

4  Regionally-Synchronized Wildfires

In most terrestrial ecosystems, fire is a keystone process that is heavily influenced 
by climatic variability. Seasonal to interdecadal variability in precipitation, tempera-
ture, wind, and lightning regimes determine fuel dynamics and ignition rates. The 
role of climate is most evident in the recurrence of regionally-synchronized wildfires 
during particular years. No other factor can explain the prevalence and synchroneity 
of such unusual fire activity.

The American Southwest has the longest and most detailed records of drought 
and fire history in the world. Multi-century networks of ring-width and fire-scar 
data allow assessment of fire-climate relations at seasonal to century scales, as well 
as estimation of the magnitude, extent and frequency of regional, synchronous fires. 
For our analyses we used 13 grid-point reconstructions of June Palmer Drought 
Severity Indices (PDSI) extending back to 1700. These reconstructions were derived 
from more than 100 ring-width chronologies (Meko et al. 1993; Cook et al. 1996) 
from throughout the region. Sixty-three fire-scar chronologies, specifying dates of 
fires during the last 400 years, have been compiled from ponderosa pine, mixed-
conifer, and pine-oak woodlands in 27 mountain ranges (Fig. 4) (Swetnam and 
Baisan 1996). Dates were determined by obtaining cross-sections from ten or more 
fire-scarred trees in each stand of 10–100 ha, crossdating ring-width patterns, and 
determining the year of fire-scar formation of heat-caused lesions with the xylem 
tissue. Fire-scar dates from more than 900 trees are included in this data set.

The composite fire-scar record across the Southwest shows that regionally-
synchronous fires have recurred for centuries (Fig. 5). Fire frequency within individual 
sites averaged about one fire per 7.5 years from 1700 to 1900. At this frequency, 
strictly by chance, we would expect about one coincidence of the same fire date in 
21 of the 63 sites (one-third) in about a 35,000 year period. Yet, 15 different years 
met or exceeded this criterion in the 201 year period (Fig. 5). The probability of 41 
of 63 sites recording the same fire date by chance, as in 1748, is astronomically low 
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(one chance in billions)! As in 1910 (Fig. 6), this synchroneity of fires across such 
a large region must reflect regional to subcontinental-scale drought for one or more 
seasons. Direct comparison of the fire-scar records with independent PDSI recon-
structions confirms the importance of extreme drought in synchronizing fire activ-
ity across the region (Fig. 7).

The drought-fire association also involves lags with antecedent moisture conditions. 
We used “super-posed epoch analysis” (SEA; Lough and Fritts 1987; Swetnam 1993) 

Fig. 4 The Southwestern U.S. showing fire-scar collections (filled circles, indicating approxi-
mate location of one or more fire-scar chronologies) and PDSI reconstruction grid points (crosses, 
Cook et al. 1996). The range of ponderosa pine forest type is shown by irregular outlines

Fig. 5 Number of fire-scar sites (chronologies) in the Southwest recording fire dates in each year, 
1700 to present, out of a total of 63 sites. Note the regionally-synchronous fire years (labeled), and 
the decrease in recorded fires after ca. 1900, reflecting livestock grazing affecting fine fuels, and 
subsequent fire suppression by government agencies



338 T.W. Swetnam and J.L. Betancourt

to compute the mean PDSI values during the 20 largest and 20 smallest fire years 
from 1700 to 1900 (derived from the composite fire-scar record; Fig. 5), and the ten 
largest and ten smallest events from 1920 to 1978 (derived from regional fire statis-
tics; Swetnam and Betancourt 1990; Swetnam and Baisan 1996). The mean PDSI 
values also were computed for each of the 5 years (Years −1 to −5) before and 2 

Fig. 6 Areas burned during 1910, the largest fire year of the twentieth century, on National Forest 
Lands in the western U.S. (Plummer 1912). Enormous fires occurred in all western States, with 
more than two million hectares burned on National Forest Lands. The total area burned was actu-
ally much larger, since these statistics do not include areas burned on other federal, state, and 
private lands. At the scale of this map the burned areas in Arizona and New Mexico appear as 
small specks, yet these areas totaled more than 145,000 ha
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years (Year 1 and 2) after each event. A Monte Carlo simulation was used to estimate 
confidence intervals around the observed mean values (Mooney and Duvall 1993).

The SEA results show that extreme June drought in Year 0 is the primary factor 
in determining the severity of the fire year (i.e., a high percentage of sites with fire 
scars between 1700–1900, or large areas burned from 1920 to 1978) (Fig. 8a). 
Conversely, wet conditions (positive PDSI values) correspond with low fire activity. 
Lags are only significant in open ponderosa pine forests, where antecedent wet 
conditions affect fine fuel (e.g., grass) production in Years −1 to −3 prior to large 
fire years (Fig. 8b). This phenomenon may involve both the increased production 
of fine fuels during wet years prior to large fire events, and fewer fuels during dry 
years before small fire events (Fig. 8a). One-year lags may reflect grass production 
in open, ponderosa pine parklands; 2–3-year lags could indicate buildup of needle 
litter. Ponderosa pine needles are typically retained for 3–5 years before they are 
abscised and fall to the forest floor. In mixed-conifer forests, the lack of significant 
lags (Fig. 8b) could be explained by the deeper soils, greater persistence of snow 
pack into the spring, and unimportance of fine fuels in fire dynamics. Lags were 
also insignificant in fire statistics between 1920 and 1978 (Fig. 8a). This could reflect 
the many vegetation types and varying fire ecologies included in National Forests, 
or changing fire regimes in the twentieth century due to fire suppression, grazing, 
logging, and other human activities.

Changes in the strength of interannual wet-dry cycles and drought-fire relations 
are evident in the high frequency components of the reconstructed records (Fig. 9). 
The greatest amplitude of interannual switching from wet to dry occurred from 
1747 to 1748, possibly indicating an extreme El Niño followed by a severe La Niña. 

Fig. 7 Tree-ring reconstructed June–July–August Palmer drought severity indices, averaged 
from the 13 grid point reconstructions shown in Fig. 4. The circles and squares show the largest 
and smallest fire years in the regional fire-scar network (1700–1900, 20 years each) and the 
largest and smallest fire years in the area burned per year record from all National Forests lands 
in Arizona and New Mexico (1920–1978, 10 years each)
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The largest single regional fire year happened in 1748, with two thirds of all sampled 
sites (41) recording a fire during that year. Quinn and Neal’s (1992) compilation 
from archival documents lists 1747 as a strong El Niño year. Coral records from the 
Galapagos show a conspicuous discontinuity at about this time (1749), suggesting 
dieback in warm waters (Dunbar et al. 1994). This dieback may have resulted in the 
loss of the 1747 and/or 1748 coral bands.

Secular variations are evident in correlations between the regional fire-scar and 
ring-width records. High correlations (r = 0.7 to 0.9) are obtained during the high 
amplitude periods of 1740–1780 and 1830–1860. Low fire-climate correlations 
occur in the period between 1780–1830, coincident with a decrease in amplitude of 
2–4-year band-width oscillations in the regional fire-scar record (Figs. 10 and 11). 
This parallels similar changes in dominant oscillatory modes in Pacific coral 
records (Dunbar et al. 1994), tree rings, and ice cores (Stahle and Cleaveland 1993; 

Fig. 8 Results of superposed epoch analysis 
showing mean June–July–August Palmer 
drought severity indices during the largest 
and smallest fire years (lag year 0), and  
during lagged years preceding the fire years 
(lag years –5 to –1), and following the fire 
years (lag years 1 and 2). The horizontal 
solid, dashed, and dotted lines are the 95%, 
99%, and 99.9% confidence intervals, 
respectively, computed by Monte Carlo 
simulation. The upper two sets of plots (a) 
show the climate-fire patterns for all fire-scar 
sites (1700–1900) and National Forest area 
burned statistics (1920–1978). The large 
and small fire years used in this analyses 
are the years with filled circles and squares, 
respectively, in Fig. 7. The lower set of plots 
(b) show the climate-fire patterns for large 
fire years in mixed conifer sites compared 
to ponderosa pine sites (1700–1900)
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Fig. 9 Correlation of tree-ring reconstructed regional fire-scar chronology and June-July-August 
PDSI time series from the Southwest. The upper plot shows the first differences (year [t] − year 
[t−1]), which emphasize the year-to-year, high frequency changes in the two time series. Note that 
the PDSI is plotted inverse relative to the fire time series; negative changes in PDSI (drying condi-
tion) correspond with positive changes in fire activity (increased numbers of sites recording fire 
scars). The lower plot shows the 21-year moving correlation coefficients for the two time series 
plotted on central years

Fig. 10 Evolutionary spectrum of the Southwestern U.S. fire-scar time series, 1700–1900. 
Maximum entropy spectral analysis (Marple 1987) was used to compute spectra for frequency 
bands 0.5 to 3.3 cycles/year (2–10 year periods) for 30-year episodes overlapped by 15 years. 
Contours of spectral estimates in standardized units versus time are shown. Biennial oscillations 
(i.e., ca. 2-year period) and ca. 3–4-year oscillations dominated during the mid-century periods, 
but were weak during the late 1700s to early 1800s
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Michaelsen and Thompson 1992) and suggests that ENSO-fire teleconnections 
occur at both interannual and interdecadal scales. Variances of both SO and fire 
activity were high during 1740–1780 and 1830–1860 but low from 1780–1830. 
The early 1800s were notable for cool summers at high, northern latitudes (D’Arrigo 
and Jacoby 1992; Jacoby and D’Arrigo 1993; Luckman 1996; Shiyatov et al. 
1996), and wet winters/springs in the Southwest (Meko et al. 1993; Fritts 1991). 
More than half of the fire-scar chronologies show lower fire frequencies during the 
1780–1830 period. Although apparently less variable, the exact nature of 1780–
1830 climate in the tropical Pacific or in the American Southwest is uncertain. If 
this was a time of average SSTs in the tropical Pacific, then wet winters in the 
American Southwest, normally attributed to ENSO, could be explained by persis-
tence of a positive PNA pattern (a more sinuous and southerly-displaced polar jet 
stream) decoupled from ENSO.

Secular variations in fire-climate relations may be confounded by anthropogenic 
effects. Extreme fire years in the early twentieth century (e.g., 1910; Fig. 6) catalyzed 

Fig. 11 Dominant waveforms of the Southwestern U.S. fire-scar time series, 1700–1900 derived 
from singular spectrum analysis (Vautard and Ghil 1989). These are the sums of the reconstructed 
components from the nine most important eigenvectors; these clustered in the three waveforms 
with periods varying from about 2.14 to 2.55 years (lowermost plot), 3.17 to 3.24 years (middle 
plot), and 4.05 to 4.66 (upper plot). A reduced amplitude period is common to all three waveforms 
during the early 1800s. The eigenvector numbers, range of periods, and variance explained in the 
original time series by the waveforms are shown on the plots
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an aggressive national program in fire suppression, which has resulted in accumu-
lated fuels and pervasive changes in forest structure and composition. Synergism 
between long-term fire suppression (accumulated fuels) and a shift in climate 
could explain recent increases in annual area burned in Canada (Van Wagner 1988; 
Auclair and Carter 1993) to the southwestern U. S. (Sackett et al. 1994) (Fig. 12). 
In the American Southwest, for example, annual area burned is on the rise despite 
relatively wet winters since 1976. This rise could be due to more frequent, dry summers, 
to increased frequency of human ignitions, and/or to greater accumulation of both 
fine and coarse fuels, with wetter winters and long-term fire suppression, respec-
tively. Greater annual area burned elsewhere in the West may be equally complex, 
attributed to prolonged drought, accumulated fuels with fire suppression, and higher 
fire frequency and extent with historic cheatgrass (Bromus tectorum) invasion into 
the expansive shrublands of the Intermountain West.

The annual cost of suppressing these increased wildfires is now approaching one 
billion dollars, not including losses in timber and property, as well as soil erosion 
and other watershed effects. The cost is significantly higher during extreme years, 

Fig. 12 Annual area burned by wildfires in Canada, the 11 American states west of the 
Mississippi River, and in Arizona and New Mexico. The data are from all land categories (state, 
private and federal), 1916–1996. Increasing area burned during the late twentieth century may be 
due to a combination of factors, including accumulated fuels since effective fire suppression began 
in the early part of the century (but probably not in Canada), and changing climatic patterns. 
Possible trends in the Canadian data (i.e., increased frequency of large fire years) may be an arti-
fact of more complete data during the late twentieth century
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hence the need to understand regionally-synchronous fires with a historical 
perspective on climate variability and the antecedent effects of land use on forest 
composition and structure. A research challenge is to determine the extent to which 
increasing insect outbreaks and area burned since the mid-1970s reflect long-term 
land-use and policy effects on forests versus decadal-scale climatic trends (Auclair 
and Bedford 1994).

5  Demographic Consequences of Catastrophic  
Drought: The 1950s Dieback

Tree mortality and autopsy traditionally have been the domain of plant pathologists 
and entomologists. Not surprisingly, the prevailing view is of drought as an indirect, 
or secondary factor that predisposes plants to disease or insect outbreaks (Mattson 
and Haack 1987; Waring 1987). For various reasons, disturbance ecologists have 
resisted the idea of physiological stress causing tree death directly. When European 
and North American forests began to decline during the 1980s, air pollutants were 
implicated, from acid rain to ozone (Hinrichsen 1987). As research progressed 
through the late 1980s, it became evident that climatic factors (e.g., winter freezes 
or desiccation) were at least partly involved in tree decline and death (Auclair 1993; 
Innes 1993). In general, disturbance ecologists have ignored the direct impact of 
catastrophic drought on mesoscale diebacks, with some notable exceptions (Jane 
and Green 1983; Barden 1988; Betancourt et al. 1993; Elliott and Swank 1994; 
Savage 1994; Villalba and Veblen 1997). Although not well understood, tree death 
may occur with extensive rootlet mortality, diminished water transport, and prolonged 
xylem cavitation during droughts.

A possible scenario for physiological dieback is as follows. In the summer after 
a severe winter-spring drought, reduced evaporation (soil moisture) increases the 
sensible heat flux, which in practice means warmer surface temperatures locally. 
The incident solar radiation that is normally spent towards evaporating soil moisture 
heats up the soil instead, and the elevated soil temperatures cause rootlet mortality 
across the stand (e.g., Redmond 1955). Trees with severely damaged roots translocate 
water poorly (Greenidge 1953) and sapwater tends to collect in the lower boles, 
creating a sump-like condition (Auclair 1993). As the dry, hot summer progresses, 
tracheids and/or vessels in the xylem become filled with air, further impeding xylem 
transport (Tyree and Sperry 1989), and the tree dies from prolonged cavitation, or 
secondarily from the additional stress of beetle attack.

In the Southwest, these conditions occur whenever the average number of degree 
days above some threshold temperature is exceeded by a factor of two or more in a 
dry year. Drought years in which this happened include 1904, 1925, 1954, 1956, 
and 1989. In 1989, regional diebacks occurred across southern and central Arizona in 
deserts (e.g., Cercidium ssp.), chaparral (Emory oak (Quercus emoryi),  Arctostaphylos 
ssp.), and woodland conifers (single-leaf Pinyon (Pinus californiarum var. fallax) 
and P. ponderosa). Dieback in 1989, though conspicuous across the landscape, 
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was greatly exceeded by the catastrophic mortality during the multi-year drought 
of the 1950s.

The period 1951–1956 constitutes one of four major droughts in the U.S. during 
the twentieth century (1899–1904 in the southern U.S.; 1930s or Dust Bowl in the 
Midwest; and 1980s in the Northwest) (Namias 1955; Thomas 1962; Norwine 1978; 
Karl and Heim 1990). In the Southwest, it was the worst drought of the century 
(Fig. 13). The 1950s drought was embedded in a generally dry period between 1942 
and 1956, bracketed by the strong ENSO episodes of 1940–1941 and 1956–1957.

Dry winters during the 1950s drought were a consequence of a less sinuous and 
more northerly polar jet stream, a weakened subtropical jet stream, and a lull in the 
frequency of El Niño events. Hot, dry summers were common in the late 1940s, and 
followed dry winters in 1951, 1953, 1954, and 1956. Namias (1955, 1988) attributed 
these dry summers to the anomalous development and positioning of an upper-level 

Fig. 13 The map shows areas in the Southwest where precipitation was less than 85% of the 
record mean as of 1941 for 8 or more years (hatched areas) and for 10 or more years (black areas) 
during the period 1942–1956 (after Thomas 1962). The time series is the areally-weighted annual 
average precipitation over the Southwest, 1895–1988. These data are the monthly climatic aver-
ages compiled by the National Climate Data Center of NOAA for each of the 50 climatic divisions 
in the Southwest (included in the map area, except the northern halves of the five northern states). 
These monthly averages were summed for each calendar year by climatic division, and then 
weighted by the ratio of the divisional area to the total land area in the divisions. The weighted 
values were then averaged to obtain annual average precipitation over the entire area. Note the 
depth and duration of the 1950s drought
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anticyclone over the southern United States. Summers in the 1950s also were extremely 
warm. For example, on the Jornada Experimental Range north of Las Cruces, New 
Mexico, maximum daily temperature equaled or exceeded 38°C on 45 days in 1951, 
compared to the long-term average of 8 days a year (Herbel et al. 1972).

Dendroclimatologists have recognized the uniqueness of the mid-century drought 
since Schulman (1956). In the southern United States, the period 1951–1956 was 
the most severe, continuous drought episode since 1700 (Stahle and Cleaveland 
1988; Meko et al. 1993). Millennial-long chronologies from the middle Rio Grande 
Basin in central New Mexico show that the 1950s drought was last exceeded during 
1575–1595 (D’Arrigo and Jacoby 1991; Grissino-Mayer 1996).

In the Southwest and northern Mexico, massive vegetation dieoffs occurred from 
the lowland deserts well into the conifer woodlands of the uplands, testimony that 
the stress tolerance of most species, even drought-adapted ones, was overwhelmed 
by the drought. Among the species that suffered broadscale mortality were range 
grasses (Young 1956; Lohmiller 1963; Herbel et al. 1972; Neilson 1986), mesquite 
(Carter 1964), cacti (Schulman 1956; Turner 1990), and conifers (Marshall 1957; 
Betancourt et al. 1993).

The drought altered the composition and age structure of pinyon-juniper wood-
lands in central and southern New Mexico (Fig. 14). In some areas, these dieoffs 
contributed to shifts in ecotonal boundaries along moisture (elevational) and edaphic 
gradients (Marshall 1957). In addition, the 1950s drought may have played a major 
role in accelerating shrub invasion of grasslands (Lohmiller 1963; Herbel et al. 
1972; Neilson 1986; Grover and Musick 1990).

Although modern human impacts, specifically livestock grazing and fire sup-
pression, may have exacerbated the ecological consequences of the 1950s drought, 
widespread tree mortality conceivably was matched or exceeded during the six-
teenth century drought. Evidence suggesting a major dieoff of conifers during this 
period derives from a compilation of earliest tree-ring dates from 143 sites in the 
Southwest (Fig. 15). These data are from tree-ring collections obtained over the past 
century by several generations of dendrochronologists working at the Laboratory of 
Tree-Ring Research in Tucson. They are composed of the oldest, most climatically 
sensitive trees that could be found during decades of diligent searching (Swetnam 

Fig. 14 Death dates of pinyon trees 
(Pinus edulis) on two plots covering 
approximately 28 ha in Sevilleta Long 
Term Ecological Research area, Los 
Pinos Mountain New Mexico. A total of 
1,138 trees are included
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and Brown 1992). Thus, these data are an intensive sampling of the maximum-aged 
trees in the Southwest. Although the resolution of this age structure data set is low 
(plus/minus approximately 10–20 years), there is a noticeable decrease in the num-
bers of surviving trees that recruited into these stands before the late 1500s. Increased 
numbers of trees entering the data set during the early 1600s may relate to a generally 
cooler/wetter period that occurred during the 1600s to 1640s (D’Arrigo and Jacoby 
1991; Grissino-Mayer 1996). A previous drop-off in recruitment dates occurred 
approximately during the late 1200s, corresponding to a drought made famous by 
its association (albeit controversial, see Dean 1994) with the Anasazi abandonment 
of settlements in the Four Corners region of the Southwest.

Clearly, the 1950s drought left a strong imprint on southwestern ecosystems, as 
well as regional economies (Regensberg 1996). Although the magnitude was similar 
to the Dust Bowl years, the drought received much less attention because the agricul-
tural impact was buffered by irrigation from groundwater; the overall economic impact 
was mitigated by the influx of Eastern capital for urban growth during the 1950s. 

Fig. 15 Innermost ring dates of old-age conifer trees sampled for climate reconstructions in the 
Southwest (from data archives at the Laboratory of Tree-Ring Research). These dates are grouped 
in 20-year increments because the innermost rings from measured specimens did not often include 
the pith (or approximate establishment date of the tree), but generally were within 10–20 years of 
the pith. The species codes shown on the plots are: PSME = Douglas-fir (Pseudotsuga menziesii); 
PIPO = ponderosa pine (Pinus ponderosa); PIED = pinyon (Pinus edulis)
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Even so, dryland farming and ranching in the Southwest suffered losses in the 
billions of dollars. The 1950s drought inspired advancements in range hydrology and 
water conservation measures, and seemingly justified conversion of pinyon-juniper 
woodland to grassland to improve water yield. An appropriate sensitivity experi-
ment of any model simulating sustainable use of water, range and forest resources 
would be to pit current resource demands against the backdrop of 1950s climatic 
conditions.

6  Ecological Consequences of the Post-1976 “Wet” Period

The importance of interdecadal variability is underscored by climatic trends since 
1976, when the Southern Oscillation locked into the negative, warm (El Niño) 
phase (Ebbesmeyer et al. 1991). This trend culminated in the most recent El Niño 
(1991–1995), which was longer than the prolonged 1911–1915 and 1939–1942 
events. Based on time series modeling, Trenberth and Hoar (1996) suggest that the 
unusual string of El Niños since 1976 and the protracted 1991–1995 event should 
occur only once every 1,000 years. In the Southwest, this period produced a string 
of wet winters and springs, but summer rainfall has been erratic. The erratic summer 
precipitation offsets the effect of wetter winters and springs in the areally-weighted 
annual averages shown in Fig. 13. However, new 1,000-year tree-ring chronologies 
from New Mexico and Arizona, which are primarily sensitive to cool season precipi-
tation, show an unprecedented ramp in tree growth beginning in the mid-1970s 
(Fig. 16). All of the sites included in Fig. 16 are very isolated with harsh growing 
conditions (shallow, poor soils, rocky slopes, located on cliffs or in lava flows) 
where direct human-related impacts, such as logging or livestock grazing, have not 
occurred. This trend compares with another 1,000-year chronology from western 
Tasmania (Cook et al. 1991), in which increasing tree-growth since 1965 has been 
attributed to anomalous warming. Although CO

2
 enrichment cannot be ruled out 

(LaMarche et al. 1984; Graybill and Idso 1993), another reason for the enhanced 
growth in the Southwest might be mild, wet winters and springs associated with El 
Niño events. Warmer winter or growing season temperatures might be indicated in 
these cases because most of these sites are at higher elevations (>3,000 m), where 
temperature tends to be more important to tree growth, than at lower elevations 
(Fritts 1991). Other Southwestern chronologies from lower elevations do not show 
the post-1976 surge in ring growth.

The expected outcome of wetter winters/springs for tree demography is accelerated 
recruitment and improved survivorship into the niches made available by 1950s tree 
mortality. However, seedling recruitment and age-specific seedling mortality are 
poorly understood and seldom monitored. More importantly, not enough time has 
elapsed since 1976 to evaluate long-term survivorship. For example, in our demog-
raphy plots from the Sevilleta LTER, we dated the year of establishment for several 
hundred pinyon seedlings and saplings. A pulse of recruitment since approximately 
1976 might be interpreted from these data (Fig. 17). However, since only surviving 



Fig. 16 Millennia-length tree-ring width index chronologies from the Southwest showing an 
anomalous post-1976 growth surge. The upper plot shows the smoothed (13-weight, low pass 
filter) ring-width growth in six sites in New Mexico and Arizona from a variety of species, 1900 
to 1993 (squares: Cabresto Canyon, NM, Douglas-fir; circles: Mount Graham, AZ, southwestern 
white pine (Pinus flexilis var. reflexa); hexagons: Sandia Crest, NM, limber pine (Pinus flexilis); 
up triangle: Elephant Rock, NM, limber pine; down triangle: Italian Canyon, NM, limber pine; 
diamonds: El Malpais, Douglas-fir). The lower plot is a simple average of these six chronologies; 
the post-1976 growth increase is unprecedented during the past 1,000 years

Fig. 17 Innermost ring dates (i.e., approximate germination dates) of pinyon seedlings and saplings 
sampled in five 0.5 ha plots in the Sevilleta Long Term Ecological Research area, Los Pinos 
Mountains, NM. A total of 600 seedlings and saplings were dated, 1900 to 1993. Presently, we cannot 
ascertain that the rise in number of seedlings after 1976 reflects normal survivorship of younger 
age classes, exclusion of cattle after this area was fenced, or an unusual pulse in recruitment due to 
wetter conditions
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trees were sampled and mortality rates for seedlings are unknown, these data cannot 
be evaluated in a long-term perspective because similar survivorship curves are 
unavailable for comparison with earlier periods in the twentieth century.

The post-1976 climatic change also complicates interpretation of recent vegetation 
trends. For example, ongoing shrub invasions of southwestern grasslands have been 
attributed to drought (Herbel et al. 1972; Grover and Musick 1990; Neilson 1986), 
overgrazing/fire suppression (Archer et al. 1995), and even CO

2
 enrichment driving 

C3 shrubs into C4 grasslands (Idso 1992; Mayeux et al. 1991; for opposing view 
see Archer et al. 1995). The debate is confounded by the fact that progressive range 
deterioration since 1870 has been inferred from historical data (Bahre and Shelton 
1993), while long-term monitoring indicates substantial range improvement with 
better management and wetter conditions following the 1950s drought (Fig. 18; 
McCormick and Galt 1994). Such ambiguities in disentangling climatic from land use 
effects will continue to plague ecosystem research and management in the region.

Lastly, climate appears to be regulating the invasion of exotic plants in the 
Southwest. Wetter winters since 1976 have encouraged the spread of red brome 
(Bromus rubens), a winter annual, in the upper Sonoran Desert of central and southern 
Arizona. Consequently, fine fuels have accumulated and large fires have become 
chronic in desert communities that burned rarely only 20 years ago (McLaughlin 
and Bowers 1982). Many desert plants, such as saguaros (Carnegiea gigantea), 
grow slowly and recruit episodically; on decadal timescales, desert fires have 

Fig. 18 Summary of (a) cattle numbers, (b) 
percent litter, (c) percent bare soil, and (d) 
percent perennial grass at 46 study sites in six 
southern New Mexico counties from 1952 to 
1992. These sites are monitored by the Bureau 
of Land Management to determine range condi-
tion trends (McCormick and Galt 1994). The 
greatest improvement in range condition 
occurred during the last decade in large part due 
to recovery of precipitation after range deteriora-
tion during the 1950 drought
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 irreversible consequences. A shift to drier winters and wetter summers might slow the 
red brome invasion, while encouraging exotic summer annuals like African buffel 
grass (Cenchrus ciliare), which becomes flammable in the fall. It is unclear what 
remedies can be applied, if any. One could propose an aggressive program of fire 
suppression in the Sonoran Desert. This might be viewed as inconsistent by a 
ranching community that is increasingly accepting fire as an ecological processes 
capable of holding shrub invasion of grasslands at bay.

7  Conclusions

An appropriate start for studying climatic effects on ecosystems is to quantify spatial 
and temporal variability as a function of scale, particularly where scales of variation 
match (Levin 1992). Understandably, the larger spatial and temporal scales of eco-
system behavior show the greatest variations, and these should be well correlated 
to climate (McGowan 1990). For example, the strongest correlations between ENSO 
and area burned emerge from aggregation of fire occurrence data sets from all 
National Forest lands in Arizona and New Mexico, rather than with any particular 
forest (Swetnam and Betancourt 1990). The more synchronous the fires across a 
region, the stronger the climate signal. Likewise, climatic trends may not be reflected 
in the age structure of a single forest or woodland, but should be evident in a summary 
of tree births and deaths across a region. No matter how problematic, this regional 
climatic signal should be extracted before variations in ecosystem components can 
be attributed to other causes, be they intrinsic, in the case of competition and predation, 
or extrinsic, in the case of human land use.

Climatic variability can amplify or mute anthropogenic effects. Exponential 
increases in tropical biomass burning in the Amazon Basin coincided with both 
colonization and drier conditions that were associated with the decadal shift to the 
negative SO-phase in the 1970s. Conversely, anthropogenic effects can confound 
climatic relations. Both numbers of fires and area burned are on the increase in the 
Southwest and Pacific Northwest, even though interannual and decadal climate 
variability generally are in opposite phase in these two regions (Dettinger et al. 
1998). This may reflect historical fire suppression and the concomitant buildup of 
woody fuels in both regions. Fuel loads are now far out of equilibrium with natural 
fire regimes, compounding the effects of the occasional drought (Auclair and 
Bedford 1994).

The similar trends of increased area burned in the late twentieth century in both 
the Northwest and Southwest, in the face of opposing climatic trends, could also be 
due to opposite responses of regional fire regimes to climatic variability. Persistent 
or frequent droughts in relatively productive Northwestern forests may be sufficient 
to increase fire size and severity. In contrast, large fire years in the less productive 
forests of the semi-arid Southwest may be stimulated by sequences of extreme wet 
seasons followed by average or drier than average seasons. Fine fuels, such as 
grasses and tree leaves, accumulate during wet spells, while subsequent dry events 
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favor fire ignition and spread. Even during wet decades in the Southwest, such as 
the post-1976 period, the arid foresummers are often sufficiently dry for some large 
fires to occur. When an extremely dry winter-spring event eventually follows a wet 
spell, such as in 1989, exceptionally large areas burn during the following summer 
(Fig. 12). Compilations of fire-scar records and fire statistics from the Northwest, 
and detailed comparisons with similar Southwestern data sets, are needed to evaluate 
these changing temporal and spatial patterns over the past several centuries.

Naturalists and ecologists have long noted the severe impacts of mesoscale 
droughts on plants and animals. Charles Darwin (1855) himself witnessed the after-
math of a great drought – “El Gran Seco” – in the Argentinean Pampas, where 
cattle died in the millions after grasslands failed between 1827 and 1830. Ecological 
study of mesoscale disturbances such as the Gran Seco, however, remains anecdotal. 
Part of the problem is that historical and regional phenomena are less accessible to 
experimentation than local processes (i.e., predation and competition) in ecological 
time (Ricklefs 1987; Brown 1995). With the exception of hurricanes and volcanic 
eruptions, ecologists have failed to take advantage of mesoscale disturbances as 
“natural experiments.” When it happened, the 1950s drought offered the opportunity 
to directly study cross-scale and long-term successional processes, but until very 
recently the drought failed to inspire the appropriate research in the American 
Southwest. Similarly, prolonged drought during the 1980s caused widespread tree 
mortality across the Pacific Northwest (Wickman 1992), but there has been no 
regional effort to study this drought or future succession. The Southwest is experi-
encing unusually wet winters since 1976, yet no one is poised to project the ecological 
consequences 10–20 years from now. These missed opportunities suggest that 
ecologists should pay more attention to mesoscale responses of ecosystems to climatic 
variability, and specific climatic events, such as drought. Climatologists can play a key 
role in the multidisciplinary process by focusing on extreme events, and by customizing 
analytical approaches to match the scales of ecosystem process and variability.

One lesson from our mesoscale aggregations and comparisons of disturbance 
and climate times series is that ecosystem responses are more variable and complex 
than is often assumed. These responses are sometimes surprising, and sometimes 
they offer opportunities for prediction. For example, mesoscale fire activity does 
not simply correlate with drought; wet conditions and lagging relations between 
climate and fuels are also involved. These lagging relations, and improved seasonal 
weather forecasts based on ENSO patterns, suggest that quantitative, seasonal fire 
hazard forecasting tools could be constructed. Outbreaks of North America’s most 
widespread and economically important defoliating insect – the spruce budworm – 
generally do not occur during droughts, but instead coincide consistently with wet 
periods. Tree demographic and disturbance responses to climatic variations are 
confounded by human impacts, but disentangling these influences is possible with 
comparative analyses of mesoscale data sets.

Our examples of ecological responses to climate in the Southwest underscore 
the importance of reconstructing, observing, and assessing ecological processes 
and patterns at the appropriate scales, i.e., mesoscales and centuries. Ecological 
synchroneity at these scales is the hallmark of climatic effects on ecosystems and 
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is a key to separating cultural from natural causes of environmental change. Improved 
understanding of changing climatic and human controls of keystone ecological pro-
cesses, such as fire, will require parallel development and comparison of well-dated 
networks of climatic and ecological time series. In general, ecologists have a great deal 
to learn from the time series and spatial analytical approaches used by climatologists.

Finally, all ecosystems are historically contingent systems, whose structure and 
dynamics reflect continuous modification of preexisting systems (Brown 1995). 
Ecosystem management, then, should be predicated on understanding disturbance 
processes, ecosystem structures, and history in the context of past, present and 
future climate variability.
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Wildfire risk to ecosystems and human communities varies considerably depending 
on the severity of fire behavior that occurs during burning. Fire severity, in turn, is 
dependent on fuel amount, arrangement, and horizontal and vertical continuity, 
which – in forests – is often broken into broad categories of surface and canopy 
fuels. Fire scars – areas of cambial mortality caused by low-severity surface burn-
ing – recorded in cross-dated tree-ring sequences have proven extremely useful for 
documenting that frequent surface fires occurred in many mid-elevation forests in 
western North America, especially those dominated by ponderosa pine (Pinus pon-
derosa). These fires burned mainly in surface fuels and rarely killed mature trees 
because of their thick bark and high crowns. Fire cessation in these forests began in 
the middle to late nineteenth century because of Euro-American settlement, initially 
as a result of widespread livestock grazing that removed surface fuel biomass and 
followed later in the twentieth century by active fire suppression by land manage-
ment agencies. Fire exclusion has resulted in unchecked tree establishment, 
increased stand densities, a lowering of stand-level canopy base heights, increased 
numbers of small trees, deeper layers of needle litter, and an overall increase in 
crown fire potential in current forests. Conversely, canopy fuels have always domi-
nated in upper-elevation subalpine forests, where fires are generally less frequent 
but much higher severity during which large areas of forest are killed.

Understanding such spatio-temporal variations in fire behavior is important for 
predicting where fuel management or ecological restoration will be most effective 
in reducing fire risk. As a general rule, ecological restoration is best suited for 
ecosystems that experienced surface fires, where modification of fuels or forest 
structure can play a significant role in reducing both the likelihood of crown fire 
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and the potential economic and ecological damage caused by a catastrophic 
wildfire. However, a question arises in ecosystems that experienced what is often 
called mixed- or variable-severity fire behavior, in which crown and surface fires 
occurred during individual fires or during different fires at the same location 
(e.g. Baker et al. 2007). It is not as clear in these forests that fuel modification or 
ecological restoration either is warranted or will be potentially effective in reducing 
the risk of a catastrophic wildfire.

Tree-ring data from ponderosa pine forests of the Front Range of the Rocky 
Mountains in Colorado and the Black Hills in southwestern South Dakota docu-
ment that mixed-severity fires were present in some areas prior to Euro-American 
settlement (Brown et al. 1999; Brown 2006; Sherriff and Veblen 2007). The pres-
ence of denser stands and crown fires historically has led some to conclude that 
large-scale forest thinning or reintroduction of surface fires as means for ecological 
restoration is not appropriate across many of these forests (Veblen 2003; Baker 
et al. 2007). However, a major question that must be asked about this conclusion is 
how often crown fires occurred and how big an area they covered relative to surface 
fire in the historical forests. For example, a recent dendroecological study at Mount 
Rushmore National Memorial in the Black Hills – home of the world-famous 
Mount Rushmore sculpture – used dates and locations of fire scars and tree recruit-
ment to estimate that crown fires burned only about 3.3% of the total area burned 
between 1529 and 1893 (Brown et al. 2008). The rest of the area burned as surface 
fire. Other fire history studies have shown that typical sizes of crown fire patches 
in the past were likely on the order of hectares to tens of hectares at most (Brown 
et al. 1999; Brown 2006). This strongly contrasts with recent mixed-severity fires, 
in which areas of crown mortality were orders of magnitude larger, including an 
area of almost 25,000 ha of almost complete overstory mortality that occurred during 
the 2002 Hayman Fire in central Colorado (Graham 2003). The scale of crown mor-
tality that occurred not only in the Hayman Fire but also during other recent fires 
in the Front Range and Black Hills appears to be completely unprecedented relative 
to all available historical reconstructions, suggesting that forest stand and landscape 
structures are well outside of their historical ranges of variability. These larger areas 
of crown fire appear to be a direct result of fire cessation that has led to more con-
tiguous, denser stands across landscapes. Thus, simply to conclude that past fire 
behavior was mixed- or variable-severity does little either to characterize fire as an 
ecological process or to provide direction for fuel management or ecological restora-
tion efforts in these forests.

One approach to the question of how mixed-severity fire regimes may have 
changed from historical to current forests is to focus on the underlying dynamics of 
fire as a disturbance process and how individual species respond to spatiotemporal 
variations in fire behavior. Falk (2006) has suggested restoration efforts should focus 
on the ecological processes that sustain and characterize ecosystem function rather 
than concentrating solely on local ecosystem patterns produced by those processes. 
Viewed from a process-centered perspective, the local fire history may be seen as 
only one realization of multiple stochastic and deterministic processes that affected 
a particular configuration we see or reconstruct today (sensu Lertzman et al. 1998). 
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The true focus for restoration ecology and fuel and forest management in general 
should be to characterize underlying ecosystem dynamics that affected both the 
specific realization that we are able to reconstruct as well as the range of variation 
possible within a particular ecosystem type.

A process-centered restoration approach defines and uses historical dynamics in 
both biotic and ecosystem processes as central foci for restoration design and imple-
mentation (Falk 2006). In ponderosa pine forests throughout their range, the central 
ecological theme is that of episodic, frequent, surface fires. Although some ponderosa 
pine forests, such as those of the Front Range and Black Hills, apparently experienced 
areas of crown fires of varying sizes in the past, the relative scale of crown to 
surface burning is often based on questionable evidence, difficult to quantify even when 
adequate evidence is available, and, perhaps more critically, difficult to address in 
restoration programs. Furthermore, crown and mixed-severity fires will undoubtedly 
continue to occur in future wildfires. Funding and management policies for landscape-
scale restoration programs are currently not in place, and large areas of dense stands 
of trees that are highly susceptible to crown fires will undoubtedly continue to persist 
in most ponderosa pine landscapes well into the future. Yet what is currently missing 
from virtually all ponderosa pine forests throughout its range in western North 
America are surface fires, especially those that are allowed to burn across large areas. 
We know with great certainty from tree-ring evidence that such fires occurred with 
regularity in the past. Restoration of surface fires and forest structure will not only 
restore longer-term function and resilience to ponderosa pine ecosystems throughout 
their range, but also substantially reduce the risk and adverse effects of future 
wildfires on human communities and natural resources across the region.
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1  Introduction

Wildland fire has been a key selective force through evolutionary time, influencing 
the development of characteristic adaptations of forest trees ranging from the 
serotinous cones of lodgepole pine (Pinus contorta) to the vigorous sprouting of 
Canary Island pine (Pinus canariensis) (Keeley and Zedler 1998). In the semi-arid 
southwestern United States, forest fires play complex ecological and social roles. 
Ecologically, the southwestern U.S. encompass forests adapted to severe, stand-
replacing fires, those adapted to frequent surface fires, and forests with a mixture 
of fire intensities. Overlaid on this natural mosaic, however, modern industrial 
society has consistently sought to suppress fire (Pyne 1982). An unintended con-
sequence of fire exclusion, however, is the accumulation of fuel horizontally across 
contiguous tree canopies and vertically through the crowns of small understory 
trees. Coupled with warming climate, more droughts, less snow, and longer fire 
seasons, there is little doubt that severe fires will increase (Westerling et al. 2006). 
For forest ecosystems not adapted to severe burning and already stressed by non-
native species, human impacts, and climate change, the likelihood of substantial 
irreversible degradation appears high (Savage and Mast 2005; Strom and Fulé 
2007). Early proponents of taking an ecological approach to fire, such as Leopold 
(1924) and Weaver (1951), were lonely voices in their time. Today, however, the 
attention of scientists and forest managers is focused on the restoring of the natu-
rally fire-resilient characteristics of native ecosystems (Falk 2006). In order to 
have a chance to accomplish this goal, it is vital that we have the best possible 
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understanding of historical forest characteristics: fire regimes, forest structure, 
species composition, and dynamics.

Tree-ring analysis is a powerful technique for developing reliable knowledge 
about forest history and change. The theme of this chapter is the use of tree rings 
for the following goals: (1) determine historical fire regimes across the elevational 
gradient of forest ecosystems; (2) measure changes in forest structure, composition, 
fuels, and simulated fire behavior; and (3) apply these data for testing management 
alternatives for ecological restoration and conservation.

2  Study Region

Grand Canyon National Park, in northern Arizona, USA, is a world heritage site 
preserving the deep canyon of the Colorado River and the surrounding ecosystems, 
including high-elevation coniferous forests on canyon rims. The Park is famous for 
its stunning rock formations but the high forests should be recognized for their 
own merits: Grand Canyon preserves the largest never-harvested forest in Arizona, 
covering an elevational gradient from woodlands to subalpine forests. In the 
canyon, the Colorado River runs below high escarpments which reach approxi-
mately 2,800 m in elevation on the Kaibab Plateau (North Rim) and 2,300 m on the 
Coconino Plateau (South Rim). Soils are derived from limestone substrates (Warren 
et al. 1982). Weather data are from the Western Regional Climate Center (www.
wrcc.dri.edu), Bright Angel station, elevation 2,560 m, North Rim and cover the 
period 1925–2008. Average temperature was –2.7°C in January and 16.8°C in July; 
annual precipitation averaged 645 mm. Forest types include ponderosa pine (Pinus 
ponderosa), often with a substantial component of Gambel oak (Quercus gambellii), 
at elevations around 2,200 m. At higher elevations and on northern aspects, mixed 
conifer forests (ponderosa pine, Douglas-fir (Pseudotsuga menziesii), and white 
fir (Abies concolor), and aspen (Populus tremuloides) dominate. At the highest 
elevations, up to 2,700 m, forests of aspen, spruce (Picea engelmannii and Picea 
pungens), and subalpine fir (Abies lasiocarpa) are interspersed with meadows.

3  Tree-Ring Reconstruction of Historical Fire Regimes

Field sampling began in 1997, when we established study sites that eventually 
covered 6,565 ha stretching from the canyon rims to the highest elevations on both 
the North and South Rims. Sites were selected to represent the elevational gradient 
from ponderosa pine to mixed conifer, spruce-fir and aspen forests (Fig. 1).

Fire-scarred trees were sampled to inventory fire dates based on tree-ring analysis 
(Swetnam and Baisan 1996). The study sites were systematically surveyed along 
parallel transects to search 100% of the area, except at the large high-elevation site 
(4,400 ha) where fire-scarred trees were encountered predominantly on ridge tops 

http://www.wrcc.dri.edu
http://www.wrcc.dri.edu
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and SW-S-SE aspects. Trees with the longest and most complete fire records were 
preferentially targeted for sampling. Samples were mapped when collected and 
were well-distributed throughout the study areas (Fig. 1).

Fig. 1 Study sites in the region of Grand Canyon National Park, Arizona, USA. Shaded areas are the 
extent of systematic grids of forest sampling plots. Dots indicate the locations of fire-scarred trees and 
polygons outline forest restoration experimental sites. Stippled shading on the North Rim indicates 
the extent of wildfires managed by the National Park Service for resource benefits in 2003
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In the high-elevation forest where stand-replacing fires were expected to be most 
common, we attempted to identify even-aged, homogenous stands that originated 
after fire. However, the landscape was highly diverse and we were not able to 
distinguish even-aged stands through remotely sensed data or field reconnaissance. 
At the finer scale of the permanent plots, however, we detected differences associ-
ated with effects of fires of differing severity. Fire-initiated and non-fire-initiated 
plots were characterized by age and species composition data, similar to Murray 
et al. (1998). The term “fire-initiated” is used here to separate groups of trees that 
originated following a stand-replacing fire. All age cohorts within each plot were 
taken into consideration but the greatest weight was given to the oldest trees. 
When the oldest tree or trees were the fire-resistant species Pinus ponderosa or 
Pseudotsuga menziesii, the plot was classified as non-fire-initiated. When the oldest 
trees were the fire-susceptible species Populus tremuloides, Abies lasiocarpa, or 
Picea spp., the plot was classified as fire-initiated. Abies concolor was considered 
intermediate in fire resistance; they were classified as non-fire-initiated when accom-
panied by uneven-aged Pinus or Pseudotsuga, and as fire-initiated when accompanied 
by approximately equal-aged Populus.

Fire-scarred samples were mounted on wood backing and surfaced with sandpaper 
until cells were clearly visible under magnification. Tree rings were visually cross-
dated (Stokes and Smiley 1968) and dating of measured rings was checked with 
the Cofecha software (Holmes 1983). The season of fire was estimated based on the 
relative position of fire injury within the annual ring (Baisan and Swetnam 1990).

Fire scar data were analyzed with FHX2 software (Grissino-Mayer 2001) begin-
ning with the first fire year having an adequate sample depth, 10% or more of the total 
sample size of recording trees (Grissino-Mayer et al. 1995). “Recording” trees are 
those with fire scars or other wounds (e.g., lightning scars) that make them suscepti-
ble to repeated scarring by fire. Comparing data between study sites that differ in area 
could be biased because more scars recording small fires are likely to be included in 
larger study sites (Swetnam and Baisan 1996). Proportional filtering of the data set 
provides a useful basis of comparison by removing small fires that scarred only one 
or a few trees (Van Horne and Fulé 2006). Our filters were, first, all fire years, even 
those represented by a single scar. Then only those fire years were included in which 
respectively 10% or more, and 25% or more, of the recording samples were scarred.

The relationship between climatic fluctuations and fire occurrence was evalu-
ated with superposed epoch analysis (SEA) (Grissino-Mayer 2001). The SEA 
superimposes all fire years and mathematically summarizes the climate data for fire 
years, as well as a window of several preceding and succeeding years. Bootstrapped 
distributions of climate data in 1,000 random windows were used to create confi-
dence intervals. We developed a local tree-ring chronology to serve as a proxy for 
climate. The chronology was significantly correlated with reconstructed Palmer 
Drought Stress Index (r = 0.67) for grid point 31 in northern Arizona, A.D. 1694–1978 
(Cook et al. 1996).

Results of the fire-scar analysis showed that frequent surface fires occurred through-
out the ponderosa pine and mixed conifer forests of Grand Canyon, changing to lethal 
fires predominantly in the cooler, north-facing aspects at higher elevations (Table 1). 
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The surface fire regimes all had composite mean fire intervals <10 years, calculated 
with the filtering criterion of fire years in which 25% or more of the sample trees 
were scarred. The only exception was a slightly longer interval (11.6 years) in 
the lowest-elevation site, a ponderosa/woodland ecotone, and increasing intervals 
(11.9–31.0 years) in the portions of high-elevation sites where surface fires 
occurred. Tree groups on nearly 60% of the high-elevation landscape plots were 
initiated by severe fire and were dominated by spruce or aspen; the oldest appeared 
to have originated after severe fires in 1782 or 1785. In 1880, the onset of general 
fire exclusion, all fire-initiated groups were less than 100 years old and nearly 25% 
of the groups were less than 20 years old. In contrast, non-fire-initiated groups at 
high elevation were significantly older, dominated by Pinus ponderosa, Pseudotsuga 
menziesii, or Abies concolor, and occurred preferentially on S and W slopes. The 
interspersion of fire-initiated patches of different ages and strong topographic asso-
ciation with fire type, creating a mixed-severity mosaic over the landscape, sug-
gested that severe fires on the North Rim were smaller than those previously 
reported in spruce-fir forests of the Southwest or Rocky Mountains (Aplet et al. 
1988; Grissino-Mayer et al. 1995). Patchy lethal fires also characterized the lower 
forest ecotone, where pinyon-juniper woodlands are dissected by drainages that 
support ponderosa pine (Huffman et al. 2008).

Fire occurrence was synchronized by climate across the large landscapes of 
Grand Canyon: five major regional fire years (1735, 1748, 1773, 1785, and 1879) 
burned over all or most of the North Rim study sites, an area of at least 300 km2. 
Fire years were significantly dry (Fulé et al. 2003a, b), as measured by Palmer 
Drought Severity Index, and the years prior to fire were significantly wet in five of 
six study sites, patterns similar to those observed across the Southwest (Swetnam 
and Betancourt 1998). Fires ceased at most sites around the time of European 
settlement; the last year of widespread fire on the North Rim was 1879 and on the 
South Rim was 1887, although Wolf and Mast (1998) reported additional fires into 
the early twentieth century. In contrast to the general exclusion of fire after 
European settlement at Grand Canyon and across the southwestern U.S., three of 
the studied landscapes – Powell Plateau, Rainbow Plateau, and Fire Point – had two 
or three large, spreading surface fires since 1880, as well as several smaller fires. 
These remote, never-harvested forests are useful analogues for near-natural condi-
tions prior to recent fire regime disruption.

Fire regimes reconstructed from fire scars should in theory be calibrated against 
modern records, providing a gauge of the accuracy, precision, and spatial fidelity of 
reconstructed fire histories (Baker and Ehle 2001). Calibration would be a test of 
the uniformity principle of dendrochronology, the concept that the factors governing 
tree-ring width today operated in the same way in the past. Unfortunately, it is 
difficult to carry out modern calibration because records were not kept when fires 
were common (pre-twentieth century) and most regions of the southwestern U.S. 
have not burned, or burned only rarely, during the recent period when records exist. 
At Grand Canyon, however, we found the unusual circumstance that a number of 
fires had occurred in the studied landscapes in the twentieth century, both wildfires 
and managed fires, and fire records had been maintained since 1924.
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Fire scars were accurate in identifying historical fires: all of the 13 recorded fires 
larger than 8 ha since 1924 were identified from fire scars (Fulé et al. 2003a, b). 
The proportion of scarred trees was generally related to recorded fire size, a useful 
test of the hypothesis that higher levels of scarring can serve as a “filter” for sepa-
rating larger and smaller fires (Swetnam and Baisan 1996). The high accuracy of 
fire-scar data in reconstructing the modern Grand Canyon fire history, coupled with 
similar recent findings from Saguaro National Park in Arizona (Farris et al. 2003) 
and studies on fire-scar sampling methodology in Arizona (Van Horne and Fulé 
2006) and New Mexico (Falk 2004) show that surface fire regimes reconstructed 
from fire scars in southwestern ponderosa pine forests, using standard sampling 
methods (Swetnam and Baisan 1996) are highly reliable.

4  Tree-Ring Analysis for Forest and Fuel Structure

Over the same landscapes as in the fire history studies described above, we measured 
forest and fuel characteristics on grids of systematically spaced permanent plots. 
Sampling plots were 0.1 ha (20 × 50 m). Dendrochronological sampling was used 
to measure age structure and forest change. We tagged trees and measured species, 
condition, diameter at breast height (DBH, 1.37 m), height, and crown base height. 
We distinguished between trees established prior to circa 1880, when European-
American settlers introduced livestock and interrupted fire disturbance regimes 
(Cooper 1960), and those that established later (White 1985). All living trees meeting 
the pre-settlement criteria were considered potentially pre-1880 trees and were 
cored. A random 10% sample of all other trees was also cored. Coring height was 
40 cm above ground level to meet two objectives: first, to measure tree age, and 
second, to measure growth between the fire regime disruption date and the present 
(needed for the forest reconstruction).

Canopy cover was recorded with a vertical densitometer along the 50-m side-
lines of each plot, every 0.3 or 3 m. Forest floor and woody debris were measured 
along four 15.2 m planar intersect transects (Brown 1974). Litter and duff (fermen-
tation plus humus layers) depths were measured every 1.52 m along each transect, 
and woody debris was recorded by time-lag classes of 1 h (0–0.6 cm diameter), 10 h 
(0.6–2.5 cm), 100 h (2.5–7.6 cm), and 1,000 h (>7.6 cm).

Tree increment cores were surfaced and visually crossdated. Rings were counted 
on cores that could not be crossdated, mostly younger trees. Additional years to the 
center were estimated with concentric circles matched to the curvature and density 
of the inner rings for cores that missed the pith. Forest structure in 1880 was recon-
structed using dendroecological methods (Fulé et al. 1997) as follows: tree size at 
the time of fire exclusion was reconstructed by subtracting twice the radial growth 
measured on increment cores since 1879. We developed local species-specific 
relationships between tree diameter and basal area increment (r2 = .45 to .90) and 
applied these relationships to estimate past size for trees without increment cores 
(dead or rotten centers). For dead trees, the date of death was estimated based on 
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tree condition class using diameter-dependent snag decomposition rates (Thomas 
et al. 1979). Local tests have shown the death-date model to be reasonably accurate 
(Waskiewicz et al. 2007).

We modeled changes in forest structure, canopy fuels, and potential fire behavior 
as outlined in the schematic in Fig. 2. Forest change was simulated on a per-plot 
basis at 10-year intervals using the Forest Vegetation Simulator (FVS, Van Dyck 
2000), Central Rockies variant. This model is a highly precise statistical model for 
forest simulation (Edminster et al. 1991). Simulations were initialized with recon-
structed 1880 conditions. Actual regeneration data by species and decade were 
added to each plot and increased by 40%, an empirically determined value, to 
account for density-dependent mortality. Canopy biomass was estimated with 
diameter-based allometric equations for foliage and fine twigs, the canopy fuels 
that are available for burning in crown fires. Canopy volume was estimated on a 
per-plot basis by the maximum tree height (top of the canopy) minus crown base 
height (bottom of the canopy). Canopy bulk density was calculated as canopy biomass 
divided by canopy volume.

Fire behavior was modeled with the Nexus Fire Behavior and Hazard Assessment 
System (Scott and Reinhardt 2001). Nexus combines a deterministic model of 
surface fire behavior with models of crown fire transition and crown fire spread. 

Forest Simulation and Fire Behavior Modeling

Current
Forest

Structure
(circa 2000)

1880 Forest
Structure

Simulate
1880-2000

Add regen

Site data

Fire weather

Crowning
Index

Crown
Biomass

Dendro

Forest Plan

Fire Plan

Intersecting evidence:
▪ Lang & Stewart survey (1910)
▪ Historical photos & data
▪ Rasmussen (1941)

Compared to
observed fire
behavior
(NWIII fire
& Outlet fire )

Compared to
measured
data, +/- 20%

Biomass
equations

Smoke

Wildlife

Landscape Maps
1880-2000

Tested
procedures

Nexus

FVS

Fig. 2 Schematic of forest data and modeling process, beginning with data collection on contem-
porary forest structure (upper left), dendroecological reconstruction of forest structure in 1880, 
simulation modeling with FVS (Forest Vegetation Simulator, upper right), crown fuel modeling, 
fire behavior modeling with Nexus (lower right), and development of fire hazard maps (lower left) 
that provide information for forest and fire planning. In turn, management actions based on these 
plans affect forests on the Grand Canyon landscape (From Fulé et al. 2004)



373Wildfire Ecology and Management at Grand Canyon, USA

Foliar moisture content was set at 100% (Agee et al. 2002). Hot and dry weather 
inputs were used to simulate fire behavior under extreme conditions. Fire weather 
extremes representing the 90th and 97th percentiles of low fuel moisture and high 
temperature were calculated for 1970–2001 at the Bright Angel weather station 
using the FireFamily Plus program (Bradshaw and Brittain 1999). Values were 
calculated for June, historically the month with the most severe fire weather 
(Table 2), because severe fires spread out of control under such conditions. Fire 
behavior fuel models (Anderson 1982) used were 9 (sites below 2,500 m elevation) 
and 10 (sites above 2,500 m elevation). We focused the analysis on crown fire 
behavior as measured by the crowning index (CI), defined as the windspeed at 
which active canopy burning could be sustained (Scott and Reinhardt 2001).

Results of tree-ring assessment of forest change indicated that forest structure 
since the time of European settlement and fire exclusion, circa 1880, changed 
substantially in fire-excluded study sites but much less in those that continued to 
burn. Basal area of ponderosa pine forests increased an average of 238% from 
9.1–20.5 m2 ha–1 at the onset of European settlement and fire regime disruption, 
circa 1880, to 22.9–31.4 m2 ha–1 in contemporary forests (Table 2). Changes in tree 
density were even more dramatic: 140–160 trees ha–1 to 389–955 trees ha-1, an 
average of 448%. While these increases are large, Grand Canyon forest densities 
actually increased less than most southwestern ponderosa forests. Densities 
reported in a number of forest reconstruction studies and early historical forest 
inventories averaged 79 pines ha–1 (see list in Covington and Moore 1992), 
whereas the current average ponderosa pine density across the state of Arizona is 
approximately 619 pines ha–1 (O’Brien 2002). At Grand Canyon, the sites where 
fire regimes were not completely disrupted had the smallest post-settlement 
increases in pine density reported to date in the Southwest, averaging 64 pines ha–1 
or 42% (Table 2). Densities of other trees jumped, especially Quercus and Robinia, 
but pines continued to dominate, making up an average of 90% of basal area. We 
suggested that the continued presence of surface fire, even at much longer than 
natural intervals, was the most likely reason for maintaining relatively open forests 
at the remote points and plateaus (Fulé et al. 2002). The specific reasons for 
density change are typically difficult to untangle because livestock grazing, fire 
suppression, and past logging affected most southwestern forests in overlapping 
ways (Belsky and Blumenthal 1997), but the Grandview site and never-harvested 
forests of the G. A. Pearson Natural Area in Arizona (Covington et al. 1997) and 
Monument Canyon Natural Area in New Mexico (Falk 2004) provide examples 
where logging was absent but pine density increases on the order of 1,000% were 
observed after fire exclusion.

Forest density increases were greatest in mixed conifer and spruce/fir/aspen 
forests at the highest elevations of the Park. The highest basal area of any contem-
porary forest was reached in mixed conifer at Swamp Ridge, 41.3 m2 ha–1, and the 
large Little Park site averaged 31.9 m2 ha–1 (Table 2). The Swamp Ridge site had 
had the highest basal area in 1880 as well (28.5 m2 ha–1), but ponderosa pine 
dropped from 75% of basal area in 1880 to only 48% today as the species composi-
tion shifted to Abies and Pseudotsuga. The high-elevation Little Park site was very 
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open in 1880 (12.2 m2 ha–1), likely as a result of severe fires in 1851 and 1879, but 
had become dense by 2000 with Abies, Picea, and Populus.

Assessing the accuracy of tree-ring forest reconstructions was facilitated by a 
thorough inventory of the Kaibab Plateau (North Rim) carried out by Lang and 
Stewart (1910). They reported an average in ponderosa pine forest of 128 pines 
>15.2 cm DBH ha–1. For comparison, the Powell Plateau, Fire Point, and Rainbow 
Plateau sites averaged 141, 136, and 125 pines >15.2 cm DBH ha–1 in the 1880 
reconstruction and 141.2, 148.5, and 147.8 pines >15.2 cm DBH ha–1 in the 
contemporary forest, nearly no change in pine density over approximately 120 years 
(Fulé et al. 2002). In higher elevation forests, the Lang and Stewart (1910) averages 
for several conifer species were also very close to reconstructed densities. Across the 
4,400-ha Little Park study site, reconstructed 1880 average densities for Abies, 
Pseudotsuga, and Picea (trees >15.2 cm DBH) were within 2 tree ha–1 of the aver-
ages reported by Lang and Stewart (1910). Only ponderosa pine was more variable, 
about 25% or 11 trees ha–1 lower in density (Fulé et al. 2003a). On the South Rim 
at Grandview, reconstructed pine densities fell within ranges surveyed by Woolsey 
(1911) (Fulé et al. 2002). In addition to quantitative data, the early forest surveyors 
also noted that “forest fires have been the cause of incalculable losses […]. Vast 
denuded areas, charred stubs and fallen trunks and the general prevalence of 
blackened poles [illustrate] their frequency and severity long before this country 
was explored by white men […]. Evidence indicates light ground fires over practi-
cally the whole forest, some of the finest stands of yellow pine show only slight 
charring of the bark and very little damage to poles and undergrowth” but at higher 
elevations “old fires extended over large areas at higher altitudes, amounting to 
several square miles on either side of Big Park [now called DeMotte Park, N of our 
Little Park study site]” (Lang and Stewart 1910:18–19). These descriptions are 
consistent with our tree-ring-based fire regime and forest reconstructions across the 
elevational gradient.

Modeling results indicated that fuels and fire hazard increased over time as the 
forest density increased and species composition changed on the North Rim. 
Canopy biomass, which serves as the fuel for severe fires, increased at all sites. The 
average increase was only 122% at the low-elevation ponderosa pine sites, consis-
tent with the minimal post-settlement alteration observed in these areas, but 279% 
at the high-elevation Little Park site (Fulé et al. 2004). The high fuel load and spatial 
contiguity of the Little Park site were consistent with the findings of White and 
Vankat (1993) in the adjacent Thompson Canyon watershed. The intermediate-
elevation Swamp Ridge site, a mixed conifer forest, had the highest canopy biomass 
in 1880 but the smallest increase by 2040 (39%). Canopy bulk density increased in 
proportion with biomass. Species composition of canopy fuels remained consistent 
at low elevation (Pinus ponderosa) but shifted strongly to mesic species at higher 
elevations. Potential crown fire behavior forecast in terms of crowning index (CI), 
the minimum wind speed required for active canopy burning, decreased (i.e., the 
hazard of severe wildfire increased) by 23–80% over the modeled period. Canopy 
fuel and CI values were extrapolated across the entire North Rim landscape. At a 
threshold wind speed of 45 km/h, only 6% of the landscape was susceptible to active 
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crown fire in 1880 but 33% was susceptible by 2000 (Fulé et al. 2004). Empirical 
evidence of forest susceptibility to severe fire was shown by the Outlet Fire in 2000, 
which burned over 5,260 ha, about 35% complete overstory mortality (Bertolette 
and Spotskey 2001).

5  Applications to Management

Tree-ring analyses of fire regimes and forest structure carried out in these interlinked 
research studies have supported a wide array of ecological interpretations and manage-
ment decisions. We applied tree-ring methods to reconstruct the fire disturbance 
regime and forest structure over the past 100–400 years. We assessed the accuracy 
of the findings using intersecting lines of evidence from historical and modern 
records. And we used vegetation and fire behavior simulation models to characterize 
changes in fuels and fire hazards over a 160-year period. In this section, I describe 
two examples of the application of this information for restoration and conservation 
of Grand Canyon’s forest ecosystems: (1) setting ecological reference conditions 
and (2) supporting fire management decisions.

Ecological reference conditions: Several studies have taken advantage of the 
ecological value of the remote points and plateaus of the North Rim, rare never-
harvested forests with surface fire regimes continuing to the present. Leopold 
(1941) referred to reference conditions (also, range of natural variability, range of 
historical variability; see Swetnam et al. 1999, Landres et al. 1999) as the “base 
datum” of ecology. Even when there is considerable uncertainty about the variability 
among alternative ecological states or the linearity and predictability of succes-
sional trajectories, reference data on ecosystem structure and process are highly 
valuable (Cortina et al. 2006). Modern reference sites are especially useful for 
assessing transitory, dynamic aspects of the ecosystem, such as herbaceous plants, 
wildlife, or soil nutrients, which generally do not leave enduring evidence.

Herbaceous plant communities provide over 90% of the vascular plant diversity 
in southwestern ponderosa pine forests, as well as critical habitat for invertebrates 
and vertebrates, forage for domestic livestock, and fuel to sustain the surface 
regime (Korb and Springer 2003). Past overgrazing, drought, introduction of non-
native species, fire exclusion, and increased forest density have degraded herbaceous 
plant communities. The remote North Rim sites have been protected from livestock 
since the late 1930s. Gildar et al. (2004) contrasted plant communities across two 
years between two reference sites (Powell Plateau and Rainbow Plateau) and 
Galahad Plateau, where fire exclusion had occurred since 1880. The unburned site 
had significantly higher coarse woody debris and duff depth, but species richness 
was influenced more by inter-annual precipitation than by fire history. Moving to 
the landscape scale, however, Laughlin et al. (2005) modeled overstory-understory 
relationships over the full elevational gradient on the North Rim. In this context, the 
North Rim reference sites stood out because species richness was associated with 
lower pine basal area and inversely related to time since fire. Laughlin and Grace 
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(2006) used structural equation modeling to investigate potential mechanisms for 
the fire-richness relationship. Model results suggested that important processes 
included a post-fire stimulation of germination, a decline in understory abundance 
with time since fire, and an increase over time in pine abundance (which indirectly 
leads to reduced richness) in the absence of fire. The hypothesis that surface fire 
played a role in maintaining diverse plant communities was tested in a case study 
at Fire Point, which burned in 1999. After the fire, the plant community shifted 
toward higher compositional similarity with the reference plots at Powell and 
Rainbow Plateaus (Laughlin et al. 2004).

Fire management: In 2003, Grand Canyon National Park managed four naturally 
ignited wildfires for resource benefits, ultimately burning nearly 8,000 ha (Fulé and 
Laughlin 2007). The fires burned over and between our existing plot network 
(Fig. 1), permitting an empirical assessment of the utility of fire use in restoring 
historical ecosystem patterns. After the fires burned out, we remeasured 82 perma-
nent plots burned by the fires plus 43 plots on unburned companion sites in the first 
2 years following fire. Across the elevational gradient, the fires burned in a manner 
consistent with the evidence of the pre-settlement fire regime: predominantly surface 
fire behavior in ponderosa pine forest (Fig. 3), with fire intensity increasing up 
through the mixed conifer and spruce-fir. The maximum basal area killed on any 
plot was 13.7 m2 ha–1, the equivalent of 58% of the pre-fire plot basal area. At 
mid-elevation on Swamp Ridge, over 40% of the plots had >10 m2 ha–1; maximum 

Fig. 3 Open forest dominated by mature trees at Powell Plateau, Grand Canyon National Park, is 
resistant to intense fire behavior because of light surface fuels and high canopy base height. Photo 
by P. Fulé (From Stephens and Fulé 2005)
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mortality was 32.4 m2 ha–1, equal to 83% of pre-fire basal area. At the highest elevation 
plots in Little Park, 56% of plots exceeded 10 m2 ha–1 mortality and 11% had 
complete overstory mortality. Tree mortality occurred primarily in smaller trees and 
mesic species (Abies, Picea), which had undergone the greatest increase since fire 
exclusion. Non-metric multiscale ordination showed that the fires reversed the shift 
away from reference conditions. Understory plant communities appeared resilient 
even to intense burning, although the non-native cheatgrass (Bromus tectorum) 
increased (Laughlin and Fulé 2008). Even after a long fire-free period (1880–2003), 
fire effects were mostly consistent with restoration of historical conditions. Fires 
simultaneously reduced living, dead and ladder fuels. These effects make the forests 
more resistant under warmer climate conditions that are expected to increase fire 
size and severity in the twenty-first century (McKenzie et al. 2004).

The future of Grand Canyon forests is uncertain, given current forecasts of 
severe drying in the Southwest (Seager et al. 2007). However, these ecosystems 
have unusual advantages compared to others in the region because they conserve 
the genetic and structural diversity of old trees and native species. The extensive 
burning carried out by managers since the 1980s has extracted a cost in terms of 
escaped fires and unwanted public attention, but it has also provided an increasing 
safety cushion for further burning. Managers in the Kaibab National Forest to the 
north and south of Grand Canyon also collaborate to burn and thin to create defen-
sible boundaries. Fires at Grand Canyon provided the opportunity to test the modern 
calibration of the fire-scarred tree-ring record; it is now encouraging to watch the 
number of scars increase closer toward historical levels as more of the landscape 
is being burned more often. Fire and climate shaped these ecosystems through 
evolutionary and ecological time. Perhaps fire use can help preserve a significant 
part of the forest even as climate changes more rapidly.
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Extreme wildfire events and upward trends in areas burned since the early 1980s 
are now well documented for many tropical and temperate forest and woodland 
ecosystems. Wildfire events of large extent and extreme severity are often believed 
to be driven either by past land-use practices that have altered fuel types (e.g. logging 
or fire exclusion) or by climate changes that make fuels more prone to burning, or 
by a combination of both. The recent trend towards increased area burned in 
extreme wildfires is illustrated by recent events in the mid-latitude (c. 38–43°S) 
Andes. In the Patagonian-Andean region of Nothofagus (southern beech trees) 
forests, in the late 1990s and early 2000s wildfires occurred that were more extensive 
and more severe than any fires in recent memory (Veblen et al. 2008). For example, 
in Chile during the austral summer of 2001–2002 large, severe fires burned in the 
region of Araucaria forests (c. 38–39°30′ S) which were believed to be the most 
extensive fires in this region for at least the past 50 years. Likewise, in the nearby 
Nahuel Huapi NP (Argentina, c. 40°S) more area burned in 1998–1999 than in any 
previous fire season in the 50-year documentary record (Veblen et al. 2008). 
Although documentary records of fire and instrumental climate records inform our 
understanding of changes in fire occurrence and their potential relationships to 
climatic variation over the past c. 100 years, assessment of the relative contributions 
of land-use changes and climate variation to contemporary wildfire behavior 
requires longer-term data for which tree-ring methods are well suited.

The mid-latitudes of the southern Andes are characterized by a strong west-to-east 
precipitation gradient from mean annual precipitation of 3,000 to 5,000 mm in Chile 
on the western side of the Andes to less than 800 mm just 50 km east of the Andean 
summit. Thus, the regional vegetation pattern consists of temperate rainforests and 
mesic Nothofagus forests in Chile extending c. 30 km eastwards of the Andean 
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crest into Argentina which are bordered by xeric open woodlands dominated by the 
Andean mountain cypress (Austrocedrus chilensis) and the Patagonian steppe of 
small shrubs and bunchgrasses. Fires in the mesic forests, whether ignited by light-
ning or by humans, are high-severity crown fires that spread through the canopy as 
well as through dense understories dominated by tall bamboos and other woody 
species. Fire spread is not limited by lack of woody fuels, and fuel-defined hazard 
(sensu Hardy 2005) of a high-severity fire is always high. However, ignition and 
spread are limited by the infrequent occurrence of sufficiently dry, warm conditions 
required for fire spread in an otherwise moist forest environment so that fire risk 
(probability of ignition and spread) is typically low. The natural fire regime of these 
mesic Nothofagus forests consists of extensive, high severity fires that occur infre-
quently in association with exceptionally dry, warm conditions. Tree-ring data 
(Veblen et al. 1999) have shown that many mesic forest sites may not experience any 
fire for one or several centuries because of the relative infrequency of extreme 
drought. In contrast, eastwards near the ecotone between Austrocedrus woodlands 
and the dry Patagonian steppe the typically warm dry summers desiccate fuels so 
that ignition and fire spread is possible in most years. Thus, fire risk is inherently high. 
However, fuel discontinuities and especially lack of woody fuels result in a fire 
regime that historically was characterized by relatively frequent low-severity fires that 
mostly burned herbaceous fuels. The limitation of fine fuel quantity on fire spread 
in this habitat is reflected by tree-ring data that show that years of more widespread 
fire tend to occur one to a few years after wet cool years that promote the growth 
of grass fuels (Kitzberger et al. 1997; Veblen et al. 1999).

The fuel-limited fire regime of the xeric Austrocedrus woodlands is inherently 
susceptible to alteration by land-use practices of both Native American and European 
origin. Prior to permanent European settlement in the 1890s, fires occurred rela-
tively frequently in this habitat (Fig. 1) and were ignited by both lightning and 
Native Americans. Although years of widespread fire correspond with weather 
conditions conducive to fire spread, areas of greatest use by Native American hunters 
who used fire to drive game had the highest frequency of fires (e.g. N LIM1 and N 
LIM2 in Fig. 1). The tree-ring record of fire in Austrocedrus woodlands near the 
steppe ecotone shows a marked reduction in fire occurrence after c. 1900 (Fig. 1). 
Survival of the fire-recording trees as well as eye-witness accounts from the 
nineteenth century indicate that previous fires were low-severity fires that mainly 
burned grass and small shrub fuels (Veblen et al. 2008). Fire frequencies declined 
dramatically at these sites after c. 1900 due to a combination of factors: (1) few fires 
were set by the Native American population that declined dramatically about 1900; 
(2) growth of the livestock population reduced the quantity of grass fuels; and (3) 
fires were actively suppressed, especially, after the 1940s. The decline in fire 
frequency coincides with a substantial increase in the density of woody vegetation 
in this ecosystem (Fig. 2) which mainly reflects enhanced juvenile tree survival 
permitted by longer fire-fire intervals. Thus, fuel-defined hazard of fire severity 
increased during the twentieth century.

Tree-ring based fire history studies indicate a high level of current vulnerability 
of people and property to wildfire in the habitat of Austrocedrus woodlands for 
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several reasons (Veblen et al. 2008). First, the tree-ring fire record shows that 
weather-related fire risk is inherently high in this habitat. Second, formerly frequent 
low-severity fires have declined dramatically in frequency so that woody fuels have 
accumulated to the point that many Austrocedrus sites now can support high-
severity crown fires. Third, Native Americans historically were a significant source 
of ignitions in this habitat so that the current trend towards greater human presence 
through recreation and exurban development is also likely to contribute signifi-
cantly to fire risk. In fact, fire frequency during the late twentieth century has been 
higher in areas near urban settlements. In addition, fuel-defined fire hazard has 
been further increased by extensive planting of exotic conifers in this fire-prone 
habitat. In these areas of formerly open vegetation types near the ecotone with 
the steppe, both woody encroachment since the early 1900s and planting of exotic 
conifers since the 1970s have increased the hazard of crown fires.

Fire risk in northern Patagonia in both the Austrocedrus habitat and in mesic 
Nothofagus forests appears to be increasing under the regional trend towards 
warmer temperatures and increased lightning ignitions (Veblen et al. 2008). The wide-
spread burning of mesic forests in the 1998–1999 fire season, which was the peak 
year in area burned in Nahuel Huapi NP, coincided with the driest calendar year 
(1998) and the warmest spring (Oct–Nov 1998) in the c. 90-year instrumental 
climate record in the Park. Analyses of fire-climate relationships based on tree-ring 
reconstructions for the period 1740–1995 indicate the importance of infrequent dry, 
warm years linked to broad-scale ocean-atmosphere anomalies in creating condi-
tions similar to those of the 1998–1999 fire season under which ignition and fire 
spread are possible in the wet forest environment (Kitzberger et al. 1997; Veblen 

Fig. 1 Composite fire scar records indicating years in which at least 10% of the recorder trees 
(minimum two scars) recorded fire at sample sites in Austrocedrus woodlands in the Argentine 
Lake District. Each horizontal line represents a different site indicated by the codes to the right, 
for which dates of fire scars are indicated by short vertical lines. Dashed lines indicate years prior 
to the occurrence of the first scar on that tree. Sites are arranged from north to south, and site codes 
are defined in Veblen et al. (1999)
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et al. 1999). Variability in the regional climate and fire occurrence in this region are 
strongly associated with variations in El Niño-Southern Oscillations (ENSO) and 
high latitude circulation patterns. Tree-ring records of the past c. 300 year indicate 
that natural variability in the regional climate creates exceptional droughts of 
one to a few years at intervals typically of several decades or more and that during 
these droughts large areas of mesic forests and even Andean rainforests burn.  

Fig. 2 Matched historical and modern photographs at the steppe and Austrocedrus woodland 
ecotone in Nahuel Huapi NP in (a) 1896 and (b) 1985. Woody encroachment into the bunchgrass 
and small-shrub dominated steppe has been by the native conifer Austrocedrus chilensis and small 
trees/shrubs Schinus patagonicus and Discaria articulata (Photographs: F.P. Moreno 1896 and 
T.T. Veblen 1985)
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Under conditions of continued warming, which is most evident in this region since 
c. 1976 and is consistent with hemispheric and global trends, fire risk in the wet 
Andean forests is likely to continue to increase.
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1  Introduction

The lithosphere, earth’s rigid outer shell comprising crust and upper mantle rock, is 
broken into about 14 tectonic plates (Christopherson 2009) that move a few centi-
meters per year over superheated, pliable rock underneath. Forces within earth’s 
interior push, pull and twist the plates in different directions, producing three types 
of plate boundaries: convergent (colliding with one another), divergent (moving 
away from one another) and transform (sliding past one another). Earthquakes 
occur when plates become locked together, building strain between and within 
them that is suddenly released, sending a burst of seismic waves that cause shaking 
and displacement of the surface. Nearly 95% of earthquakes are due to movement 
along plate boundaries, particularly convergent boundaries surrounding the Pacific 
Ocean and a mix of transform and convergent boundaries extending southeast from 
the Mediterranean region of Europe to Indonesia (Wicander and Monroe 2009) 
(Fig. 1). However, faults can also develop within plates, and intraplate earthquakes 
strong enough to affect humans and to be recorded in tree rings have occurred 
(e.g. Sheppard and White 1995; VanArsdale et al. 1998; Carrara 2002; Bekker 2004).

Plate boundaries can occur between any combination of dense oceanic or less 
dense continental crust, producing six potential combinations of crust type and plate 
boundary (Table 1). Subduction zones develop when dense oceanic crust collides 
with and is forced underneath less dense continental crust or another plate comprised 
of oceanic crust. The plates are in contact with each other from the surface to a 
depth of several hundred kilometers, thus earthquakes can be centered near the 
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Fig. 1 Location of epicenters for all earthquakes recorded between 1963 and 1998. Lowman et al. 
1999. Public domain

Table 1 Seismic features and hazards associated with tectonic plate boundaries

Boundary type Crust type Features and seismic activity

Convergent Continental–continental Mostly shallow-focus earthquakes; e.g. Himalayas
– Continental–oceanic Subduction zones; shallow and deep-focus earth-

quakes; e.g. NW USA; western S. America
– Oceanic–oceanic Subduction zones; shallow and deep-focus earth-

quakes; e.g. western Pacific Ocean
Divergent Continental–continental Shallow-focus earthquakes from offsetting 

transform faults; e.g. Iceland; E. Africa
– Continental–oceanic Nonexistent or short-lived (quickly becomes 

oceanic-oceanic)
– Oceanic–oceanic Shallow-focus earthquakes from offsetting 

transform faults; e.g. middle Atlantic Ocean
Transform All Shallow-focus earthquakes; e.g. southern 

California, USA, southern Mediterranean; 
western India

surface (shallow-focus) or deeper underground (deep-focus). In contrast, earthquakes 
along transform plate boundaries always occur near the surface (shallow-focus). 
A shallow-focus earthquake typically causes more damage than a deep-focus earth-
quake of the same magnitude because the energy is less dissipated when it reaches 
the surface (Wicander and Monroe 2009). At divergent boundaries the plates are 
not actually in contact with each other, but new crust is being formed between them 
as they spread apart. Earthquakes occur near these boundaries because of small, 
offsetting transform faults and thus are also shallow-focus.

Although millions of earthquakes occur annually, about 98% of them have a 
magnitude less than 3 on the Richter scale (Smith and Petley 2009), too small to be 
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felt by humans or to be recorded in tree rings. The modified Mercalli scale measures 
earthquake intensity indirectly by assessing the impact on various structures, 
including trees, on a scale ranging from I to XII. At level V trees are ‘shaken 
slightly,’ at VI ‘slightly to moderately,’ at VII ‘moderately to strongly’ and at VIII 
‘strongly,’ including broken branches or trunks. For comparison, at level VIII shak-
ing is strong enough to overturn very heavy furniture, break stone walls, and do 
“considerable” damage to unreinforced buildings, including wooden homes (Wood 
and Newman 1931, 279–280).

2  Application of Tree-Ring Research to Earthquakes

Earthquakes can produce a variety of tree-ring responses in trees (see Jacoby 2010, 
this volume). Previous studies have used tree rings to date known modern or historical 
earthquakes, most of them from sites at tectonic plate boundaries, including conver-
gent (e.g. Jacoby and Ulan 1983; Veblen et al. 1992; Yadav and Kulieshius 1992; 
Kitzberger et al. 1995; Allen et al. 1999; Vittoz et al. 2001), and transform boundaries 
(e.g. Page 1970; LaMarche and Wallace 1972; Meisling and Sieh 1980). Others 
have found evidence for known earthquakes from intraplate faults (Ruzhich et al. 
1982; Stahle et al. 1992; Sheppard and White 1995; Van Arsdale et al. 1998; Lin 
and Lin 1998, 2010, this volume; Carrara 2002; Carrara and O’Neill 2003, 2010, 
this volume; Bekker 2004).

Tree rings can contribute to a better understanding of earthquake hazards and 
the reduction of their impacts by identifying unknown events, and by clarifying the 
magnitude, epicenter location, timing, or amount of displacement for known but 
poorly-understood historical events (Jacoby et al. 1988; Jacoby 1997, 2010, this 
volume). Such “paleoseismic” studies are rare, but a prominent example is the 
identification of a previously unknown, major earthquake and associated tsunami 
along the Cascadia Fault in northwestern North America in AD 1700 (Atwater et al. 
2005). This quake induced coastal subsidence and produced a tsunami that struck 
both the Pacific coast of North America and Japan. This discovery required a 
combination of: (1) tree-ring data, including death dates, growth rates prior to 
death, and ring-width changes (Atwater and Yamaguchi 1991; Jacoby et al. 1995; 
1997; Yamaguchi et al. 1997); (2) geologic evidence, including radiocarbon dates 
and the preservation of plants in growth position in North America. (e.g. Atwater and 
Yamaguchi 1991; Atwater et al. 1991); and (3) historical, written evidence of a 
tsunami in Japan (Satake et al. 1996). This work demonstrated the potential for very 
large earthquakes, probably greater than Richter magnitude 9 (Yamaguchi et al. 
1997; Atwater et al. 2005) to occur in the region, for which no information was 
available through historical records.

In another paleoseismic study, Wells et al. (1999) used 14C to date several 
prehistoric earthquakes along a transform plate boundary in New Zealand. The 
most recent event was dated between 1665 and 1840. Tree-ring data showed strong 
and synchronous ring-width suppressions at several sites along the fault that were 
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initiated between AD 1717 and 1719. Noting that 1–2 year delays between the 
timing of damage and physiological response are not uncommon, they suggested 
that the most recent earthquake occurred after the 1716 growing season but before the 
end of the 1717 growing season.

3  Future Research Needs and Challenges

One of the principal challenges in using tree rings to identify earthquakes is 
finding trees that have recorded the event. Many studies have focused on “event-
response” trees, which exhibit obvious damage and are located within a few 
meters of a fault scarp. This technique may increase the probability of finding a 
response in a given tree, and certainly makes it easier to attribute the response to 
an earthquake rather than some other factor. However, Bekker (2004) studied 
spatial variation in tree-ring responses to the 1959 Hebgen Lake (Montana) earth-
quake and found that: (1) trees that recorded a response in their rings did not 
always show external damage; (2) distance from the fault scarp, up to 58 m, had 
little effect on the proportion of trees recording a response; (3) trees below the 
scarp, on the downthrown block, were much more likely to record a response than 
those on the stationary block above the scarp; and (4) larger (mean 74 cm DBH) 
and older (mean 259 year) trees were more likely to record a response regardless 
of their position above or below the scarp (Fig. 2). These results suggest that 
dendroseismological studies can benefit from a research design that includes 
sampling over broader areas (at least tens of meters from a scarp), recording the 
position of trees relative to scarps, and sampling a range of tree sizes and ages. 
Such a design would require greater care to identify control trees, but would 
increase the likelihood of finding trees with a response and may reveal details 
about block movement for an unknown quake.

Another potential way to expand the identification of earthquakes through tree-
ring analysis is by examining the effects of seismologically-induced landslides 
(Carrara and O’Neill 2003, 2010, this volume). Landslides can be triggered hun-
dreds of kilometers from an earthquake’s epicenter, and can damage trees over a 
much more extensive area than that produced by shaking alone. This method does, 
however, require independent evidence of a synchronous earthquake, and care to 
rule out climatic or other potential triggers of landslides.

It is well known that a tree may respond differently to an earthquake around its 
circumference, as with the formation of reaction wood when trees are tilted. 
Hamilton (2010, this volume) notes that trees may also show differing responses 
vertically on the stem. He found evidence of the 1700 Cascadia and 1959 Hebgen 
Lake earthquakes by sampling several meters above the ground, where trees are 
more likely to be directly damaged by acceleration and whiplash. LaMarche and 
Wallace (1972) also noted that dating leaders on a broken stem could precisely date 
the timing of such damage from an earthquake. Sampling trees in this way may 
reveal responses that are not recorded near the ground.
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Fig. 2 Data from a dendroseismological study of the 1959 Hebgen Lake, Montana earthquake 
showing (a) higher number of growth suppressions below than above the fault scarp for all tree 
ages and sizes; (b) more even number of suppressions above vs. below the scarp for the largest 
and oldest trees; and (c) weak effect of distance from the scarp (up to 58 m) on the proportion of 
trees recording a suppression (Redrawn from Bekker 2004)
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Most studies of tree-ring responses to earthquakes have appropriately been 
conducted along plate boundaries, where most earthquakes occur and human popu-
lation densities are high. However, major intraplate quakes threaten large populations 
near several faults in China, the Wasatch Fault in Utah, and the New Madrid Fault 
in the Midwestern U.S. among others. Recurrence probabilities for earthquakes 
along intraplate faults are also difficult to estimate because the forces behind them 
are usually poorly understood and movement is less consistent than at plate boundaries. 
Thus, dendroseismological studies may be particularly valuable in clarifying the 
behavior of intraplate faults.
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1  Introduction

Knowledge of the seismicity for a region is one of the keys to estimating earthquake 
hazards. Unfortunately, historical records are generally inadequate for evaluations 
of seismicity. Paleoseismology addresses this problem using various techniques for 
determining the times and locations of earthquake disturbances. Trees, with wide-
spread geographical distribution, identifiable annual-growth increments, and sensi-
tivity to environmental changes, can provide an almost unique tool for dating past 
earthquake events. Geomorphic and hydrologic changes and dynamic stress result-
ing from earthquakes can cause a variety of effects in trees and communities of 
trees. Tree-ring analysis can (1) produce the actual year and sometimes the season 
for disturbance events and (2) establish synchronicity for events that may be beyond 
the range of absolute calendar dating. Tree-ring dating or dendrochronology is used 
to establish exact dates based on patterns of annual-ring variations through time. 
Mere counting of rings is inadequate and may lead to errors in assigning dates to 
rings because of possible missing, micro, or false rings. Trees ranging in age from 
300–500 years grow in many places and can be used to identify previously unknown 
seismic events or to better define events that are partially known. Longer time 
spans can be covered in some instances. Earthquakes may be more precisely 
located in space and time or have their magnitudes and displacements better 
estimated by analysis of tree rings. A number of studies have established the validity 
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of tree-ring application to paleoseismology but only a few studies have contributed 
new information to the paleoseismic record. A review of the application of tree-ring 
analysis to paleoseismology is in Jacoby (1997). The science should now move 
from the discovery phase to a wider application phase. Successful applications 
will add important information to the records of seismicity and the evaluation of 
earthquake hazards.

Although there are accurate dates of earthquakes in some ancient writings, the 
detailed record of earthquakes is very sparse, incomplete and short for most of the 
world. Even in the last two centuries when records are more complete (e.g. 
Gu 1983), adequate information to accurately determine depths, intensities, and 
extent of deformation or surface rupture of earthquakes is lacking. Approximate 
estimates of intensities barely extend to the early 1800s in the United States 
(Coffman and von Hake 1973). Instrumental records of seismic events began only 
in the last hundred years (Lee et al. 1988). Paleoseismology is contributing greatly 
to the regional seismicity record and is providing improved estimates of potential 
earthquake hazards (Prentice et al. 1994; Atwater et al. 2003).

Various geochronological dating methods have been applied to earthquake-disturbed 
materials to obtain paleoseismic information (e.g. Crone and Omdahl, 1987; 
Prentice et al. 1994). However, most of these dating techniques have substantial 
uncertainties and lack annual resolution. The ability of tree-ring analysis to yield 
the actual or relative year and sometimes even the season of an earthquake is 
almost unequaled. The phrase “tree-ring analysis” is used herein, rather than 
dendrochronology, to emphasize that the application to paleoseismology goes 
beyond dating of rings to the analysis of the rings and micro-anatomy to deter-
mine what may have actually damaged the tree. The longevity of some tree 
species is such that absolute dates can be determined for events during recent 
centuries to millennia (Jacoby 1987). Relative tree-ring dating between samples 
from different locations can show whether events were simultaneous (within 
the same year or possibly season) even if the events are beyond the time 
limits of absolute tree-ring dating. Such synchronicity of disturbance can aid in 
inferring a single cause like earthquake. Sampling of living trees can be done 
non-destructively using hollow increment borers to obtain 5 or 12 mm diameter 
cores for analysis.

Tree shaking and damage to trees are mentioned often in early observations of 
earthquakes (e.g. Lawson 1908; Fuller 1912; Jepson 1923; Louderback 1947; Gu 
1983). Some criteria of the Mercalli scale for classification of earthquake severity 
are based on the degree of tree disturbance (Wood and Neumann 1931). The con-
cept that trees can provide information related to earthquakes dates back at least 
to the 1800s when Lyell (1849) concluded that earthquakes such as the New 
Madrid series, 1811–12, had not occurred for many years because he did not see 
older dead trees similar to those killed by the earthquakes. Later McGee (1892) 
attributed tree-establishment ages to the New Madrid earthquakes. He used simple 
ring counting to estimate ages of trees growing on uplifted and drained land raised 
by the earthquakes.
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2  Radiocarbon Measurements and Tree-Ring Dating

Radiocarbon dating of wood should not be confused with tree-ring dating and 
analysis. Radiocarbon measurement, especially high-precision measurement, is an 
extremely useful dating tool for paleoseismic studies (e.g. Sieh et al. 1989; Fumal 
et al. 1993). High-precision measurements from mass spectrometers coupled with 
the improved calibration curves (Stuiver et al. 1998) can sometimes determine the 
ages of organic material, including tree rings, within a range of decades. 
Radiocarbon dating and tree-ring analysis can complement one another when the 
radiocarbon analyses guide the tree-ring analyses toward a limited temporal span in 
which to look for a tree-ring crossdate or when tree-ring analysis can show a dis-
turbance in, or death of, an old tree placed in time by radiocarbon dating. There are 
parts of the radiocarbon calibration curve where there is a narrower range of dates 
spanned by the calibration of a radiocarbon-dated sample (Stuiver et al. 1998). If a 
wood sample has enough rings, a carefully selected second ring or set of rings can 
be radiocarbon dated to try to narrow the range of calendar dating for the second 
sample. Two 14C dates from different parts of the same specimen a specific number 
of rings apart can be used to cross-validate the radiocarbon results (e.g., Jacoby 
et al. 1992). The phrase “tree-ring dating” or variations thereof should be reserved 
for exact tree-ring crossdating, either absolutely to calendar years or relatively 
between samples. Radiocarbon dating of a wood sample is not a tree-ring date.

3  Background

Tree-ring analysis is potentially useful in paleoseismology at any location where 
surface rupture, geomorphic or hydrologic disturbance, or accelerations and dis-
placement due to an earthquake can affect tree growth. Individual trees and sites 
can confirm and date an earthquake. A network of disturbed trees or sites could 
provide information about the size of an earthquake or rupture length. The degree 
and type of tree disturbance will be in response to the depth, magnitude, geologic 
setting of the earthquake, and its location relative to the tree site. Earthquakes can 
directly cause surface rupture, elevation change, accelerations, and displacement. 
They also cause secondary effects such as altered hydrology, tsunami, landslides, 
and liquefaction. Trees can occupy areas of potential liquefaction or other unstable 
locations such as steep slopes and unconsolidated deposits. Large earthquakes, even 
centered at considerable distance, can disrupt these unstable growth sites and 
induce change in the normal growth-ring patterns. Tree-ring analysis can date the 
timing of these effects but usually needs supporting lines of evidence to establish 
an earthquake as the cause.

The tree-ring dating of earthquake-induced, land-surface changes is essentially 
applying tree-ring analysis to geomorphology and hydrology. Alestalo (1971) first 
described most of the fundamental types of tree response to geomorphic processes. 
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Building on these ideas and others, Shroder (1980) introduced the concept of 
“process-event-response” systems in relation to effects of geomorphic events on 
trees. The systems can be equated to the concept of earthquake causing dynamic 
stress and/or geomorphic and hydrologic change, and the ensuing response of trees. 
Detection of the tree-recorded earthquake signal calls for (1) understanding of the 
possible local and regional dynamics and types of geomorphic or hydrologic 
changes that occurred, (2) dating and quantification of changes in growth-ring pat-
terns or tree growth, and (3) knowledge of growth-ring variations or tree growth in 
undisturbed trees (preferably the same species) in the same region as the disturbed 
site for comparison.

A variety of earthquake-induced effects can be recorded by trees. Table 1 
evolved from previous publications (Alestalo 1971; Shroder 1980; Sheppard and 
Jacoby 1989) and depicts the principle ways earthquakes can affect trees. There can 
be direct physical breakage of tops, trunks and roots due to acceleration, displace-
ment, and root-zone compression or extension. If the damage is severe, there are 
changes in the growth rings that are different from normal growth variations due to 
other causes, primarily climate. Earthquake-induced changes in land surface can 
disturb tree growth sites by causing tilting; burial; damming of rivers to flood for-
ests; uplift to create, improve or damage growth environments; subsidence to cause 
drowning or deterioration of growth environments; corrasion or scarring of trees by 
rockfall or landslide debris; and other physical damage by earthquake-activated 
geologic materials. Alestalo (1971) also introduces the idea that geomorphic events 
can change the age structure or species composition of tree communities. As 
examples: (1) increased mortality due to disturbance could affect larger, overstory 
trees that are more vulnerable to toppling from acceleration and displacement, leaving 
a community of smaller, more resilient, mostly younger trees; (2) transient flooding 
could change species composition as only more tolerant species survive. In these 
cases the effects in Table 1 are applied to whole stands of trees rather than a 
few individuals.

The longevity of trees permits extension of the seismic record. There are several 
species throughout the world that live 800–1,000 years or more. A partial list of 
common names includes bristlecone pine (Pinus aristata, longavea, balfouriana), 
baldcypress (Taxodium distichum), Douglas fir (Pseudotsuga menziesii), mountain 
hemlock (Tsuga mertensiana), Alaska or yellow cedar (Chamecyparis nootkaten-
sis), juniper (Juniperus), larch (Larix), lodgepole pine (Pinus contorta), limber pine 
(Pinus flexilis), sequoia, coast redwood (Sequoia sempervirens), eastern white 
cedar (Thuja occidentalis), and red cedar (Thuja plicata) in North America; alerce 
(Fitzroya cupressoides) and Araucaria in South America; huon pine (Lagarostrobos 
franklinii) in Tasmania; and several other trees such as juniper (often “Sabina” in 
Asian papers) in Asia where tree-ring analysis has only recently been extensively 
undertaken. Some of these species, such as sequoia and huon pine, are restricted in 
distribution so their use in paleoseismology is unlikely. Species in the 300–500 year 
age range are more widely distributed and are most likely to be used in paleoseis-
mologic studies. In addition to longevity, use of subfossil and relict trees and wood 
can be crossdated with living trees to extend the records.
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4  Types of Earthquake Events That Can Imprint  
the Tree-Ring Record

4.1  Dating of Surface Ruptures and Disturbances

One of the most straightforward effects of earthquakes on trees is the direct physical 
damage to trees growing on a surface rupture or in a zone of distributed shear. The 
displacement and accelerations of the substrate can crush or rip apart the root systems, 

Table 1 Trees as indicators of seismic disturbance

Change in treesa Physical change Possible cause

Physical damage 
(unusually narrow 
or missing rings, 
abnormal cells)

Top, major limb, trunk, or root 
system broken off

Violent shaking and/or 
local earth movement

Corrasion, scarring impacting 
tree

Seismically-activated 
material e.g. landslide, 
seiche, tsunami

Growth rate change
Increase (wider rings) Improved growth environment, 

nutrient supply, or site 
hydrology

Change of site into more 
favorable conditions, loss 
of competitors

Decrease (narrower rings) poorer growth environment, 
nutrient supply, or site 
hydrology

Change of site into less 
favorable conditions

Variation increase 
(ring width change 
inconsistently)

Some damage, some competitors 
felled, surface disturbed

Disturbance overrides normal 
growth trends

Reaction woodb Ground surface tilted or tree 
pushed over, partial flooding

Surface rupture, landslide, 
tilting minor subsidence

Traumatic resin canalsc Partial flooding Minor subsidence
Tree growth initiated 

(date of first ring)
Barren surface stabilized, or 

newly available
Uplift, change in base 

level, landslide, or other 
catastrophic event

Tree growth terminated 
(date of terminal ring)

Surface covered burying trees Rapid sedimentation, 
landslide or other 
catastrophic event

Surface inundated Subsidence, drainage 
blocking

a Some of these changes can be caused by biological, climatic, or other factors that must be con-
sidered when making interpretations. Accurate dating and sampling from a number of appropriate 
locations are the means to confirm interpretations. Changes should be compared to undisturbed 
growth in the same region.
b Reaction wood is defined here to mean the geotropic (gravity-influenced growth) response by an 
inclined tree to regain its vertical stance and strengthen its lower trunk (Low 1964; Scurfield 1973; 
Shroder 1980; Timmell 1986). In conifers the darker, thicker-walled cells are called compression 
wood. Similar appearing cells can also be caused by partial flooding.
c Traumatic resin canals are open vertical pores surrounded by abnormal cells. The canals are 
caused by various trauma including partial flooding (Kozlowski et al. 1991).
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snap off major limbs or tops of the trees, cause internal stresses, and tilt trees away 
from vertical. The top, or crown, usually contains the major portion of the photo-
synthetic surface producing carbohydrates for tree growth and the buds in the 
crown produce essential growth regulating substances (Kozlowski 1971, 104–105). 
Roots absorb water and minerals, and also seasonally store reserves for later growth 
(Kramer and Kozlowski 1979). Trauma to crown or roots can result in abrupt 
decrease in ring widths, missing rings, or even death. Damaged trees reallocate 
resources to replace roots and crown which are much more essential to tree survival 
than radial growth of the trunk (Gordon and Larson 1968).

Study of Jeffrey pine and white fir trees growing on the San Andreas Fault near 
Wrightwood, California showed dramatic decrease in growth and missing rings due 
to trauma in some of the most severely-damaged trees (Fig. 1; Jacoby et al. 1988). 
If only ring counting had been used, missing rings and/or barely-visible micro-rings 
in some trees after the trauma would have led to placing the disturbance in different 
years in different trees and decades later than it was. The primary method of dating 
was crossdating the rings prior to the event with a control chronology based on 
undamaged trees away from the fault zone. Then the outer rings were dated inde-
pendently. This crossdating placed the first rings showing trauma at 1813 for the 
fault-zone trees. The 1812 rings were fully formed and showed no unusual growth 
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Fig. 1 Plot of ring-widths of a core sample from a tree disturbed by the 1812 earthquake on the 
San Andreas Fault in California. Note there was no radial growth shown in this core for 4 years 
after the earthquake and by 1840 it had barely recovered its previous growth rate, The roots of this 
tree were in the zone of distributed shear from the surface rupture and the tree must have experi-
enced strong accelerations and displacement during the earthquake
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so the disturbance must have occurred after the growing season of 1812 and before 
the start of cambial growth in 1813. The tree-ring analyses were combined with 
historical records from Spanish missions on the coast to deduce that there was a 
rupture along the San Andreas fault in December of 1812 (Jacoby et al. 1988). 
There are also narrow rings in the trees due to drought but the effects of droughts 
are restricted to one or two rings whereas the earthquake caused an immediate 
reduction in ring width and gradual recovery to normal growth over several years 
to decades (Fig. 1). The restriction of damaged trees to a narrow zone along the 
fault is also key to the interpretation (Jacoby et al. 1988).

Younger trees are more resilient and less affected by accelerations and displace-
ments. The older, usually larger, trees with greater inertia and more extensive root 
distribution show more damage. Thus trees may not be responsive to, or record, 
earthquake disturbance at their earliest stages of growth. An old tree may have 
experienced an earthquake without discernible damage during its early years.

Tilting of trees at a fault rupture can leave a clear signal of disturbance in trees by 
the formation of reaction wood in response to the inclination. Trees have a built-in geot-
ropism which causes them to seek upright growth after tilting. The mechanism for 
restoring vertical growth is to form reaction wood to push or draw the tree back to a 
vertical orientation (Kramer and Kozlowski 1979; Timell 1986). In conifers (gymno-
sperms) the reaction is to grow compression wood of wider rings on the downward 
side of the tree trunk to help restore vertical growth. This wood is easily recognized by 
its darker color and thicker-walled cells. Reaction wood can be initiated in some spe-
cies by a tilt of only 2° and can start to form within weeks of the tilting (Low 1964; 
Panshin and de Zeeuw 1970; Scurfield 1973; Timell 1986). Conifers exhibit two types 
of reaction wood. Reaction wood can occur as thick-walled cells with the same appear-
ance as normal latewood only in an unusual wider band (Panshin and de Zeeuw 1970). 
It can also have a distinct yellowish to reddish color. The two types can occur within 
the same ring. In  broadleaf trees (angiosperms) the reaction wood is termed tension 
wood and forms on the upward side of the tree. Tension wood is usually more difficult 
to recognize. The initiation year of reaction wood can be found by crossdating. Once 
the beginning of the reaction wood ring is located, the year or possibly even time of 
year for formation of the first reaction wood cells can be determined.

Effects of an earthquake can vary even within one tree. Figure 2 shows the ring-
width variations of three cores from the same tree at the edge of the San Andreas 
Fault in California. Two radii show reaction wood, distorted cells, and substantial 
growth increase. In the third radius reduced growth is not very different from nor-
mal growth variations. Multiple cores from different directions are essential for 
thorough sampling and analyses.

Broken tops, root damage, tilting, and reaction wood can also be caused by 
windstorm, erosion or landslide of non-seismic origin. A nearby control chronol-
ogy is essential to see if there was widespread damage or tilting of trees at locations 
away from the fault zone at the same time. An essential part of an analysis must be 
the geographic distribution of disturbed trees in relation to geologic features. An 
interpretation of seismic cause is supported if the disturbance is confined to trees in 
close proximity (within a few tens of meters) to the surface rupture.



406 G.C. Jacoby

4.2  Dating of Earthquake-Induced Elevation  
or Base-Level Changes

Two related surficial changes that can affect tree growth in coastal or lowland areas 
are uplift to provide a new growth area and subsidence to cause inundation of trees. 
In the first case, the minimum age of the surface can be determined by the age of 
the oldest trees established on the new surface. In the second case, the actual year 
or possibly even season of the inundation can be established by tree-ring dating of 
the last growth ring before death or damage. If the dead trees cannot be crossdated 
with other tree-ring chronologies of known age, the date can be estimated by 14C 
analyses. The dead trees can be crossdated with each other to learn whether the 
deaths were sudden and simultaneous or gradual over time. A rapid progression of 
death would indicate an abrupt event like an earthquake rather than a gradual rise 
in sea level (e.g. Jacoby et al. 1995).

Several factors can affect age estimates of a newly-uplifted surface. The first is 
ecesis or the germination and survival of trees. Time necessary for ecesis can range 
from a growing season to many years depending on the presence of a nearby seed 
source, suitable bedding substrate, and climatic conditions favorable for seedling 
survival. Next is the problem of finding the oldest trees at the location of uplift. Many 
trees may have to be sampled for confidence that the oldest trees have been found. 
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Fig. 2 Plot of ring widths of three core samples from a coastal redwood growing at the edge of a 
surface rupture due to the 1906 earthquake on the San Andreas Fault in California. One radius 
shows little effect but the other two have dramatically increased growth and reaction wood formed 
as a result of tilting. One core also has distorted cell structure from strain within the tree. A few 
normal cells formed in early 1906 before the earthquake so the tree recorded the event as early 
spring 1906
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Then there is the problem of obtaining the innermost, oldest ring. Coring at ground 
level and hitting the exact center or first ring of the tree are difficult. All of these 
factors tend to give less than the true age of the trees or surface. Thus the age of 
such samples and trees should usually be regarded as a minimum age for the surface 
under study.

Another extremely important factor in using trees to date an uplifted surface is 
whether the trees are truly the first generation of trees. Trees tend to have a certain 
longevity according to species and environment. Past this age they will die and be 
replaced. Eventually the maximum ages will be due to longevity and not to the time 
of original afforestation. Lack of soil development and/or relict debris from dead 
trees can indicate the likelihood of the trees being the first generation and thus 
dating the surface.

The presence of driftwood can either help or hinder the dating of uplifted coastal 
areas. There is considerable driftwood in many coastal areas and if not recognized 
as driftwood it could be mistakenly dated as the oldest tree on a surface, either by 
14C or tree-ring dating. Usually abrasion of roots and limbs or mode of emplacement 
can help distinguish driftwood from in situ trees. On some raised coastlines, if 
nonforested because of harsh climate, lack of seed source, or unsuitable substrate; 
the age of the outer rings of the most recent driftwood above high tide levels can be 
used to estimate the minimum age of the uplift. However, one must be careful of 
emplacement of post-event driftwood above normal high tides by extreme storms.

In the situation of trees killed by inundation, the timing can usually be estab-
lished more definitively. If the immersion is deep enough, trees can suffocate in a 
matter of weeks. If the root zone is flooded, soil becomes anoxic (Sanderson and 
Armstrong 1978) and respiration and water absorption are reduced (Kramer 
and Kozlowski 1979; Levitt 1980). Counter-intuitively, the upper tree dries out and 
leaves wither or even abscise. Submergence of the entire tree causes even quicker 
demise. The anatomy of the last-formed cells may help reveal when during the 
annual growth cycle the tree died. Cambial-cell division or radial growth in mid-
latitudes may extend from spring through early fall. In the far north and at high 
elevations, the season of cambial-cell division may be only a few weeks in mid-
summer (Burns and Honkala 1990). Cell development cannot show when during 
the dormant season a tree was disturbed or killed but cell anatomy and number 
could place an event within a month or less during the radial-growth season. With 
deep submersion and complete death of a tree, dendrochronological dating of the 
last cells formed gives the year of the event. An event during the non-growing 
season is dated to that season although the season includes parts of two calendar 
years in the northern hemisphere.

If submersion is relatively shallow, trees may take some time to expire and they 
may even survive if new higher roots can be developed to sustain the tree (Kramer 
and Kozlowski 1979). In general terms, trees typically survive if their roots are 
inundated in freshwater for less than half of the growing season but there is sub-
stantial variation between species (Gill 1970). In low coastal areas, subsidence of 
about a meter could produce periodic submergence at high tides and gradual salini-
zation of the soil. These factors could result in a gradual death of low-lying trees 
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over several seasons (Jacoby et al. 1995). In areas around Cook Inlet that subsided 
during the 1964 Alaska earthquake, numerous trees were killed by inundation and 
soil salinization. Some at slightly higher or more favorable growth sites were 
severely damaged but, with the rebound since the earthquake, have recovered to 
near normal growth. That event and similar events can be dated by the death of the 
most severely affected trees (Yamaguchi 1991) or by the first year of damage to 
slightly more inland or higher survivors. Inland spruce trees near Girdwood, Alaska 
show tilting and reaction wood in 1964 and have now recovered to normal growth. 
Dating by year of death or damage must take into consideration the trees’ ability to 
store photosynthates and growth hormones for subsequent growth. Trees have no 
central nervous system and portions can cease growth while other parts of the tree 
continue to function. We have all seen dead branches or large portions of a tree 
devoid of life while other parts continue to grow. This phenomenon must be con-
sidered in dating events such as shallow inundation or partial burial.

Earthquake-caused drainage blocking, while not an elevation change, can raise 
local base level and cause similar inundation effects in trees. The rate of inundation 
must be considered in the blocking of drainage by earth movement. Study or 
estimates of local streamflow and area of inundation will help to determine the rate 
of submersion. Higher sites in a valley could take several years to become flooded 
and give a later date for the event. Lake Waikaremoana, a landslide-dammed lake 
in New Zealand, took an estimated 10 years to fill (Adams 1981). The position of 
the trees is thus an important consideration. In the vicinity of sag ponds or blocked 
drainages, soil moisture can increase greatly even if actual drowning of trees does 
not take place. Events that substantially change the level of the water table can 
influence tree rings (Tonglin 1983 and unknown).

Decay is a very important factor in all year-of-death studies. Sapwood, comprising 
the outer sap-conducting rings in trees, is generally much more susceptible to decay 
than the inner heartwood (Panshin and de Zeeuw 1970). Metabolic processes of 
many tree species emplace extractive substances (some with fungicidal or bacteri-
cidal properties) in the heartwood causing its usually darker color. Heartwood 
formation varies greatly between species and even within species. The heartwood/
sapwood boundary sometimes follows ring boundaries. Where the sapwood has 
decayed away, a smooth outer heartwood ring can give the appearance of being the 
outer ring of a tree. In the case of drowned trees in Lake Washington, Seattle, 
Washington, about 45 sapwood rings have been decayed away on all specimens not 
protected by partial burial in the sediments where sapwood and bark were preserved 
(Jacoby et al. 1992). Misinterpretation and dating of the outer heartwood rings as 
the outer rings of the trees would have placed the event about 45 years too early and 
would not have shown the simultaneous events.

The above sources of error must be taken into consideration in any study of trees 
on seismically uplifted, subsided or inundated surfaces. With the proper sampling 
and adjustment of ages for newly established trees, a limit can be placed on the 
minimum age of uplift. Seismically-induced changes in site hydrology can be dated 
if moisture supply to the tree is significantly changed. Subsidence and blocked 
drainages can damage or kill trees, leaving evidence in the survivors or time of 
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death information in relict trees, stumps or even roots. Geomorphic and hydrologic 
analyses are essential supplements to the tree-ring analysis to produce the best 
interpretation of cause and timing for these types of events.

4.3  Tsunami and Landslides

Dating of landslides can contribute important information to the paleoseismic 
record even though most landslides are not related to earthquakes. As in other 
situations, there must be supportive evidence for the inference of a seismic cause. 
Landslides can (1) directly damage trees by corrasion, (2) bury trees, (3) dam streams 
resulting in flooding and drowning of trees, and (4) carry trees into a unfavorable 
environment causing reduced growth or death. Landslide debris can provide a 
new surface for tree establishment.

Rapid burial by landslide or tsunami can preserve trees or parts of trees for 
tree-ring analysis and dating of the events. Geologists working in the coastal Pacific 
Northwest have identified many probable tsunami deposits (e.g. Atwater and Moore 
1992 and Bucknam 1994). At a site near Seattle, Washington, part of a tree was incor-
porated in a tsunami deposit with the outer rings and bark intact. Crossdating showed 
that the tree from the tsunami site died at the same season of the same year as trees 
drowned by landslides at three sites into Lake Washington, Seattle, about 23 km away 
(Jacoby and Williams 1994). Although not dated to calendar year, the relative cross-
dating establishing simultaneous burial or drowning supports the inferred seismic 
cause for the tsunami and landslides leading to the tree deaths (Jacoby et al. 1992).

4.4   Liquefaction

Liquefaction results from many types of earthquakes. Liquefaction can be responsible 
for part or all of the subsidence related to an earthquake. If the subsidence is enough 
to inundate trees deeply or lethally, the year of death dates the event as discussed 
above. Liquefaction can destabilize loose wet sand in which trees may be rooted or it 
can disrupt competent soil above loose sand. Either process can cause tilting of trees 
that will be marked by the onset of reaction wood. Because there can also be tilting 
and downthrown trees due to high winds at unstable sites, evidence of liquefaction 
must be seen in the sediments to support the inference of a seismic event.

In the New Madrid region there are numerous sites of liquefaction. At some sites 
there are buried trees where initial burial appears to be by erupted sand layers from 
a source below the level of the original tree. The trees may have been killed or just 
damaged by the additional layer of sediment suffocating the root systems. Subsequent 
sedimentation helped to preserve the lower portion of the tree. The challenge here is 
to determine the year(s) of death or damage and to see if sites can be crossdated to 
show the geographic extent of simultaneous effects (Van Arsdale 1998).
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4.5  Other Seismic Effects

Trees grow on many unstable substrates. On such sites, they are vulnerable to 
disturbance primarily due to storm but also due to accelerations from local or 
distant earthquakes. The estimated 800 km rupture length of the Alaska earthquake 
of 1964 was great enough to cause strong accelerations and elevation changes over 
a wide area (Plafker 1969). At Cape Suckling, Alaska 240 km from the epicenter 
but eastward along the rupture zone, Sitka spruce (Picea sitchensis) trees growing 
on an unconsolidated-sand beach ridge were shaken and tilted toward the sea. The 
roots were also disturbed in the loose sand. Narrow rings followed by reaction 
wood clearly marked the event in the rings of the trees (Sheppard and Jacoby 
1989). The signal was also very directional in some trees. They showed response 
on the downward or seaward side of the tree but almost no indication on the oppo-
site or landward side of the tree. Nearby trees from more solid substrate gave no 
indication of the event.

The Chilean earthquake of 1960 caused many landslides in Chile. To the east in 
Argentina, there were fewer landslides but the strong accelerations may have 
caused tree deaths and affected growth rings in some surviving trees (Veblen et al. 
1992). The distance from the Chilean coast to the area of affected trees is less than 
200 km. Veblen et al. (1992) attribute increased growth in some trees to loss of 
competitors leveled by the seismic accelerations. The Alaskan and Argentinean 
cases indicate that great subduction earthquakes at convergent plate margins can 
disturb trees and leave a signal over wide regions.

Blind faults do not reach the ground surface yet can cause many of the surficial 
changes described above that disturb trees; e.g. elevation changes, liquefaction, 
slumping, landslides, and tsunami that damage trees. Meter-scale surficial frac-
tures and small local land slips can cause tilting of trees. Relatively minor surficial 
changes resulting from an earthquake on a blind fault can alter the water table or 
water levels in wetlands. These changes can cause responses ranging from drowning 
of trees to creating a new, drier substrate for afforestation. In between these two 
extremes there can be increased or decreased ring widths depending on the indi-
vidual changes in the tree’s environment. With minor elevation changes, certain 
species like eastern hemlock (Tsuga Canadensis) and bald cypress (Taxodium disti-
chum) can respond to small (less than a meter) changes in groundwater levels.

Earthquakes such as Loma Prieta (1989) and Northridge (1994) in California 
caused damage to trees over a wide area. Some of the damage may have been severe 
enough to leave a signal in the tree rings or even fell trees. A reconnaissance of 
trees damaged due to Loma Prieta showed only a scattered and heterogeneous dis-
tribution of damaged trees over an area of tens of kilometers in different directions 
from the epicenter. Two felled or broken trees had so much root rot and decay, 
respectively, that the next high wind could have produced the same result. Much of 
the other tree damage was minor and not likely to cause significant change in the 
annual growth rings. If the earthquake had been unknown, it would have been 
extremely challenging to determine that the observed tree damage was earthquake 
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induced and not due to other natural causes. Much larger earthquakes would lead 
to more severe and widespread damage that might be easier to interpret as described 
above and following.

4.6  Information that May Be Developed From Tree-Ring 
Analysis: Event, Location, Time, Estimated Magnitude,  
and Displacement

Obviously trees damaged by surface rupture along a fault and by movement in the zone 
of distributed shear precisely locate these disturbances. There is some correspondence 
between the extent of surface rupture and magnitude of earthquake (Wells and 
Coppersmith 1994). Mapping the extent of disturbed trees or sites could be used as a 
minimum length of rupture and thus an index to minimum magnitude of an event.

Trees indirectly damaged by accelerations, seismic-induced landslides and geo-
morphic and hydrologic changes altering the growth environment, can help locate 
zones of disturbance. A network of disturbed trees could to help locate the event, 
similar to a compilation of historical reports in a region. As noted above, the 1964 
Alaska earthquake affected trees over a wide area. Trees from Kodiak Island 
(Kaiser and Kaiser-Bernhard 1987) showed decreased growth and the trees at Cape 
Suckling, about 600 km to the northeast of Kodiak, were also disturbed (Sheppard 
and Jacoby 1989). These indicators along with the drowned trees around Cook Inlet 
would be interpreted as evidence of a massive earthquake even if it had not been a 
documented event. Thus the network of damaged and killed trees would have 
helped in estimating the size of the event. A challenge to the application of tree-ring 
methodology is to find such evidence in the prehistoric record.

Tonglin (1983 and unknown) reviewed some principles of tree-ring analysis and 
its use in paleoseismic and landslide studies. His studies show that in areas near 
Dangxiong, Tibet, cypress trees growing near normal faults decreased ring widths 
on the upthrown side and increased ring widths on the downthrown side just after 
a series of about ten estimated magnitude 5 events occurring in 1951–1952. He 
attributed these changes in growth to altered soil moisture and groundwater levels 
after the events; the uplifted side becoming drier and the down-dropped side 
becoming wetter. He noted the importance of control sampling to establish that 
climate effects are not responsible for the changes in ring widths and includes plots 
to demonstrate this point. By using growth to size relationships for the region, an 
estimate is made using the largest trees growing in the fault zone that the site was 
not disturbed for about 500–600 years. From historical documents, the interpreta-
tion was that the site was last disturbed by recorded earthquakes on 29 September 
1411, estimated magnitude 8.0 with a strong foreshock and aftershock.

In northwest China the local displacement of the 1931 Fuyun earthquake was 
determined by measuring the distance between the parts of a circular shrub that 
straddled the fault surface-rupture (Lin 1998).
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In 1988 tree-ring analysis established that an earthquake had occurred on the 
San Andreas Fault during the non-growing season of 1812–1813 (Jacoby et al. 
1988). As described above, further sampling and analysis of the trees in the same 
southern California region previously studied by Meisling and Sieh (1980) revealed 
an unusual disturbance in nine trees, along a 12 km length of the fault, beginning 
with the 1813 ring (Fig. 1). The extent of disturbed trees along the fault was limited 
by the absence of trees below the elevation of the lower forest border as it reaches 
the desert. Two December 1812 earthquakes were known but previously were 
assigned to offshore or coastal locations based on historical observations.

Approximate ages of trees were used to estimate dates for raised terraces at Icy 
Cape, Alaska (Beavan et al. 1979). The ages were interpreted as indicating four 
earthquakes since about AD 1300 and extremely high uplift rates for the area. This 
interpretation was controversial and the question has not been resolved. At this 
location, wider annual rings after 1899 were cited by Jacoby and Ulan (1983) as 
evidence that earthquake uplift had shifted the shoreline in one of these events, 
1899, and improved the growth environment for the trees at this coastal site. There was 
also post-event establishment of trees on the newly-uplifted surface after the 1899 
event. This study indicated that uplift extended farther to the west than previ-
ously thought.

The Cascadia Subduction Zone (CSZ) is of increased recent interest as scientists 
try to assess seismic risks for the northwestern United States and southwestern 
Canada. There is evidence of subsidence in several areas along the coast from 
northern California to Vancouver Island (Atwater et al. 1995). At the southern end 
of the CSZ in northern California, just north of the Mendocino triple junction, an 
earthquake about 300 years ago caused subsidence in the vicinity of Humboldt Bay 
(Carver et al. 1992). There are no actual trees left on the sunken lands but major 
roots attached to stump fragments of former trees have been preserved. These roots 
have annual-ring structure although there is much distortion typical of root growth. 
The ring-width patterns in the roots were sufficient to establish crossdating between 
roots from the same and different “trees”. Results of this dating established that the 
roots all died within four growing seasons, consistent with rapid subsidence (Jacoby 
et al. 1995). Supportive evidence of rapid subsidence at the site came from herba-
ceous plants entombed in the growth position. This is the type of subsidence that 
was produced by subduction earthquakes in Alaska in 1964 and Chile in 1960. 
Some of the subsidence could be partially due to liquefaction.

At the northern end of the CSZ along the Oregon and Washington coasts, there 
are locations with evidence of subsidence. At some of these locations there are 
relict trees evidently killed by drowning from earthquake-induced subsidence. 
There is enough remaining of the trees to use tree-ring analysis along with radio-
carbon measurements to determine timing and circumstances of the tree deaths. 
Near Copalis and Nehalen, Washington, Atwater and Yamaguchi (1991) found 
western red cedar (T. plicata) trees drowned by subsidence. High-precision radio-
carbon dates indicate an event about 300 years ago (Atwater et al. 1991) between 
1680 and 1720. Earlier tree-ring analysis placed the event after 1687 (Yamaguchi 
et al. 1989). A first tentative date from analyses of living trees on subsided sites was 
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1699–1700 (Benson et al. 1997). Further analyses found evidence of inundation 
and other disturbance in more trees at the same dated period. Satake et al. (1996) 
analyzed historical information about a large tsunami striking Japan on 26 January 
1700. Their analyses suggested that the most likely source for the tsunami was a 
large earthquake (est. magnitude 9) along the entire Cascadia Subduction Zone. 
With this information, the analyses of all the samples from coastal Oregon and 
Washington coasts were reviewed and finalized. In addition to the previously found 
tree-ring evidence it was noticed that there was an increase in traumatic resin canals 
starting in 1700. Traumatic resin canals are a response to flooding (Kramer and 
Kozlowski 1979). A compilation of these tree-ring analyses, including 1699 dating 
the outer ring of a dead marsh-edge tree, placed the event in the non-growing 
season of 1699–1700 (Jacoby et al. 1997) in agreement with the tsunami hypothesis 
of Satake et al. (1996). With this information, a number of stumps from subsidence-
killed trees were excavated from a tidal marsh and their analyses further confirmed 
the 1700 date for the event (Yamaguchi et al. 1997).

In the Seattle, Washington, region several studies involving trees indicate a major 
earthquake about 1,000 years ago on the Seattle Fault (Bucknam et al. 1992). The 
times of several landslides in the region were determined by radiocarbon dating of 
wood samples. Two studies used tree-ring dating to establish simultaneous events, 
thus supporting the hypothesis of a common seismic cause (Atwater and Moore 
1992; Jacoby et al. 1992). The key finding was that at two locations about 23 km 
apart, trees died in the same season of the same year. At one location a tree was 
entombed and preserved in a tsunami deposit (Atwater and Moore 1992) and at the 
other location a landslide carried a forested hillside down into Lake Washington and 
drowned and preserved the trees (Jacoby et al. 1992). Subsequent investigation 
showed that drowned trees at two locations in other parts of Lake Washington also 
died in that same season in the same year (Jacoby and Williams 1994).
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Large earthquakes of magnitude >6–7 with shallow focus depths can produce 
distinctive co-seismic surface ruptures and cause strong ground deformation, which 
frequently damages trees or alters their environment along pre-existing active faults 
(e.g. Jacoby et al. 1997; Lin and Lin 1998). Trees along active fault zones, there-
fore, are potential sources of information on paleoseismic faulting. Such evidence 
could lead to improved estimates of the recurrence interval of large magnitude 
earthquakes, characteristic displacements and seismic hazards in areas with no 
historical record.

Co-seismic surface ruptures and ground deformation often kill and split stumps 
along active faults, or affect trees growing in or immediately adjacent to the rupture 
zone during large earthquakes such as the 1931 M 8.0 Fuyun (China) earthquake 
(Lin and Lin 1998), 1995 Ms 7.2 Kobe earthquake, Japan (Lin and Uda 1998), 1935 
M 8.0 Haiyuan and 2008 Ms 8.1 Wenchuan (China) earthquakes. A representative 
example of split and damaged trees is observed on the Fuyun fault zone in north-
west China (Lin and Lin 1998). Field observations reveal that a 180-km-long 
surface rupture zone occurred along the pre-existing Fuyun fault zone where a 
shrub of Sabina pseudosabina was displaced dextrally for 10.8 m along the surface 
rupture located near the epicenter of the 1931 M 8 Fuyun earthquake (Fig. 1a). 
Offsets observed along the rupture zone were generally less than 10 m, with 
a maximum offset of 14.8 m (Deng et al. 1986). Yeats et al. (1997) report that 
maximum offsets along an individual surface rupture generated by large interplate 
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earthquakes of M >7–8 are generally less than 10 m. Therefore it is possible that 
the large offsets of 10–15 m observed along the Fuyun fault zone may have been 
generated by multiple earthquakes rather than the single 1931 seismic event. 

Fig. 1 Photographs showing (a) the surface rupture caused by the 1931 M 8.0 Fuyun earthquake 
and (b) tree ring characteristics of a Sabina pseudosabina sample taken from the offset tree shown 
in (a). Note that the sampled trees were dextrally displaced 10.8 m (photo a). There is sharp 
change in ring width between rings formed during 1931–1934 and those formed during the years 
before 1931 and after 1934 (photo b) (Modified from Lin and Lin 1998)
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To investigate this possibility a damaged circle scrub, displaced 10.8 m along the 
surface rupture zone of the 1931 earthquake (Fig. 1a), was sampled and its rings 
analyzed.

Tree ring analysis indicates a sharp change in ring width in 1931. The 1931–1934 
rings are much narrower than those formed immediately before 1931 and after 
1934 (Figs. 1b and 2). There are many potential causes for changes in ring growth, 
including climatic fluctuations, local changes of groundwater level, landslides and 
soil erosion or sedimentation. Variation in ring width of woody plants generally 
reflects the control of water and temperature on plant growth and, in this dry envi-
ronment, rings are generally thicker when formed in years of plentiful rainfall and 
thinner in dry years. However, there is no obvious abnormal change in average 
temperature or rainfall over the 1931–1934 period (Seismological Bureau of 
Xinjiang Uygur Autonomous Region, 1985), so that it is improbable that this sharp 
change of tree-ring growth resulted from climate changes. The sampling site is 
located on a gentle slope dipping west of the mountains (Fig. 1) and therefore it 
would be difficult to form this rupture from a landslide dipping east and extending 
more than several hundred meters across the slope. It also would be difficult to 
account for the sharp change in ring width due to erosion or sedimentation. Trees 
often suffer damage during large earthquakes due to strong shaking and rupturing 
of the ground surface from associated faults. Such surface rupturing probably 
damaged the roots of trees and affected the transmittal of water and nutrients thus 
hindering tree-ring growth, and may also result in temporary asymmetric growth 
and reduction in the width of annual growth rings. It is therefore concluded that the 

Fig. 2 Growth curves for tree rings in the displaced shrubs. The solid and dotted lines show the 
ring width of samples taken from the western side and eastern sides, respectively of the surface 
rupture shown in Fig. 1a. There is a sharp change in ring width in 1931 (After Lin and Lin 
1998)
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displacement of 10.8 m between the two semicircular scrubs on either side of the 
rupture was caused by the 1931 earthquake. This also indicates that the displacements 
of 10–15 m along the Fuyun surface rupture zone near the sampling location were 
caused by the 1931 seismic faulting and not the result of multiple events.

This study is a specific example of the use of tree-ring analysis to estimate the 
maximum amount of offsets along a co-seismic surface rupture zone produced by 
a large strike-slip earthquake, and also indicates that tree rings can be used as a 
specific indicator for the dendrochronologic study of seismological and geomor-
phological processes along active faults.
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1  Introduction

Because many tree species can live for several centuries or longer (Brown 1996), 
tree-ring analysis can be a valuable tool to date geomorphic events such as land-
slides, earthquakes, and avalanches in regions lacking long historical records. 
Typically, a catastrophic landslide will destroy all trees on the landslide, but trees 
on slower moving landslides may survive. For example, the Slumgullion earthflow, 
in southwestern Colorado, moves 0.5–5.5 m annually, yet is covered by aspen 
(Populus tremuloides) and conifers (Baum and Fleming 1996). Trees that survive 
such movements undoubtedly suffer damage, such as topping, tilting, impact, or 
root breakage. This damage is commonly recorded in the tree-ring record and 
analysis of this record can be used to reconstruct past landslide activity.

This study discusses the results of tree-ring analyses at three sites on landslides 
in the Gravelly Range of southwestern Montana and the relationship between land-
slide movement and regional seismicity. These landslides are subject to occasional 
incremental movement that may be as much as several meters per event.

The Gravelly Range is underlain in part by the 1.8-2.0 m.y. Huckleberry Ridge 
Tuff, which is in turn underlain by poorly-consolidated Tertiary sediment. These 
sediments consist of poorly bedded, tuffaceous mudstone that locally includes thin 
beds of arkosic sandstone and lenses of granule to pebble conglomerate (Luikart 
1997). Beneath the tuff along the southeast slopes of the Gravelly Range, the 
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Tertiary sediments thicken and the topographic relief is nearly 1,100 m. Numerous 
faults cut the tuff throughout the area, suggesting that as much as 700 m of displace-
ment has occurred in the Quaternary (O’Neill et al. 1994). Well-defined fault scarps 
indicate ongoing tectonic activity.

A zone of landslides extends for nearly 25 km along the southeastern flank 
of the Gravelly Range (O’Neill et al. 1994), part of which is shown on Fig. 1. 
The landslides range from small, less than 0.1 km2, to large rotational slumps and 
translational landslides that exceed 5 km2. These landslides are confined to areas 
where the mechanically rigid, densely welded Huckleberry Ridge Tuff is underlain 

Fig. 1 Generalized map of landslides in the southeastern Gravelly Range (after O’Neill et al. 
1994) and location of study sites
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by the poorly consolidated Tertiary sediments (O’Neill et al. 1994). The landslides 
are characterized by hummocky topography containing blocks of the tuff, closed 
depressions containing bogs and ponds, and mud springs near the toes of the land-
slides that are saturated. The landslides were probably initially formed in the late 
Pleistocene; however, numerous tilted and deformed trees on parts of these landslides 
indicate that they have been subject to recent movement.

2  Dating Landslide Movement by Tree-Ring Analyses

Tree-ring analysis has been used to date landslides and other events in several 
ways. The ages of the trees themselves supply important information. For instance, 
the oldest undisturbed tree on a landslide provides a minimum age of move-
ment (McGee 1893; Fuller 1912; Jibson and Keefer 1988; Logan and Schuster 
1991).

One of the first investigators to use tree-ring analysis to date landslides was 
McGee (1893). On landslides near Reelfoot Lake, Tennessee, displaced by the 
New Madrid earthquakes of 1811 and 1812, McGee (1893) noted that trees 
200 or more years old were inclined from base to crown and that the trunks of 
trees 100–150 years old were inclined, whereas the upper parts were vertical. 
He concluded that undisturbed, vertical trees that were 70 or 75 years old 
established a minimum age for the landslide movement. Similarly, Fuller 
(1912) studied the ages of upright and tilted trees on landslides also displaced 
by the New Madrid earthquakes. He determined that “the greater part of the 
upright growth on the disturbed surfaces is fairly uniform and a little less  
than 100 years of age, trees of greater age being in general tilted and partly 
overthrown.”

A more complex analysis of landslide movement involves the interpretation of 
the annual rings in disturbed trees. Shroder (1978) used tree-ring analysis to date 
recurrent movement on a rock glacier-like deposit on the Table Cliffs Plateau, Utah. 
Reeder (1979) used tree-ring analysis to date landslide movement in the Anchorage, 
Alaska, area and correlated these movements with regional earthquakes. Jensen 
(1983) dated episodic movement in the upper Gros Ventre landslide in Wyoming by 
tree-ring analysis. Finally, Williams et al. (1992) investigated four landslides near 
Seattle, Washington using tree-ring analysis and concluded that the landslides 
were seismically induced.

In the studies cited above, several types of tree-ring anomalies were associated 
with landslide movement: (1) an abrupt reduction in annual ring width, (2) the 
formation of reaction wood, and (3) scars. Disturbance in the tree-ring record in a 
specific year indicates that the tree was subjected to damage between the end of the 
previous growing season and the growing season of that specific year. For instance, 
the tree-ring record of Douglas firs (Pseudotsuga menziesii) within several meters 
of the Hebgen Lake fault scarp, about 30 km east of the study area, exhibit a marked 
reduction in annual ring width or reaction wood formation beginning in 1960 
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(Carrara 2002; Bekker 2004). The main shock of the Hebgen Lake earthquake, 
occurred on August 18, 1959, after the growing season. Hence, the 1959 annual 
rings are of normal width and the disturbance in the tree-ring record began with the 
1960 annual rings.

2.1  Reduction in Annual Ring Width

A reduction in annual ring width for several years or more can be the result of injury 
due to a geomorphic event, such as a landslide, earthquake, or avalanche (Shroder 
1978; Carrara 1979; Meisling and Sieh 1980). Damage to the root system, loss of a 
major limb, or topping can all result in an abrupt reduction in annual ring width.

Effects from damage may be rather subtle. For example, in a study of the effects 
of the 1959 Hebgen Lake earthquake on Douglas firs growing along the fault scarp, 
most (13 of 15) trees were found to exhibit a reduction in annual ring width beginning 
in 1960 (Carrara 2002). Despite the fact that the sampled trees were only several 
meters from the scarp and showed obvious physical damage, in most trees (9) the 
response consisted of the formation of narrow annual rings for 1–3 years (Fig. 2). 
However, one tree produced narrow annual rings from 1960 to 1983, the last complete 
year of growth prior to sampling (Carrara 2002). In a similar, but more comprehensive 
study along this same fault scarp, Bekker (2004) found that a reduction in annual ring 
width was the most common response to this earthquake. Furthermore, he was able 
to document this response at a distance as great as 58 m from the scarp.

Fig. 2 Photomicrograph of cross section of Douglas fir showing a band of narrow annual rings 
that began formation in 1960 in response to the 1959 Hebgen Lake earthquake. Center of tree is 
to the left
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2.2  Reaction Wood Formation

Reaction wood is formed on the underside of a tilted conifer (Fig. 3). Tilting of a 
conifer will often result in asymmetric growth, such that wide annual rings of reaction 
wood are formed on the underside of the tilted tree and narrow or discontinuous annual 
rings are formed on the upper side of the tree (Panshin and de Zeeuw 1970). Reaction 
wood in conifers is similar in appearance to latewood but is generally darker and 
denser and is usually characterized by a reddish-yellow color and small, thick-walled 
cells. Tracheids (the vertically oriented cells with thick walls) in reaction wood are 
shorter and have more rounded cross sections in contrast to normal tracheids, which 
are longer and have more angular cross sections (Panshin and de Zeeuw 1970).

In most cases the initial year of reaction wood closely dates the time of tilting; however, 
in some instances formation of reaction wood may be delayed for several years. 
For example, in the Hebgen Lake area, reaction wood was observed in Douglas firs that 
were tilted by the 1959 earthquake (Carrara 2002). In most trees, reaction wood forma-
tion was initiated in 1960. However, several severely damaged trees formed narrow 
annual rings on both the upper and underside of the tree as an initial response to the damage. 
Reaction wood was formed after a recovery period of 3 to as many as 9 years.

Fig. 3 Photograph of cross section of Douglas fir from the Cliff Lake site. The tree was tilted and 
impacted as a result of the 1959 Hebgen Lake earthquake. Eccentric growth was initiated in 1960 
with reaction wood forming on the side displaying greater growth (underneath side). Note the 
associated scar caused by impact, which is grown over. Coin is about 20 mm in diameter
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2.3  Scars

Scarring on trees (Fig. 3) can be caused by several mechanisms, including fire, 
gnawing by animals, and impacts from dislodged boulders or falling trees. For 
example, a dislodged boulder may wound a tree by removing the bark and underlying 
cambium tissue. Initially, the tree will be unable to form annual rings in the wound 
area but over time the cambium will encroach from the wound edges and overlap 
the damaged area forming a scar. On older scars, wound healing may have 
progressed to such an extent that the scar is entirely overgrown and impossible to 
detect at the surface. An increment borer could miss a healed scar because a core 
includes only a narrow radius of the tree, whereas the scar is easily recognized in a 
cross section.

3  Study Sites

Three sites on landslides along the southeastern flank of the Gravelly Range were 
chosen for tree-ring investigations: Bench Road, Cliff Lake, and Freezeout Lake 
(Fig. 1). Tilted and deformed trees are common at these sites.

3.1  Bench Road

The Bench Road site (1950 m asl) is located on a landslide near the West Fork 
of the Madison River (Fig. 1). Numerous large tilted trees are present at this site 
(Fig. 4). Eleven tilted Douglas firs were either cored (4) or cross-sectioned (7) 
at this site in August of 1993 and 1994, and their tree-ring records analyzed for 
signs of disturbance. The trees were sampled in an area that extends 30 m 
across the slope and 20 m downslope. The oldest tree had a pith date of 1790, 
five other trees had records extending back to 1850 or earlier. A dead standing 
tree was cross-dated to other trees at this site, and found to have a pith date of 
1846.

3.2  Cliff Lake

The Cliff Lake site (2075 m asl) is located on the steep eastern edge of Cliff Lake 
Bench near the head of a large landslide separating Wade and Cliff Lakes (Fig. 1). 
The site contains many extensional fractures 1–2 m wide and one m deep that 
extend across the slope as much as 30 m. A Douglas fir forest covers the site, 
although along the top of the bench lodgepole pine (Pinus contorta) dominates. 
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At this site nine tilted or deformed Douglas-firs were cross-sectioned and one was 
cored in August of 1994 and 1995. The trees were sampled within an area that 
extended 30 m across the slope and 20 m downslope. The oldest tree had a pith date 
of 1878, two other trees had records extending back to 1890 or earlier. A dead 
standing tree was cross-dated to other trees at this site and found to have a pith date 
of 1893. During the 1959 Hebgen Lake earthquake boulders of Huckleberry Ridge 
Tuff were dislodged from the hillside and killed two people at the campground at 
the toe of this landslide (O’Neill et al. 1994).

3.3  Freezeout Lake

The Freezeout Lake site (2,250 m asl) is located near the head of a large landslide 
along the southern edge of Flatiron Mountain (Fig. 1). Eleven tilted or deformed 
trees, including Douglas-fir (Pseudotsuga menziesii) (7), subalpine fir (Abies 
lasiocarpa) (1), limber pine (Pinus flexilis) (1), and lodgepole pine (Pinus 
contorta) (2) were either cored (2) or cross-sectioned (9) in August 1993 and 
1995. The trees were sampled within an area that extended 30 m on either side of 
a U.S. Forest Service road. The oldest tree had a pith date of 1855, and another 
four trees had records extending back to 1880 or earlier.

Fig. 4 Photograph of Bench Road site showing numerous tilted Douglas firs. The road was estab-
lished in 1977 (D. Reger, 2002, personal communication); most movements recorded in the tree-
ring record at this site are pre-1977
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4  Methods

A total of 32 trees, mainly Douglas-firs, were sampled at the three sites. Trees ranged 
between 5 and 35 cm in diameter, and three to 30 m in height. Trunks of all sampled 
trees were noticeably tilted; angles of tilt ranged from 10º to 80º. Samples consisted 
of cross sections and cores that were collected with a 5-mm-diameter increment borer. 
For those trees sampled by an increment borer, a core was taken through the tree from 
the upper side to the lower side of the tilt, usually about 30 cm above the ground surface.

The cores and cross sections were prepared using standard procedures (Stokes and 
Smiley 1968) and then inspected under a binocular microscope (6 to 25X) for signs 
of disturbance in the tree-ring record. The cores and cross sections were cross-dated 
using a skeleton-plot (Stokes and Smiley 1968; Fritts 1976) for the undisturbed parts 
of the tree-ring record. Particularly distinctive narrow annual rings that were useful 
for cross-dating are: A D 1872, 1889, 1901, 1919, 1934, 1936, 1966, and 1989. False 
annual rings were noted in several samples and were distinguished from annual rings 
because the cells composing the latewood in the false annual rings grade to the inside 
and outside into porous tissue. In true annual rings the transition from the latewood 
of 1 year to the earlywood of the next year is abrupt (Panshin and de Zeeuw 1970).

In this study, significance (i.e. disturbance) was assigned to the initial year of a 
marked reduction in annual ring width, either for a single year or for a prominent 
band of narrow annual rings comprising a number of years, such that the width of 
the first narrow annual ring was 50% or less of the width of the annual ring of the 
previous year (Fig. 2). Reductions in annual ring width averaged about 5 years and 
ranged from 1 year to as many as 40 years. Significance was also assigned to the 
initial year of reaction wood formation, either for a single year or for a prominent 
lens of reaction wood encompassing a number of years. However, reaction wood 
formed in the early years of the tree and thought to be associated with early growth 
(Panshin and de Zeeuw 1970) was ignored. Reaction wood formation averaged 
about 6 years and ranged from 1 year to 54 years. In two trees formation of reaction 
wood was delayed for several years. For instance, one tree began formation of reac-
tion wood in 1962 in response to the Hebgen Lake earthquake. This was preceded 
by an abrupt decrease in annual ring width around the entire circumference of the 
tree beginning in 1960. Therefore, the date of disturbance was assigned to 1960. 
Although scars were identified in only two trees in this study, one scar is clearly 
associated with damage sustained during the 1959 Hebgen Lake earthquake because 
it had healed over a wound that occurred between the 1959 and 1960 annual rings 
(Fig. 3). In this study, significance was assigned to the initial year of a scar.

5  Summary of Disturbance in the Gravelly  
Range Tree-Ring Record

The initial year of narrow annual ring, reaction wood, or scar formation are pre-
sented on Fig. 5. Because the number of trees with a record for a given year 
decreases with time, and because a given tree might not have a useful record for a 
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certain period (a tree may already be forming a narrow band of annual rings such 
that a subsequent disturbance would not be detected), the data are plotted as the 
percentage of trees with a useful record for a given year. As can be seen there are 
many disturbances for individual years that are recorded by about 10–20% of the 
trees at a given site (Fig. 5). Some of these smaller peaks may be related to minor 
landslide movements; however, some may simply be related to random events in 

Fig. 5 Plots showing percentages of trees at the study sites indicating disturbance (movement) in 
a given year, and earthquake that may have initiated movement. Dashed horizontal lines indicate 
the level (30%) of disturbed trees. Values below these lines are considered to include random 
“noise” that is probably not related to seismic events
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the life of the tree (insect infestation, animal disturbance). To avoid this possible 
“noise,” significance was assigned only to those disturbances that were recorded in 
30% or more of the trees at a site.

Data from the individual sites, including the number of trees displaying a 
marked reduction in annual ring width or the formation of reaction wood are 
summarized in Table 1. At the Bench Road site, six episodes of movement are 
indicated by disturbance in the tree-ring record of 30% or more of the sampled 
trees: 1984, 1973, 1960, 1954, 1936, and 1893. At the Cliff Lake site, six episodes 
of movement are indicated by disturbance in the tree-ring record: 1991, 1987, 1960, 
1954, 1951, and 1926. At the Freezeout Lake site eight episodes of movement are 
indicated by disturbance in the tree-ring record: 1984, 1967, 1954, 1936, 1926, 
1916, 1909, and 1908.

Disturbances in the tree-ring record of the trees sampled at the three sites are 
interpreted to have been caused by incremental movement of the landslides, and not 
by other factors, such as climatic stress, insect infestation, or fire for several 
reasons. First, as previously stated, the sampled trees were all tilted, an effect not 

Table 1 Occurrence of narrow annual rings and reaction wood for years in which more than 30 % 
of sampled trees at a site showed evidence of disturbance

Site Yeara NRb RWc TWRd % Disturbede

Bench Road 1984 5 0 6 83
(7 cross sec.) 1973 4 0 8 50
(4 cored) 1960 6 1 8 88

1954 4 0 9 44
1936 6 2 10 80
1893 4 2 10 60

Cliff Lake 1991 0 3 8 38
(9 cross sec.) 1987 3 0 8 38
(2 cored) 1960 7 7 9 100

1954 2 1 9 33
1951 2 1 9 33
1926 2 1 8 38

Freezout Lake 1984 5 0 10 50
(9 cross sec.) 1967 2 2 11 36
(2 cored) 1954 3 1 11 36

1936 0 5 10 50
1926 5 2 10 70
1916 2 1 9 33
1909 1 4 9 56
1908 0 3 9 33

a Year (AD) of initial disturbance in the tree-ring record.
b Number of trees that formed narrow annual rings beginning in listed year.
c Number of trees that formed reaction wood beginning in listed year.
d Total number of trees with a useful record for listed year.
e Percent of trees with a useful record displaying evidence of disturbance in the tree-ring record 
beginning in listed year.
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associated with these other factors. Second, the fact that the tilted trees are growing 
on landslides strongly suggests that the damage was caused by movement. Third, 
the damage observed in the tree-ring record is typical of the response of trees 
that have suffered physical damage and is not typical of climatic stress. Trees that 
exhibit a reduction in annual ring widths caused by climatic factors have a more 
uniform response, hence these trees generally recover at about the same year and 
such a response should occur over a broad region. As previously mentioned, in this 
study reductions in annual ring widths averaged about 5 years and ranged from as 
little as 1 year to as many as 40 years. Similar differences in the tree-ring response 
between earthquake disturbed trees and trees subject to climatic stress were noted 
by Jacoby et al. (1988). In addition, reductions in annual ring width in some trees 
at a site were also accompanied by reaction wood formation in other trees at the 
same site, which supports a physical disturbance as opposed to a climatic 
response.

6  Are the Landslide Movements Seismically Induced?

The study area is within the Intermountain Seismic Belt, a zone of pronounced 
seismic activity that extends from southern Nevada to northwestern Montana 
(Smith and Sbar 1974; Stickney and Bartholomew 1987). The largest historic 
earthquake recorded in this region, magnitude 7.5 Ms (surface wave magnitude) 
(Doser 1985), occurred on August 18, 1959 in the Hebgen Lake region, about 30 
km east of the study area. It triggered a large rockslide that overran a camp-
ground and killed 26 people, burying them under an estimated 21 million cubic 
meter of debris (Witkind and Stickney 1987). This rockslide dammed the 
Madison River and formed Earthquake Lake. Other landslides in the region, 
including those in the Gravelly Range, may have also been initially triggered by 
large earthquakes.

6.1  Correlation of Landslide Movement with Significant  
Seismic Events

In a study of landslides caused by historical earthquakes Keefer (1984) investigated 
several factors including the minimum earthquake magnitudes and intensities known 
to have triggered landslides of various types, and the maximum distance from the 
epicenter that seismically triggered landslides are known to have occurred. 
Landslides of various types were found to have threshold magnitudes ranging from 
4.0 ML (local magnitude) to 6.5 Ms and threshold Modified Mercalli intensities 
between IV and V (Keefer 1984). The initiation of the types of landslides in this 
study (rotational slumps and translational slides) have threshold magnitudes of about 
5.0 ML and threshold Modified Mercalli intensities of about V (Keefer 1984).
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In general, Keefer (1984) found that the larger the earthquake the greater the 
distance landslides were triggered from the epicenter. For instance, in the Cape 
Suckling area of Alaska, Sheppard and Jacoby (1989) determined that the 1964 
Alaska earthquake (Ms 8.4) was recorded in the annual rings of Sitka spruce (Picea 
sitchensis), about 240 km from the earthquake’s epicenter. Keefer (1984) found that 
an earthquake of this magnitude could trigger landslides as far as 500 km from the 
epicenter, whereas an earthquake of magnitude 6.0 should only be able to trigger 
landslides within about 40 km of the epicenter.

Since 1897, eight significant earthquakes, of magnitude or intensity 6.0 or 
greater have been recorded within about 200 km of the study area (Table 2). Some 
of these earthquakes appear to be recorded in the tree-ring records of the study sites 
(Table 2 and Fig. 5). In fact, those periods of movement indicated by the strongest 
signals (most trees) at an individual site occurred the year following several of these 
earthquakes. At the Bench Road site, three episodes of landslide movement 
occurred the year following a significant earthquake in the region: Borah Peak 
(1983), Hebgen Lake (1959), and Helena (1935). At the Cliff Lake site, two periods 
of landslide movement occurred the year following a significant earthquake: 
Hebgen Lake (1959) and Clarkson (1925). At the Freezeout Lake site, four periods 
of landslide movement occurred the year following a significant earthquake: Borah 
Peak (1983), Helena (1935), Clarkson (1925), and Virginia City (1908).

To test the relationship between significant earthquakes in the region and periods 
of disturbance in the tree-ring record that indicate landslide movement, the period 
1890 to 1995 (Freezeout Lake) was divided into 2-year intervals to account for 
the time between an earthquake and its associated response in the tree-ring record. 
For instance, at the Freezeout Lake site, in the 52 2-year intervals there are eight 
disturbances in the tree-ring record that affected more than 30% of the trees 
(Table 1). Four of these tree-ring disturbances occurred the year following one of 
the eight significant earthquakes (Fig. 5). The estimated frequency of joint occur-
rences of two random, independent events, is equal to the product of their individual 
probabilities in any period (2-year intervals in this case) multiplied by the number 
of periods; (eight earthquakes divided by 52 2-year intervals = 0.154, and eight 
disturbances in the tree-ring record divided by 52 2-year intervals = 0.154; there-
fore, the estimated probability of joint occurrences is 0.154 x 0.154 x 52 = 1.2). 
Hence, the observed number of joint occurrences (4) is more than three times 
greater than that expected by chance. Note that in the following analyses the date 
of disturbance in the tree-ring record never preceded that of the associated earth-
quake within the 2-year intervals.

Each study site was then subjected to a two-way contingency analysis using a X2 
calculated from the observed and expected frequencies of joint occurrence and 
using the Yates correction for continuity due to small sample size (LaMarche and 
Hirschboeck 1984; Walpole and Myers 1992). At the Freezeout Lake site the relation-
ship between the earthquakes and tree-ring disturbance is significant at greater than 
the 98% confidence level. At the Bench Road site; 1880 to 1994, 57 2-year intervals, 
eight earthquakes, six disturbances in the tree-ring record, and three joint occur-
rences; the relationship is significant at greater than the 95% confidence level. 
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Finally, at the Cliff Lake site; 1900 to 1995, 47 2-year intervals, seven earthquakes, 
six disturbances in the tree-ring record, and two joint occurrences, the relationship 
is not significant at the 95% confidence level.

6.2  Seismic Events Unrecorded in the Tree-Ring Record

Three of the eight significant earthquakes in the region were not recorded in the 
tree-ring record at any of the study sites, these are the Yellowstone earthquake of 
June 1975, the Gravelly Range earthquake of November 1947, and the Dillon earth-
quake of November 1897 (Table 2).

It is unclear as to why some earthquakes whose epicenters were as much as 200 km 
from the study area are recorded in the tree-ring record, whereas other nearby earth-
quakes of similar magnitude are not. It may be in part that the magnitudes, intensities, 
and distances from the epicenters listed on Table 2 prior to about 1960 may be prone 
to substantial errors, due to the lack of an extensive seismic network and sparse population 
in southwestern Montana at that time. Hence, these earthquakes may have been of 
smaller magnitudes and intensities or at greater distances from the study area.

The addition of more tree-ring sites on other nearby landslides may have yielded 
evidence of these earthquakes. None of the eight significant earthquakes that have 
occurred in the region are present in the tree-ring record at all three sites (Table 2). 
For instance, evidence of the 1959 Hebgen Lake earthquake, the largest among the 
eight earthquakes, is clearly recorded in the tree-ring record at the Bench Road and 
Cliff Lake sites, yet not at the Freezeout Lake site (Fig. 5).

The direction of wave propagation may not have been favorable for inducing 
landslide movement at the sites investigated. The epicenters of two of the three 
unrecorded earthquakes (Gravelly Range 1947 and Dillon 1897) were to the west 
of the study area (Table 2).

Soil moisture can influence an area’s susceptibility to landslides, but does not 
appear to be a significant factor in the study area. The Palmer Drought Severity 
Index for southwestern Montana from 1895 to 1999 indicates that only two of the 
eight significant earthquakes in the region occurred during extremely wet years 
(National Climatological Data Center, unpublished data accessed April 12, 2000, 
http://www.ncdc.noaa.gov). The 1983 Borah Peak and 1908 Virginia City earth-
quakes occurred during years in which the Palmer Index was greater than +5. Other 
earthquakes occurred during years when the Palmer Index ranged from +2 (1975 
Yellowstone) to –5 (1935 Helena). Hence, one of the earthquakes best recorded in 
this study, the 1935 Helena earthquake, occurred during a severe drought.

7  Conclusions

The tree-ring records from the three landslide sites indicate multiple periods of 
movement during the twentieth century. Landslide movement was commonly indi-
cated by a marked reduction in annual ring width and/or the formation of reaction wood. 
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In many cases disturbance in the tree-ring record began in the growing season of 
the year following a large earthquake in the region. A significant correlation was 
found between regional seismic events and landslide movement at two of the three 
sites studied. Five of the eight significant earthquakes that occurred within 200 km 
of the study area appear to have caused movement on at least one of the three land-
slides. These five seismic events are the 1983 Borah Peak, 1959 Hebgen Lake, 
1935 Helena, 1925 Clarkson, and the 1908 Virginia City earthquakes. Many of 
the earthquakes in the region are of magnitudes that should be capable of triggering 
landslides no farther than 50 km from their epicenter (Keefer 1984). The fact that 
the tree-ring record indicates movement coincident with earthquakes at distances as 
great as 200 km suggests that at times these landslides movements were generated 
by Modified Mercalli intensities as low as III or IV (Table 2). This study demon-
strates the usefulness of tree-ring analysis to date landslide movements and sug-
gests that small, incremental movement of these landslides may be induced by 
earthquake intensities lower than previously accepted..
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1  Introduction

Two Douglas-fir (Pseudotsuga menziesii) from Olympic NP exhibit signs of the 
M~9 Cascadia earthquake of 26 January, 1700 (Atwater et al. 2005) and associated 
after-shocks on nearby faults. One lodgepole pine (Pinus contorta), sampled at the 
Madison River in Yellowstone NP shows damage associated with the 17 August, 
1959 M7.5 earthquake or aftershocks (USGS 2008), and another appears to record 
the large earthquakes felt by the Hayden expedition on 22 August, 1871 at the north 
shore of Yellowstone Lake (Hayden 1872). Other, such evidence was noted in 
Yellowstone samples, and younger damage events were seen in western hemlock 
(Tsuga heterophilla) samples from Heart of the Hills in Olympic NP. The common 
characteristic of productive samples in both parks was that they were taken 6–24 m 
above ground level where stem whiplash produced by ground motion would be 
more likely to occur. It appears that such evidence has the potential to reveal unre-
corded events; and perhaps epicenter locations.

The obvious, observed macro-features are healed fracture and ‘chevron’ structures 
exemplified by one Douglas-fir from Olympic illustrated in Fig. 1. The AD 1700 
ring (17.5–17.8 cm) appears normal except for lignin in the late wood. It was 
fractured in shear by whiplash; perhaps by an aftershock midway through the AD 
1701 growth season as suggested by growth inhibition. The diameter of the tree in 
1700 ~20 m above ground level was 0.35 m. Micro-features include disorganized 
cell structure as shown at the same fracture in Fig. 1b. Abnormal cell orientation is 
obvious in the 1701 earlywood at center and again in the 1702 wood on the extreme 
right. Approximately 20° around the tree from the fracture, numerous traumatic 
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Fig. 1 Olympic Douglas-fir from Staircase Ranger Station: (a) shear macro-fracture and the start 
of a chevron; 1700 ring at 17.5–17.8 cm. 1701 growth reduction; (b) detail of the same shear 
fracture with 1700 on left and disorganized cells early in 1701; (c) detail of traumatic resin and 
lignin ducts in the 1701 ring
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ducts (Stoffel and Bollschweiler 2008) are seen in the 1701 ring (Fig. 1c).  
Some ducts are filled with resin but others appear to be haloed or filled with lignin. In 
the lower left the 1,700 ring appears to have a false ring boundary in the latewood.

A second Douglas-fir exhibited numerous lignin-haloed traumatic ducts, mostly 
between 1698 and 1713 on the west (upwind) side. Largest numbers were in 1699, 
1700, 1702, and 1704 through 1707. Only one such duct was found in 1701.

One Yellowstone lodgepole pine showed two structures similar to fire scars 
(lacking charcoal) with cessation of cambial growth at the end of 1960 (Fig. 2a). 
From left to right one sees the normal 1958 ring, a small chevron in the 1959 
latewood, followed by a second chevron in 1960, cessation at a pitch pocket in 1961 

Fig. 2 Yellowstone Madison River lodgepole showing: (a) detail of chevron in 1959 latewood 
and cessation after 1960 and (b) another Madison River lodgepole with growth cessation and 
chevron development after 1873 following reported 1871 earthquakes
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and misaligned rings at the right. The implied 1-year delay in growth cessation 
suggests that with the exception of chevrons most severe seismic whiplash damage 
occurred in the phloem and inner bark. Moreover, the evidence in this approximately-
oriented tree suggests that the onset of chevron structures and growth-cessation 
structures were produced respectively by shear on the side of the tree ~75°, and by 
compression or tension ~15°, away from the direction of propagation of surface 
waves associated with the two largest 1959 seismic events. Inception of most chevron 
zones suggests micro-shear damage. Chevrons are present in all the samples dis-
cussed here. They are being assessed for their potential to record ground wave 
direction. Traumatic ducts in this sample began in 1959, were absent in 1960, then 
continued through 1967. The diameter of this tree in 1959 was 0.18 m at 6.2 m 
above ground level. Measurements show significant growth suppression in the 1960 
ring, in agreement with findings of Bekker (2004).

The July, 1871 event was recorded in another nearby lodgepole 6 and 10 m 
above the ground by chevrons and at 6 m by growth cessation after 1872, suggesting 
that damage structure lag varies dependent on season of seismic events and on the 
portion of the phloem that is affected by whiplash (Fig. 2b). Structures tentatively 
suggest a ray path of 70° (or 250°). Two other nearby lodgepoles sampled at 6 and 
7 m (not shown) also exhibited growth cessation after 1911 at 8° and 14°, suggesting 
close resolution of the ray path from an unrecorded event.
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Tree stumps buried by the White River tephra, ca. AD 820, Yukon, Canada (© J. J. Clague)
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1   Introduction

A volcano is an opening in the Earth’s crust from which hot magma, ash, and gases 
escape to the surface. Volcanic eruptions produce numerous and dramatic environ-
mental changes from very local to global scales. Strong explosive eruptions ejecting 
sulfur aerosols in the stratosphere can impact the Earth’s radiation balance, and 
hence, surface temperature as well as atmospheric circulation patterns. The radiative 
effect and related cooling after explosive, especially tropical, eruptions is stronger 
in summer. In the cold season, on the contrary, eruptions generally lead to warming 
due to an enhanced pole-to-equator gradient and subsequent change in circulation 
mode. The maximum global cooling (0.1–0.2°C) occurs approximately one year 
after a strong tropical explosive eruption and the degree of this cooling follows 
the solar declination displaced toward the north. The eruptions occurring in the 
high latitudes (e.g. Laki in 1783), on the contrary, reduce the pole-to-equator 
temperature gradient and lead to the cooling even in winter. Another important 
effect of this type of eruption is the failure of the summer Indian monsoon (Robock 
2000).

Annually resolved and temperature-sensitive tree rings provide a significant 
proxy for the climatic effects and dating of past volcanic eruptions. The first section 
of this paper briefly reviews the opportunities and limitations of tree-ring research 
for these large scale, often global, studies (see also Salzer and Hughes 2010, this 
volume). The second part of this paper plus three case studies (Pringle et al. 2010, 
this volume; Biondi and Estrada 2010, this volume; Solomina 2010, this volume) 
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deal with the local geomorphic impacts of eruptions. Due to the complexity and 
great diversity of these processes, I will only touch on tree-ring studies of pyroclastic 
flows and lahars in the following brief review. The information on the frequency and 
magnitude of these events can serve for the assessment of potential future activity of 
the volcano, related possible environmental destruction and risks.

The large volumes of gases, liquids and solid material ejected by volcanoes may 
produce strong geochemical environmental effects that potentially can be identified 
in vegetation, including wood. The third part of this paper will briefly mention 
some of the related issues in connection with dendrochemistry. These are also 
considered in the case study of the dendrochemical effects of the AD 1781 eruption 
of Mount Hood in Oregon by Sheppard et al. (2010, this volume).

2  Global Climatic Effects of Volcanic Eruptions  
and Tree Rings

Long temperature sensitive tree-ring chronologies and tree-ring networks are useful 
to explore the spatial patterns of climate responses to volcanic eruptions for periods 
prior to the instrumental climatic record. In 1984 LaMarche and Hirschboek demon-
strated the correspondence of frost rings in the subalpine bristlecone pine chronology 
with major volcanic eruptions. Lough and Fritts (1987) further explored the spatial 
pattern of the regional climatic effect of the eruptions in USA in more detail. Filion 
et al. (1986), working at treeline sites in Quebec, introduced the idea of light rings 
(rings with very few latewood cells) as indicators of shortened growing seasons, 
often related to volcanic eruptions. Yamaguchi et al. (1993) later quantified the 
threshold May-September temperature for light ring formation in this region. 
Subsequently Jones et al. (1995) and Briffa et al. (1998) used a network of maxi-
mum density chronologies across North America and Eurasia to reconstruct cool 
summers since AD 1600, claiming that most of them coincided with the dates of 
major explosive volcanic eruptions. Following these pioneering works almost all 
new long chronologies are checked for the presence of volcanic footprints. In general 
the conclusion is that ring width, maximum density, missing, false, frost and light 
rings can be useful for studying the climatic effect of explosive volcanic eruptions 
and establishing their precise calendar dates. However, many problems still remain 
unresolved. Most are related to the complex response of the climate system to 
volcanic forcing, such as differences in the response time in different regions. Also 
the transformation of the initial signal by the global and regional atmospheric 
circulation processes may result in different level of cooling, warming or change in 
precipitation. It is also very difficult to distinguish the “volcanic” signal from other 
causes of narrow ring formation or low latewood density.

Ice cores also record the footprints of both local and distant volcanic eruptions. 
In both proxies – tree rings and ice cores - the location of the volcano responsible 
for the signal is unknown though the analyses of volcanic glass in ice core layers 
may provide some clues to identify the potential source. However, ice cores rarely 
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provide annually resolved dates for eruptions. The accuracy of ice core dating 
decreases with time and strongly depends on the accumulation rate and the quality 
of the ice flow model. In contrast, the accuracy of tree ring dating remains stable 
over time. Salzer and Hughes (2007) illustrate this effect by comparing the ice core 
and tree-ring chronologies over the last 5000 years. Consequently there have been 
several attempts to improve the precision of ice core dates for eruptions (and hence 
the ice core chronologies themselves) using the tree-ring record of growth suppressions 
potentially related to the ancient volcanic eruptions (e.g. Baillie 2008). However, 
the linkage between tree-ring extremes and volcanic effects should be treated 
cautiously as it involves several assumptions and potential errors (Sadler and 
Gratton 1999). Nevertheless, tree-ring records are of great value in developing 
the backbone of the chronology of eruptions although the potential ambiguity of the 
interpretation of the signal should be always taken into account.

3  Dating Volcanic Eruptions, Geomorphic Processes  
and Related Hazards

The landforms and sediments in volcanic areas that can usually be dated with the 
help of tree-rings are formed by ashfalls, pyroclastic density currents, landslides, 
and lahars. These processes are clearly significant environmental hazards and deter-
mining the history, magnitude and frequency of these events is a critical element in 
defining the hazards associated with individual volcanoes. Pyroclastic density 
currents are fast-moving currents of hot gas and pyroclastic material that travel 
down the volcano. The speed, tracks, deposition and potential danger of these 
currents depend on their origin and physical properties. Most pyroclastic currents 
consist of two parts: a basal flow of coarse fragments that moves along the ground, 
and a turbulent cloud of ash. The ground speed of the pyroclastic currents is typically 
greater than 80 km per hour. The temperature of rocks and gas inside a pyroclastic 
current is generally between 200°C and 700°C and deposited layers of loose rock 
fragments can be up to 200 m in thickness.

Landslides occur on the slopes of stratovolcanoes due to steepness and the weak 
consolidation of their constituent debris. These landslides often transition into 
“lahars” – volcanic mudflows – flows of water mixed with tephra moving 
downslope or in the river valleys. Lahars may also be generated by intense rainfall, 
rapid melting of ice and snow, or the outburst of crater lakes. These flows may 
erode the volcanic material over which they move and increase considerably in 
volume downslope. They may travel more than 100 km from their source and cover 
wide areas with cement-like sediments when they cease moving (Fig. 1).

Tree-ring approaches and procedures for dating these processes are similar to 
those used for other geomorphic hazards such as snow avalanches, landslides, 
mudflows and debris flows. The trees in the vicinity of the volcano can be affected 
by different mechanical, thermal and chemical damage and, hence, used as a tool 
to date the eruption or related geomorphic events. The vegetation at the volcano and 



446 O. Solomina

in the immediate vicinity can be completely or partly destroyed and trees can be 
burned, carbonized (Fig. 2), partly or completely buried in situ by debris. They may 
also be uprooted and displaced kilometers away from their original location. Trees 
that survive, can be tilted, hit and scarred by boulders or by other objects trans-
ported by the flows, or suffer from chemical and thermal burns. They may also lose 
foliage, bark or roots, their lower stems can be buried by debris or photosynthesis 
reduced by the ashfall, etc. These damages affect the tree’s productivity and the 
events can be later identified in ring width (and density) chronologies as a suppression 
lasting from one to a few years depending on the degree of damage. Volcanic activity 
can also produce positive growth anomalies due to soil fertilization from a thin 
layer of ash rich in mineral components or the removal of neighboring plants which 
reduces competition for sunlight and other resources. The comparison of the 
chronologies developed from potentially affected trees with a “normal” regional 
ring-width chronology can provide information on candidates for potential dates of 
eruptions, lahars and other events. However, such evidence is not, by itself conclusive 
and should be supported by the dates from directly affected trees (Bollschweiler 
et al. 2010).

It is not clear whether local volcanic eruptions can produce a signal detectable 
in the chronologies of the trees that do not have direct thermal, mechanical or 
chemical damage. Battipaglia et al. (2007) recently showed a significant decrease 
in ring width following each eruption of Vesuvius coinciding with the local 
temperature changes recorded by instrumental observations. However in these 

Fig. 1 Pyroclastic flow deposits at the Shiveluch volcano (27 February 2005, Photo courtesy 
Yu. Demianchuk)
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cases a clear mechanism should be proposed to explain the causal relationship 
between tree-ring growth suppression and local eruptions while their climatic effect 
is usually quite limited (Yamaguchi 1993).

The dates of eruptions detected from direct damage or tree mortality are less 
equivocal. The most reliable dates are from carbonized wood of trees buried in situ 

Fig. 2 Kamenskaya valley, Shiveluch volcano, Kamchatka. Carbonized wood buried in situ in the 
pyroclastic deposits
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in a standing position, killed by a hot pyroclastic flow (see Fig. 2). Their burial by 
hot fine-grained material results in instantaneous death related to an obvious source 
without any delay. The main problem is often the poor quality of fragile charcoal 
and the loss of external burned wood layers. These trees are often rooted in buried 
soils and help to distinguish pyroclastic deposits of different generations (Fig. 3).

In some cases the trees can survive for several years after a lahar if part of the 
cambium remains intact. Therefore the death of trees incorporated in lahar deposits 
may be from causes unrelated to the volcanic eruption and a careful stratigraphic 
analysis and sufficient samples are necessary (where possible) to avoid mistakes of 
this kind (Yamaguchi and Hoblitt 1995).

Sometimes lava, pyroclastic flow or lahar deposits cover many square kilometers 
and completely destroy the vegetation. A minimum date for the flow can be estab-
lished by tree-ring dating of the oldest tree on the new surface with a correction for 
ecesis. The ecesis will vary depending on species, availability of seeds, climate and 
the properties of the lava flows or fine grained pyroclastic material on which the 

Fig. 3 Kamenskaya valley, Shiveluch volcano, Kamchatka. The roots of the birch are located in 
the paleosol separating the deposits of the 500 BP debris avalanche (lower unit) and SH1 pyro-
clastic density current (250–300 BP, the uppermost unit). The bark is partly carbonized, the wood 
is unscathed (Photo courtesy M. Pevzner)
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seedling grows. The ecesis may range up a century if the ash layer is thick enough 
and the new plant colonization is considered as a primary succession. Yamaguchi 
and Hoblitt (1995) believe that at Mount St Helens the minimum ages of deposits 
are underestimated by 10–30 years. Dates derived from dating of successive flows 
should be used as a measure of the period of volcano dormancy with care due to 
potentially local impacts of the eruptions. Even if the eruption is followed by great 
changes in the landscape (pyroclastic flow, lahars etc.) these dramatic changes 
usually happen in limited locations. Therefore although one valley has a pyroclastic 
flow several kilometers long and a few meters thick, an adjacent valley from the 
same volcano may have no record of the event. Attempts to reconstruct past eruption 
history must consider the evidence from many adjacent sites rather than relying on 
a single investigation.

The best strategy to reconstruct the past volcanic events would be to combine the 
direct dates of damaged or killed trees, indirect evidence (growth suppressions) 
from the ring width chronologies and historical records. However, historical records 
may also be misleading. In places where people live far away from active volcanoes, 
their descriptions can be rather ambiguous. “Smoke” that is often described in 
historical documents as evidence of an eruption, probably will not produce any 
direct effect on the trees growing several kilometers away from the crater. 
The historical dates for eruptions may also be poorly constrained having begun 
earlier and ended later than is recorded in the anecdotal stories. Therefore in some 
cases when the tree-ring records slightly pre-date or post-date the historical dates 
of volcanic event it is not possible to determine which dates are correct without 
additional information from further research or alternative approaches.

4  Dendrochemistry

The diagnosis of a chemical signature of past eruptions in tree-rings would be of 
great value for paleoreconstructions. Although the related geochemical and bio-
logical processes are very complex (Watt et al. 2007) some authors have found a 
chemical fingerprint in the tree rings. Hall, Yamaguchi and Rettberg (1990) report 
selected element concentrations in trees adjacent to Mount St. Helens marked two 
anomalous peaks at AD 1478 and 1490 that closely correlate with past eruptions. 
Sheppard et al. (2008) report an increase in sulphur and phosphorus content in rings 
from the first year of the eruption (AD 1943–1952) of Michoacan volcano in 
Mexico. Similar increases in P, S and K concentrations were reported by Cruz-
Muñoz et al. (2008) for the Popocatépetl volcano. Pearson et al. (2005) identified 
dendrochemical footprints in a tree-ring growth anomaly associated with the Late 
Bronze Age eruption of Thera. They report an increase of sulfur, calcium, and rare 
earth elements, concentration spikes of zinc and hafnium in the first affected 
growth-ring.

However in general the dendrochemical results are far from being consistent 
and some researchers are skeptical about the possibility of a chemical identification 
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of the past eruptions either from local or distant volcanoes. Pearson et al. 2006 
found no chemical signal of a strong Icelandic eruption of Askja (1875) in pine 
tree rings from central Sweden. Similarly, Watt et al. (2007) reported that there is 
no systematic correlation of the dendrochemistry from tree rings in pine on the 
flanks of Mount Etna with periods of effusive, explosive or increased degassing 
activity. They conclude that “dendrochemistry does not provide a record of persistent 
but fluctuating volcanic activity” (p. 48). Generally the elemental composition of 
tree rings shows significant compositional variability within and between trees as 
well as between species, and a great influence of soil and other environmentally 
specific conditions- all of which may mask any signal related to volcanic 
activity.

5  Concluding Remarks

Dendrochronology operates with a very limited number of variables (ring 
width, density, chemical composition), which can be affected by a multiplicity 
of causes. Therefore the interpretation of tree-ring records of specific phenomena 
requires imagination, but also care, common sense and sometimes support 
from other sources. This general caution is applicable to all branches of 
dendrochronology and specifically here to what we can conventionally call 
“dendrovolcanology”.

Although the field of “dendrovolcanology” is successfully developing there are 
important problems which still require further investigation. A central problem is 
probably resolving disagreement between the ice-core and tree-ring records for 
ancient eruptions. Where the climatic effects are short term (1–2 years) the deterio-
ration of the precision of the volcanic ice-core chronology with time is a critical 
limitation for the interpretation and modeling of volcano-climate interactions. 
The application of more sophisticated statistical methods may help to a certain 
extent to better match the two chronologies. The dendrochemistry of wood could 
also significantly contribute to the detection and precise dating of eruptions, but so 
far the results are promising but remain too ambiguous. As in other fields we also 
require more information from the Southern Hemisphere and the tropics to develop 
a truly global picture.

Tree-ring dating of individual eruptions is probably the greatest strength of 
dendrochronology. Recently a branch from an olive tree buried in tephra on 
Santorini was used to identify the age of the famous Santorini (Thera) eruption 
(Friedrich et al. 2006) which was discussed for decades by archeologists, geolo-
gists, ice-core scientists and dendrochronologists. Although direct cross-dating of 
the ring width was not possible in this case due to the irregularities in the olive 
rings, the tree-rings were dated by 14C and wiggle-matched to the radiocarbon 
calibration curve. This example demonstrates that close cooperation with other 
research fields within geology, climatology, modeling, history and others that is 
essential for success in this complex field.
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1  Introduction

Dendrochronological records provide various types of evidence for the impact of 
volcanic activity, which can then be used to quantify the amount of risk associated 
with this environmental hazard. Major explosive volcanic eruptions that inject dust 
and aerosols into the stratosphere are capable of causing large-scale surface cooling 
(Minnis et al. 1993). Distant, large-scale networks of temperature sensitive tree-
ring chronologies reflect those eruptions either in anatomical xylem features, such 
as frost damage (LaMarche and Hirschboeck 1984), or in measured annual growth 
parameters, especially maximum latewood density (Briffa et al. 1998). Trees growing 
close enough to the volcano to be covered with tephra may either be killed or 
survive depending on tephra layer thickness and coarseness (Yamaguchi 1985). 
Surviving trees experience abrupt suppression of radial growth (Druce 1966; 
Hinckley et al. 1984), including locally absent rings (Yamaguchi 1983). Such initial 
response can generate prolonged periods of reduced radial increment (Segura et al. 
1995b; Smiley 1958), or be followed by greater than normal growth rates (Abrams 
et al. 1999; Hinckley et al. 1998; Segura et al. 1995a).

Despite the presence of many active volcanoes in the North American tropics, 
little or no information is available on forest species as biological archives of past 
eruptions in that heavily populated region. Early work (Eggler 1967) conducted 
near the apex of Volcán Paricutín used a total of nine relatively young trees belonging 
to three different pine species. Abnormal wood growth was associated with the 
aftermath of volcanic activity, but the absence of crossdating among ring patterns, 
the limited number of samples, and the below-treeline elevation of the sites cast 
doubts on the reliability of dates assigned to xylem layers (Biondi and Fessenden 
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1999). Based on a recently developed, 400-year tree-ring chronology from tropical 
North America (Biondi 2001a), we present here the impact of tephra fallout from 
the January 1913 Plinian eruption of Volcán de Fuego de Colima on the Hartweg’s 
pine (Pinus hartwegii) timberline found near the top of the nearby Nevado de 
Colima. Our objective was to investigate changes in annual growth of forest trees 
following the deposition of volcanic tephra, as well as to test if tree growth response 
was organized spatially within that upper elevation forest.

2  Study Area

Volcán de Fuego de Colima is one of the most active volcanoes in the North 
American continent (Bretón Gonzáles et al. 2002; Martin del Pozzo and Sheridan 
1993; Medina Martinez 1983). Located at the western end of the Trans-Mexican 
Neovolcanic Belt, Volcán de Fuego rises almost 4,000 m above sea level, and lies 
about 5.5 km south of the older, higher (ca. 4,300 m), and larger Nevado de 
Colima, an andesitic volcano long extinct and covered by abundant vegetation 
(Fig. 1). Both peaks are part of the Colima Volcanic Complex, although some 
confusion has been generated by authors who have used such names as synonyms 
(e.g., Simkin and Siebert 1994, p. 267). Volcán de Fuego is a typical composite 
volcano characterized by periods of reduced activity separated by short, cataclysmic 
eruptions (Martin del Pozzo et al. 1995). One such event occurred in January 
1913, and lasted a few days, causing widespread damage (Saucedo Girón 1997; 
Saucedo Girón and Macías Vázquez 1999). The 1913 event featured a volcanic 
explosivity index (Newhall and Self 1982) of 4, and is included among the largest 
explosive eruptions since A.D. 1500. After the emission of a tall vertical eruptive 
column, pyroclastic flows descended following major canyons towards the south, 
southeast, and southwest sides of the cone, reaching as far as 15 km from the 
crater (Robin et al. 1991). Repeated photographs taken before and after the eruption 
show that the summit crater lost nearly 100 m in height, while changing from a 
nicely rounded shape to a jagged, irregular rim (Luhr 1981; Waitz 1914). Ash and 
pumice fallout extended to the northeast, covering Nevado de Colima with tephra 
deposits reaching and sometime exceeding 50 cm in depth (Saucedo Girón 1997). 
Wind measurements performed from 1994 to 1997 at 3,500 m elevation on the 
Volcán in a locality called “El Volcancito”, just a few hundred meters below the 
summit, indicate that in January predominant wind directions are from W-WNW 
and S-SSE (Galindo Estrada et al. 1998). By adding wind vectors together, it is 
therefore expected that ashfall and ash clouds will be most abundant in the resulting 
direction of NE-ENE. Upper-level winds, which in this region are driven mainly 
by the strong Hadley circulation system (Waliser et al. 1999), are also expected 
to point northeastward. In fact, ashfall reached as far as northern Mexico: it was 
reported in the states of San Luis Potosí (400 km to the northeast) and Coahuila 
(700 km northward).
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While volcanic activity maintains the slopes of Volcán de Fuego free of forests, 
abundant vegetation is found on Nevado de Colima, especially on its northern side 
(Madrigal Sánchez 1970). The southern aspects of Nevado have frequently been 
disturbed from Volcán de Fuego historic eruptions. For instance, there are reports 
of fires burning on the southern flanks of Nevado de Colima shortly after the start 
of the 1913 eruption (Saucedo Girón 1997). Tree species found on Nevado can be 
grouped and classified according to elevational zones that change along gradients 
of temperature and precipitation (McVaugh 1992). Near the top, up to about 4,000 
m elevation, the dominant species is P. hartwegii, which forms open, uneven-aged 
stands, and endures daily temperature ranges as large as the annual range, approaching 
20°C (Galindo Estrada et al. 1998). While P. hartwegii treelines on Pico de Orizaba 
(Lauer 1978) and on the twin peaks Iztaccihuatl and Popocatepetl (Beaman 1962), 
all mountains that exceed 5,200 m elevation, have already been investigated, the 
Nevado de Colima treeline has not been studied in detail, not even after the 1936 
creation of the Parque Nacional Volcán-Nevado de Colima.

Fig. 1 Shaded relief map of the Colima Volcanic Complex. Grid nodes (white crosshairs) at 
10 km intervals are shown for reference, together with Universal Transverse Mercator (UTM) 
coordinates of the upper left grid node. Volcán de Fuego (V) is about 5.5 km south of Nevado (N), 
and both peaks rise 2,000 m above the surrounding landscape. Our study area ( ) was covered by 
15–30 cm of tephra following the 1913 eruption of Volcán de Fuego
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Field observations on forest structure and dynamics were recorded during 
extended trips in April 1998, May 2000, and May 2001. A total of 50 dominant trees 
were dendrochronologically sampled, and used to develop the first multi-century 
tree-ring chronology in the Americas between 20°N and the equator (Biondi 2001a). 
Sampled trees ranged from 0.5 to 1.3 m in diameter at breast height (dbh), reached 
ages in excess of 500 years, and were located within or near a site called Puerto La 
Calle, north of Nevado (Fig. 1). The site covers about 2 km2, and is relatively pro-
tected against strong winds by nearby ridges, but it received a tephra fallout with a 
thickness of 15–30 cm from the 1913 eruption (Saucedo Girón 1997).

3  Materials and Methods

Crossdated tree-ring records were combined by tree to obtain a representation of 
growth damage caused by the 1913 eruption. Dates were assigned to individual 
xylem layers by visually matching ring patterns among core samples underneath a 
stereo-zoom binocular microscope with 7–35x magnification (Fig. 2). Ring width 
was measured to the nearest micron, and numerical verification of dating accuracy 
was performed using the COFECHA software (Grissino-Mayer 2001; Holmes 1983). 
A total of 63 samples from 26 trees included years 1913–1914, and were used to 
investigate the impact of the 1913 eruption on the P. hartwegii forest. Ring–width 
patterns of 51 core samples that included years from 1910 to 1920 were digitally 
captured using an image analysis system, and combined into a web-accessible 
animation (Biondi 2001b). To minimize growth effects related to tree age and size, 
standardized ring indices were computed as follows (Biondi 1993, 1999):

Fig. 2 Example of crossdating two Pinus hartwegii core samples from Nevado de Colima, 
Mexico. Identification codes are formed by three letters for the site (NDC), two digits for the tree 
(34 and 36), and a letter for the increment core (A and B). Time is from right to left, and a pencil dot 
marks year 1880. Inter-annual growth variability and degree of replication across samples are high 
enough to allow for matching ring patterns both visually (arrows) and numerically Biondi 2001a
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log ( )it it iti w k y= + -

with i
it
 = ring-index of sample i on year t; w = crossdated ring width (mm);  

k = constant added to avoid taking the logarithm (log) of zero; y = modified negative 
exponential or straight line with slope £0. Tree summaries were produced by averag-
ing ring indices, and mean ring-index in 1913–1914 (I

13–14
) was compared to the mean 

of ring indices in 5 previous years (1908–1912) and five following years (1915– 
1919). Tree growth reduction (gr

13–14
 , %) was then computed for each tree, as 

follows:

gr
13–14

 = (1–I
13–14 

/ I
08–12, 15–19

) × 100

with I
08–12, 15–19

 = arithmetic average of ring indices in 1908–1912, 1915–1919.
The main climatic signal recorded by P. hartwegii annual wood increment on 

Nevado de Colima is June rainfall (Biondi 2001a), which corresponds to the onset 
of summer monsoon precipitation. To test for potential interactions between volca-
nic activity and climate as factors influencing tree growth in 1913–1914, monthly 
precipitation data for the 1900–1998 period were obtained from global datasets 
gridded at 2.5° latitude by 3.75° longitude resolution (Hulme 1992; Hulme 1999; 
Hulme et al. 1998). We used the average of grid boxes 4149 and 4150, which include 
our study area as they cover 18°45’N–21°15’N latitude and 106°52.5’W–99°22.5’W 
longitude. The total summer (June-August) rainfall was computed to represent 
monsoon precipitation.

Coordinates of sampled trees were obtained in the field using handheld global 
positioning systems (GPSs). Geostatistical techniques (Isaaks and Srivastava 1989) 
were used to investigate spatial patterns of growth reduction. In particular, vario-
gram analysis was used to test for spatial dependence, and block kriging was used 
to produce a map of tree response to the 1913 eruption (Biondi et al. 1994). It 
should be noted that the Nevado de Colima tree-ring chronology shows extreme 
reduction of tree growth not only in 1913–1914, but also in 1816–1917 and in 1655 
(Biondi 2001a). We decided to focus on the twentieth century events because in 
1655 the chronology is based on a very small sample (6 trees only), and in 
1816–1917 tree-ring records could not be compared with climatic records.

4  Results

Comparison among different radii and trees shows that the 1913 eruption resulted 
in a sudden reduction of stem growth (e.g., Fig. 3). All 63 measured ring-width 
series decreased 20% or more in 1913 compared to 1912. In addition, 22 samples 
had no visible ring in 1913, and 8 were missing the 1914 ring as well. Growth 
reduction (gr

13–14
) of individual pines reached a maximum of 83%, with a mean of 

43% and a standard deviation of 23%. Only three individuals suffered less than 
10% reduction; 73% of the trees showed a reduction ³30%. Based on measured in 
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1998 and on collected tree-ring specimens, at coring height (1–1.3 m above ground) 
all trees were older than 50 years in 1913, and 85% exceeded 100 years.

June and summer (June–August) precipitation from 1900 to 1998 is shown in 
Fig. 4. In 1913, even though summer rainfall was very low (about 390 mm vs. the 
long-term average of 616 mm), June rainfall was above normal (198 mm vs. 
the long-term average of 161 mm). In addition, the June of the year before the eruption, 
1912, was the wettest June on record (397 mm, or 2.5 times the long-term average). 
June rainfall in 1914 was slightly more than normal (163 vs. 161 mm).

Variogram analysis of tree response to the 1913 eruption revealed no spatial 
dependence. The isotropic semivariogram of 1913–1914 growth reduction could 
best be modeled as a pure nugget effect, indicating a lack of spatial autocorrelation. 
This derived from the presence of highly variable amounts of growth reduction at 
either short or long distances (Fig. 5).

Fig. 3 A representative sample of tree growth response to the 1913 eruption. In this core, the 
1913 ring is barely visible (0.092 mm wide). The amount of radial growth suppression in 
1913–1914 (gr

13-14
) was 52%
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Fig. 4 Time series plot of June rainfall (solid line) and summer (June–August) total precipitation 
(needles) from 1900 to 1998 (see text for details). The summer of 1913 (dotted line) was very dry. The 
wettest June on record occurred in 1912. Values were missing in 1915 and in a few years after 1990
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5  Discussion

In 1913, access to our study area was possible only by foot, horseback, or burro, 
the latter being the most common form of transportation in those areas until the late 
1900s. Although stumps and other indicators of selective logging are scattered 
within the study area, together with evidence of cattle grazing and low-intensity 
fires, the overall synchronicity of wood growth among samples indicates that large-
scale, mostly climatic factors have controlled tree ring formation over the past few 
centuries. As the 1913–14 growth reduction is widespread among sampled trees, 
but unique over the 1900s, it cannot be related to intermittent and repeated distur-
bance events. Furthermore, the absence of frost damage in every tree-ring sequence 
rules out a potential influence of distant volcanic activity (LaMarche and 
Hirschboeck, 1984), such as the 1912 Novarupta eruptions in what is now Katmai 
National Park on the Alaska Peninsula (Fierstein and Hildreth 1992).

Given the climate data we have for the study area, it is unlikely that the 1913–1914 
extreme growth reduction experienced by P. hartwegii trees was caused by climatic 
factors alone. Nevertheless, rainfall variability could have enhanced tree response 
to the 1913 eruption, either by increasing the size of the 1912 radial increment (see 
Fig. 3 for an example) or by further reducing wood formation during the 1913–1914 
growing seasons. Even more plausibly, a lowering of summer rainfall delayed the 
removal of tephra deposited on pine crowns and on the soil surface, which, as 
explained in the following paragraph, was the most likely mechanism behind the 
observed tree growth suppression (see Hinckley et al. 1998).

Volcanic ashfall and tephra fallout reduce photosynthesis in multiple ways 
(Eggler 1967; Seymour et al. 1983; Yamaguchi 1985). First, mechanical damage to 
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foliage from lapilli and ash accumulation curtails the amount of photosynthetic tissue. 
Second, dust in the atmosphere and deposited on tree crowns lowers photosyntheti-
cally active radiation reaching pine needles. Third, dust layers plug stomata, impeding 
gas exchange between plant epidermis and atmosphere. Fourth, besides hampering 
the supply of photosynthate, crown damage and metabolic malfunction also hinder 
auxin production and transport to the lower stem, so that wood growth is delayed, 
asymmetric, and even absent at coring height. Fifth, the mantle of ash (and mud as 
soon as rain begins to fall) covering the ground decreases aeration of roots and 
changes soil chemistry, which in turn may affect absorption of water and nutrients. 
Because of the processes that drive growth suppression, trees on Nevado de Colima 
that survived the 1913 eruption could recover after monsoon rainfall had washed 
away the accumulated tephra. The dry summer of 1913 exacerbated the negative 
impact of the eruption on pine growth, which did not return to normal until 1915 
(Biondi 2001a).

Other abnormal wood increment patterns have also been associated with the 
aftermath of tephra deposition, such as increased growth rates following an initial 
reduction of tree radial increment (Abrams et al. 1999; Eggler 1967; Hinckley et al. 
1998). That ‘rebound’ effect is typical of areas where tree growth is limited by lack 
of soil nutrients and/or by competition with surrounding individuals. Ash-driven 
fertilization, mulching, and partial stand mortality favor wood increment of surviv-
ing trees after an initial growth decline (Mahler and Fosberg 1983; Segura et al. 
1995a). The openness of P. hartwegii stands, and the deep volcanic soils they can 
exploit on Nevado de Colima, are consistent with the lack of a rebound effect, 
which was also absent in Ponderosa pine (Pinus ponderosa) from northern Arizona 
(Smiley 1958).

Because no spatial structure existed in the data, block kriging values provided 
no improvement over inverse distance weighting interpolation (Isaaks and 
Srivastava 1989). The lack of distance-dependent growth reduction within the for-
est provides useful information. In particular, it shows that tree response to the 1913 
eruption did not follow a spatially coherent pattern, presumably because of the 
stochastic nature of ashfall and tephra deposition on irregular terrain and crown 
forms. Although the study area is relatively small, with maximum inter-tree dis-
tances of about 1.3 km, the number of pairs in 100-m distance intervals ranged 
between 11 and 50, hence it should not have biased our results. In a previous study, 
post-1980 tree-ring reductions in trees and saplings of four coniferous species 
growing northeast of Mt. St. Helens were found to be largely a function of distance 
from the volcano (Hinckley et al. 1984). However, subsequent research using old-
growth Pacific Silver fir (Abies amabilis) (Segura et al. 1994) found no spatial 
structure in tree growth reductions following tephra deposition from the 1980 erup-
tion of Mount St. Helens, mostly because of the interaction with other factors 
(elevation, competition, etc.) affecting radial growth.

As mentioned in the Materials and Methods section, we focused on the 1913 
eruption because in the early 1800s the tree-ring evidence is not clear enough to 
argue in favor of a volcanic effect, from either a local or a remote eruption. Indeed, 
the 1816–1817 negative peak of P. hartwegii tree growth was preceded, in 1813, by 
widespread frost damage (Biondi 2001a). The 1816–1817 suppression follows the 
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1815 Tambora eruption (Harrington 1992), and Volcán de Fuego de Colima also 
erupted in February 1818 with a volcanic explosivity index of 4 (Newhall and Self 
1982). Considering that the 1913 and 1818 volcanic events should have had similar 
magnitude, occurred prior to the growing season, and had similar geographical axes 
of tephra fallout, it would then be tempting to postulate that tree-ring dates should be 
changed by 2 years, so that 1813 could become 1815, and the growth suppression 
could coincide with the years 1818–19. In reality, tree rings differ from any other 
kind of paleoenvironmental record because their dating is independent and 
internally consistent. More than 50 samples were visually and numerically 
crossdated back to 1800,1 and it is unlikely that all samples included two false 
rings, although that possibility cannot be excluded a priori.

False rings, or intra-annual growth bands (Fritts 1976; Kuo and McGinnes 1973), 
are associated with a temporary cessation of apical growth followed by growth 
resumption during the same year (Larson 1962; Panshin and de Zeeuw 1980). Storm 
and frost damage, drought, insect defoliation, fire, etc., can induce the formation of 
false rings (Glock and Agerter 1963; Kramer and Kozlowski 1979). Anatomical 
features of tree-ring series used in this study demonstrate that transition from one 
ring to another is sharp and well defined (see for example Figs. 3 and 4). Stem incre-
ment of P. hartwegii on Nevado de Colima during the 2001–2002 growing seasons 
has been measured at half-hour intervals (Biondi 2002) and shows no evidence of 
intra-seasonal cessation and resumption of growth (Biondi et al. 2005). Therefore, 
one would have to assume that the two double rings were formed because of the 
volcanic eruptions themselves, in 1913 and 1818. In other words, rings considered 
missing would not be, and what was considered a micro-ring (such as 1913 in Fig. 3) 
would instead be an intra-annual band. While the development of additional dendro-
chronological records from P. hartwegii sites in other parts of Mexico and Central 
America should provide a test of this hypothesis, currently available evidence does 
not seem to warrant a revision of Nevado de Colima tree-ring dates.

In conclusion, we were able to demonstrate that P. hartwegii trees growing near 
treeline on Nevado de Colima were negatively affected by the impact of the January 
1913 eruption from the nearby Volcán de Fuego. Exactly dated, annually resolved 
tree-ring records uncovered a sudden growth reduction in 1913, often extending into 
1914 as well. Such 2-year response was strengthened by summer drought. Given that 
little information has been available to date on forest species as biological archives of 
past environments in the North American tropics, it appears that treeline tropical sites 
hold valuable records of environmental phenomena, including volcanic eruptions.
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Dendrochronological responses to an eruption of Mount Hood, Oregon, including 
new dendrochemical evidence, are documented here. Mount Hood, a stratovolcano 
of the Cascade Volcanic Arc (Fig. 1a), is thought to have erupted in AD 1781, as 
determined from tree death dates (Pringle et al. 2008), ring-width reductions 
(Sheppard et al., 2008a), and historical documents (Cameron and Pringle 1986, 
1987). Ring-width evidence alone can indicate past volcanic eruptions (Yamaguchi 
and Lawrence 1993), but elemental concentrations in tree rings also reflect environ-
mental changes brought about by eruptions (Hughes 1988). Dendrochemistry has 
been useful in past research of eruptions (Pearson et al. 2005; Sheppard et al., 
2008b), so it was tried on Mount Hood and its 1781 eruption.

Three tree-ring sites were sampled. Site 1 is high up on Mount Hood itself 
(Fig. 1c) and has Engelmann spruce (Picea engelmannii). Site 1 received at least 10 
cm of ash fall during the 1781 eruption, and its trees were expected to show dendro-
chemical evidence of that event. Site 2 is down low on Mount Hood (Fig. 1c) and has 
Douglas-fir (Pseudotsuga menziesii). The ash fall deposit from the 1781 eruption at 
Site 2 is only 1 cm at most, so its trees were not expected to show dendrochemical 
evidence of that event. Site 3 is 80 km north of Mount Hood (Fig. 1b) and has western 
red cedar (Thuja plicata). Site 3 is well away from ash fall from the 1781 eruption, 
so its trees were not expected to show dendrochemical evidence of that event.

Samples were visually crossdated by matching patterns of wide and narrow 
rings across trees (Douglass 1941). Short portions of these cores were measured 
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chemically using laser ablation inductively-coupled plasma, mass spectroscopy 
(Watmough et al. 1998). This method provides data with sub-annual resolution, 
and the data were marked off in annual ring time by measuring ring widths along 
the laser tracks on each sample. No calibration was done for absolute elemental 
concentrations, so results will be in relative intensity (counts per second), with 
higher values indicating higher elemental concentrations and vice versa.

Fig. 1 Maps showing Mount Hood and tree-ring sites (1-3) sampled there. Contour lines of C are 
isopachs of ash fall (cm) from the 1781 eruption

Fig. 2 Dendrochemistry data for phosphorus for three trees on or near Mount Hood. Start and end 
years are given, dots indicate years, and vertical dashed lines mark AD 1781
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From Site 1, within ash fall of the 1781 eruption of Mount Hood, a tree shows a 
clear increase in ring phosphorus beginning in AD 1781 and lasting for many years 
(Fig. 2). By contrast, trees from Sites 2 and 3, outside the ash fall from the 1781 
eruption, do not show any clear changes in ring phosphorus at or near that time 
period (Fig. 2). The absolute values of phosphorus intensity are also much higher 
for Site 1 than for Sites 2 and 3. This pattern for ring phosphorus, an increase in a 
tree within ash fall areas versus no increase outside of ash fall, is similar to dendro-
chemical responses demonstrated for cinder-cone eruptions (Sheppard et al. 
2008b).

Other elements measured show no relevant changes through time in any of 
these three trees, making phosphorus distinctive by comparison. More trees  
still need dendrochemical measuring in order to improve the replication of 
these results to be certain that a true dendrochemical signal exists from this 
eruption.

Dendrochemistry appears to have excellent potential for research on past eruptions 
of stratovolcanoes, and laser ablation appears to be a functional method for dendro-
chemistry. Further development and testing is needed, but combining dendrochemistry 
with ring-width dendrochronology could improve the identification and analysis of 
eruptions of the past few centuries to perhaps a millennium or two.
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1  Introduction

Some tree-ring records, due to their great age, the annual resolution of their dates, 
and their sensitivity to the climatic effects of large volcanic eruptions, are useful in 
understanding the magnitude and frequency of large globally-effective volcanic 
eruptions. Two primary factors are thought to have forced much of late Holocene 
variation in climate prior to industrialization: solar output and volcanic eruptions 
(Free and Robock 1999; Crowley 2000; Shindell et al. 2001). While there is some 
debate regarding which of these forcings has played the dominant role (Shindell 
et al. 2003), there is little doubt that volcanism affects climate. Large explosive 
eruptions inject great quantities of sulfur compounds into the stratosphere, which 
combine with water to produce sulfuric acid aerosol (Rampino and Self 1982). This 
injection changes the radiative balance by increasing absorption and reflection of 
incoming short wave radiation by stratospheric aerosols, and generally has a cooling 
effect on climate (Lacis et al. 1992; Minnis et al. 1993; McMormick et al. 1995). 
Volcanism has also been reported to cause winter warming in the extratropical 
Northern Hemisphere due to cold season shifts in the Arctic Oscillation (Robock 
and Mao 1992; Kelly et al. 1996). However, radiative forcing dominates the net 
surface temperature changes from very large eruptions and leads to significant cooling 
(Shindell et al. 2003). There is some evidence that volcanic eruptions have played 
a major role in forcing past global temperatures. Pulses of volcanic activity, for 
example, contributed substantially to the decadal-scale climate variability of the 
Little Ice Age (LIA) interval (AD 1400–1850) (Porter 1986; Mann et al. 1998; 
Crowley 2000). Yet the climatic impact of past eruptions varies spatially and 
appears to be partly dependent on eruption frequency, size, location, seasonal timing, 
sulfur content, and the state of the climate system at the time of the eruption.
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At the upper forest border in the western conterminous United States, tree-ring 
growth processes are often limited by warm-season temperature (Fritts 1991). 
It has long been suspected that upper-treeline ring-widths are recording variability 
in temperature or a temperature-related variable such as growing season length 
(LaMarche 1974; LaMarche and Stockton 1974). Prior to the mid-nineteenth 
century, narrow and frost-damaged growth rings in ancient pines (Pinus longaeva, 
Pinus aristata, Pinus balfouriana) at upper forest border (3,200–3,500 m), 
where the ecological context promotes sensitivity to warm-season temperature, 
have been shown to be associated with lowered temperature and with large 
explosive volcanic eruptions (LaMarche and Hirschboeck 1984; Scuderi 1990; 
Salzer and Kipfmueller 2005). While an eruption is not required to generate the cool 
climatic conditions that lead to narrow and/or frost-damaged rings at high elevation, 
narrow rings or frost rings and explosive eruptions do tend to coincide more often 
than would be expected by chance. Very small rings (Hughes et al. 1999) and rings with 
low maximum latewood density (Jones et al. 1995; Briffa et al. 1998) from tree-ring 
chronologies near circumboreal tree limit have also been shown to be coincident with 
major volcanic eruptions.

It is possible that factors other than temperature may be involved in the 
local tree-ring growth-response to distant volcanoes. For example, the reduced 
atmospheric transparency associated with the dust veil may affect photosynthesis 
(Gu et al. 2003) and Scuderi (1992) demonstrated an association with atmospheric 
opacity/solar radiation receipts at high elevation in the Sierra Nevada. Furthermore, 
Shindell et al. (2003) have suggested that continental proxies sensitive to 
warm-season temperatures, such as some tree-ring chronologies, tend to emphasize 
the enhanced continental summer cooling associated with the radiative response 
to volcanic forcing, but not the winter warming climatic response In either 
case, however, continental proxies sensitive to atmospheric transparency and/or 
warm-season temperatures are well suited for our purposes here: the identification 
of past volcanic events.

Electrical conductivity and sulphate measurement data from ice cores have 
been used successfully to reconstruct volcanic histories for much of the Holocene 
at near-annual resolution (Hammer et al. 1980; Crowley et al. 1993; Zielinski 
et al. 1994; Langway et al. 1995; Zielinski 1995; Clausen et al. 1997; Cole-Dai 
et al. 1997; Budner and Cole-Dai 2003). However, these studies do not address 
the degree to which a large past eruption may have influenced the climate system 
and thus the biosphere. Here, we analyze growth responses of climatically-sensitive 
trees to volcanic eruptions. We present a western North American chronology 
of annually resolved high-elevation tree-ring growth minima over the past five 
millennia and compare this to the record of volcanic deposition in ice cores and 
to ring-width minima in two other high latitude non-North American tree-ring 
chronologies. The aims of the study are to use these tree-ring data to augment 
the ice-core record in a number of ways: by providing confirmation from an 
alternative proxy record for volcanic signals in ice-cores, by suggesting alternative 
dates for ice core dated eruptions, and by adding to the list of years when volcanic 
events were likely.
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2  Study Sites, Materials, and Methods

2.1  Chronology Development and Standardization

Five upper forest border bristlecone pine tree-ring chronologies (4 P. longaeva and 1 
P. aristata) from four mountain ranges in western North America (Fig. 1, Table 1) were 
developed from temperature-sensitive upper forest border trees. The ring-width series 
that make up these chronologies were all crossdated to the calendar year, measured to 
the nearest 0.01 mm, and conservatively standardized to remove age and size related 
trends. Crossdating quality was checked using COFECHA12K (Holmes 1983).

Standardization is a basic procedure in dendrochronology that is designed to 
remove long-term non-climatic factors associated with increasing tree age and tree 
size from individual time series of ring-width measurements (Fritts 1976). The stan-
dardization procedure involved the fitting of a line or curve to the individual sample 
ring-width series using ARSTANL (Cook 1985), and dividing the raw data by the 
fitted curve. Due to the open non-competitive nature of these high elevation stands, a 
modified negative exponential curve, a straight line of negative slope, or a horizontal 
line were used in the standardization. To create a mean site chronology, the annual 
standardized indices of tree growth were averaged. This process was repeated for each 
of the five upper forest border chronologies used in the study. Mean segment length 
was 492 years, so that this standardization procedure should retain variability on time 
scales up to 164 years (Cook et al. 1995), but as time scales lengthen beyond 164 
years the proportion of variability retained declines.

The variances of the chronologies were adjusted to remove variance bias as a 
result of sample size (Osborn et al. 1997; pp. 90–92, equations 4–6) and the chronologies 

Fig. 1 Western USA tree ring site locations. Upper forest border sites used in HI5 chronology 
include: Whites (2 sites Sheep Mtn. and Campito Mtn), Pearl, Mt. Washington, and San 
FranciscoPeaks. Lower forest border drought-sensitive chronologies include Whites (1 site-
Methuselah), Indian Garden, and SCP
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normalized using the mean and standard deviation. The resulting normalized index 
chronologies consist of a variance-adjusted average of many individual samples from 
living trees and from dead remnant material. The average correlation between the five 
chronologies over their common intervals is 0.41 (n > 2,230 years, all significant 
at p<0.0001) despite an average distance between sites of over 440 km. The five 
chronologies were then averaged to form a single time series. This series was also 
adjusted to remove variance bias (Osborn et al. 1997) and normalized. The resulting 
regional tree growth time-series is a high elevation chronology of upper forest border 
tree growth from 3000 BC to AD 2002 with a variance that does not depend on the 
size of the sample. The chronology minimizes any single site idiosyncrasies and 
maximizes the signal common to all five sites (Fig. 2) (hereafter referred to as the 
HI5 chronology). It should be noted that due to the nature of chronology building, 
particularly the use of overlapping series with a mean length of approximately 500 
years, millennial-scale variability would not be retained in the HI5 chronology.

2.2  Isolating the Volcanic Signal in Tree Rings

To identify potentially volcanically influenced growth years, we first determined 
those years when extreme low growth occurred at the upper forest border. 

Fig. 2 Time-series plot of regional high elevation tree-ring index from 3000 BC to AD 2002 (HI5 
chronology – variance-adjusted normalized mean of five subalpine bristlecone pine chronologies). 
Dark thicker line smoothed with a 20-year spline. Upper panel is total number of series in the 
chronology; middle panel is total number of chronologies through time
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The normalized values of the HI5 chronology were ranked and the narrowest 250 
years (5%) identified. To eliminate a potential drought effect, we then compared the 
values of the narrowest 5% years of the HI5 chronology with the normalized index 
values for the same years with several long tree-ring chronologies from the region 
known to be drought sensitive (Methuselah Walk and Indian Garden P. longaeva, 
on file at the Laboratory of Tree-Ring Research) and the southern Colorado Plateau 
precipitation reconstruction (Salzer and Kipfmueller 2005) (Fig. 1). The normalized 
values of the chronologies were compared. Years in which growth was more 
limited at lower elevation than at upper treeline were considered drought years and 
were removed from the analyses. In a relatively small number of cases, growth was 
severely suppressed both at high and low elevations in the same year. In these cases, 
when other evidence for volcanism such as a frost-damaged ring existed, these 
years were included in the analysis. When such evidence was absent the year was 
eliminated. The process of comparing high elevation and low elevation chronologies 
resulted in the removal of 85 years from the pool of 250 years thought to have high 
potential for volcanic forcing of low growth. The resulting pool contains 165 years 
of extreme low growth in upper forest border trees over the last 5,000 years.

In addition, during the crossdating process, years in which the cellular structure of 
the ring was damaged by freezing events during the growing season (frost-ring years) 
were tabulated (Table 2). Frost rings have been previously shown to be associated with 
explosive eruptions, primarily as a result of late growing-season polar air outbreaks in 
years with extended growth seasons (LaMarche and Hirschboeck 1984). In order to 
emphasize large-scale events we included for consideration those years with frost rings 
at two or more sites or years with frost rings in three or more trees at a single site.

Table 2 Ring-width minima and frost-ring signals for the past 50 centuries

BC Year(s)

30th 2951a, 2911a, 2906*a, 2905*a; (2906)
29th 2885, 2879, 2872, 2862, 2853, 2841*, 2821, 2800; (2841)
28th 2794, 2732*; (2731)
27th 2699, 2685, 2677, 2670
26th None
25th 2495a

24th None
23rd 2294a

22nd 2173, 2157, 2148a, 2131
21st 2036*a, 2035*a 2028, 2027, 2023; (2036)
20th 1996a, 1962b, 1921a, 1909b,c, 1908b,c, 1907b,c

19th 1857, 1831; (1815)
18th 1771
17th 1693a, 1652*, 1649c, 1626*a,c; (1653, 1627)
16th 1597a, 1544, 1524
15th 1418*; (1419)
14th 1386, 1385, 1373; (1359)
13th None (1297)
12th 1150, 1147, 1135*, 1134*, 1133a, 1132a; (1187, 1138, 1135)

(continued)
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BC Year(s)

11th None; (1089, 1031)
10th None; (973, 953, 952)
9th 854, 826, 811
8th 776a; (737, 711)
7th 624a; (655)
6th 586a, (570, 551)
5th 476*a, 472a, 425*b, 424*b, 421*b, 420b, 419b, 406*a; (480, 476, 474, 424, 422, 407)
4th None; (355)
3rd 294a, 282, 281, 280, 245*b; (275, 244, 206)
2nd 180a; 139, 125, (194, 161, 140, 123)
1st 61, 42*a, 38, 37, 36; (90, 43)
AD Year(s)
1st None
2nd 137; (119, 140, 188)
3rd 274*; (227, 230, 251, 268, 273, 282)
4th 344; (310, 337, 389, 390, 393)
5th 451, 472a; (411, 421, 438, 469, 479, 484)
6th 536*b,c, 537*b,c, 542*, 543, 545, 547, 569b,c; (522, 532, 536, 541, 574)
7th 627*b, 681*, 687*a, 688*a, 690a, 691a*, 692*a, 693*a, 694*a, 695*a, 696a, 697a, 698a; 

(627, 674, 681, 684, 687, 692, 694)
8th 743b,c; (715, 789)
9th 860, 899*a,b,c; (816, 822, 835, 884, 889, 899)
10th 900*a,b,c, 902a,b,e, 903a,b,e, 990*; (909, 934, 959, 985, 989)
11th None; (1003, 1008, 1015, 1029, 1057, 1066, 1076)
12th 1114e, 1121; (1109, 1118, 1134, 1139, 1142, 1171, 1190)
13th 1201*a, 1204a, 1230a,b,c,d, 1288*a,d,e, (1200, 1225, 1257, 1259, 1275, 1277, 1280, 1287)
14th 1332*a, 1334d, 1336d, 1342a,d,e, 1348a,d, 1349a,d, 1350a,d,e, 1355c, 1357c, 1360c;  

(1329, 1331)
15th 1458*a,c,d,f, 1459a,c,d,e,f, 1460 a,c,d,e,f, 1461a,c,d,f, 1462c,d,f, 1464d, 1466a,d, 1468d, 1471*, 1472b, 

1473a,b,c, 1474a,b,c, 1480a,b,c, (1443, 1453, 1455, 1457, 1470)
16th 1578*; (1546, 1557, 1577, 1596)
BC Year(s)
17th 1602*a,b,e,f,g, 1606a,f,g, 1618e,f,g, 1624f,g, 1641*a,b,c,e,f,g, 1644a,b,c,f,g, 1645a,b,c,f,g, 1646a,b,c,g, 

1647a,b,c,g, 1672a,b,c,e,f,g, 1675f,g, 1677f,g, 1681*g; (1601, 1640, 1680, 1699)
18th 1702*, 1703*, 1704, 1705; (1702, 1725, 1732, 1761)
19th 1836a,d,e,f,g, 1838d,e,f,g, 1840d,e,f,g, 1842e,f,g; (1809, 1810, 1828, 1848, 1882, 1884)
20th None; (1941, 1965)

Non-italic years are ring-width minima signals.
(Italic years in parentheses) are frost-ring signals.
* indicate ring-width minima year that corresponds with a frost damaged ring (frost-rings ±1 year 
of minima).
Bold years indicate ring-width minima year that corresponds with a volcanic signal in an ice-core 
(ice-core signals ±5 years of ring-width minima). Underlined years indicate exact-year match 
between ring-width minima year and GISP2 signal
aGISP2 Signal (Zielinski et al. 1994; Zielinski 1995)
bGRIP Signal (Clausen et al. 1997)
cDYE Signal (Clausen et al. 1997)
d BIPOLAR Signal (Langway et al. 1995)
eAntarctic Signal (Budner and Cole-Dai, 2003)
fAntarctic Signal (Cole-Dai et al. 1997)
gCRETE Signal (Crowley et al. 1993)

Table 2 (continued)



476 M.W. Salzer and M.K. Hughes

2.3  Comparison with Ice-Core Records of Volcanism

We tested the statistical significance of the association between the HI5 ring-width 
minima and volcanic signals reported in the Greenland Ice Sheet Project (GISP2) 
ice core (Zielinski et al. 1994) in several ways. First we treated the ice core as 
an annually dated time series and only allowed for exact year matches between 
the two data sets. We also used a Monte Carlo simulation to test the statistical 
significance of the apparent association. However, due to local depositional effects, 
up to a third of the known volcanic event signals can be missing from a single ice 
core (Zielinski et al. 1994). For this reason we expanded the analysis to include data 
from a number of ice cores from both poles (Robock and Free 1996; Ammann and 
Naveau 2003). To allow for some uncertainty in the ice core dates, and to account 
for seasonality and lag effects in the processes from eruption to deposition and from 
eruption to climatic effect(s) to tree growth response, we allowed for matches 
between ring-width minima years and ice core years within a range of ±5 years of the 
ring-width minima date.

2.4  Comparison with High Latitude Tree-Ring Chronologies

Large-scale explosive volcanic events may influence tree-ring growth not only at 
high altitude but also in high latitude locations. The argument that ring-width 
minima signals are the result of past hemispheric- or global-scale events is strengthened 
through comparison of the HI5 minima years with minima years from remote 
high latitude tree-ring chronologies. These comparisons improve our ability to 
subsequently identify past eruptions, because years with extremely narrow tree 
rings in multiple locations are stronger candidates for past large-scale events. 
Two existing high latitude chronologies were investigated: The 4,000-year Yamal 
Peninsula Siberian larch (Larix sibirica) chronology (Hantemirov and Shiyatov 2002) 
(data from IGBP PAGES/World Data Center for Paleoclimatology # 2003-029) 
and the 7,000-year Scots pine (Pinus sylvestris) chronology from Finnish Lapland 
(Eronen et al. 2002; Helama et al. 2002). The Yamal chronology is from northwestern 
Siberia (approximately 67o30’ N, 70 oE) and has been used as the basis for a 
multimillennial summer temperature reconstruction. The P. sylvestris chronology, 
from the forest-tundra ecotone region of northern Finnish Lapland (approximately 
68o–70o N, 21o–29oE) has also been used to generate a long midsummer temperature 
reconstruction. We sorted the annual tree-ring index values for each chronology to 
ascertain the narrowest 5% of years as we did earlier with the HI5 chronology. 
A total of 204 Yamal L. sibirica minima years were identified (2067 BC–AD 1996) 
and compared with 141 HI5 minima years; 250 Finnish P. sylvestris (3000 BC–AD 
2004) minima years were identified and compared with the 165 HI5 minima years 
identified over that same period.

The correspondence between the minima series was tested with two tech-
niques to determine statistical significance: joint probability (described above) 
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and Monte Carlo simulation. The effects of some volcanoes may take a couple of 
years to impact around the globe. With the Monte Carlo technique we expanded the 
analysis to allow for significance tests of not only “direct hit” matches, but also 
matches between ring-width minima years with an uncertainty range of ±1 year 
(3-year window) and ±2 years (5-year window). In the simulation an ARMA (1, 1) 
model was fit to the HI5 time series (truncated at AD 1900), and 1,000 synthetic time 
series conforming to this model were created. The ‘dates’ of the N smallest values 
of each of these synthetic time series were compared with those for marker years 
in the GISP2, Finland tree-ring and Yamal tree-ring time series, and the following 
recorded – direct matches, matches within a 3-year window centered on a year with 
one of the N smallest rings in HI5, and matches within a 5-year window of this. 
From the number of matches obtained in the Monte Carlo analyses it was possible 
to calculate 1-tailed critical values for the 95% and 99% probability levels.

3  Results

Many of the narrowest years in the HI5 chronology coincide with known large 
explosive volcanic eruptions and/or ice core signals of past eruptions (Table 2). 
If these were spread out evenly across the length of the record it would equate to 
one event every 30.3 years. The inclusion of frost-rings increases the pool of event 
years to 264 out of 5,000 or one every 18.9 years.

The expected frequency of joint occurrences of events in two random independent 
series is equal to the product of their individual probabilities. Joint occurrences 
between ring-with minima and GISP2 volcanic signals would be expected with a 
frequency of 0.0011, or 5.5 times over 5,000 years. The observed number of joint 
occurrences of over this time is 16 (years underlined in Table 2), almost three times 
that expected by chance (x2=20.05, p<0.0001). With the Monte Carlo simulation 
technique, the 16 joint occurrences between the HI5 and GISP2 were also found to 
be significant (p<0.01).

When using the expanded ice-core data set and the longer temporal window the 
agreement is high between the HI5 tree-ring data and volcano/ice-core data over the 
last millennium. Ring-width minima years can be matched with known volcanoes 
or ice-core volcanic signals in 44 of 51 cases (86%) (ice-core signals ±5 years of 
ring-width minima, with many within 1 year). In previous millennia, although there 
are still many matches, the agreement decreases. While all matches between 
tree-ring characteristics and volcanic eruptions are tentative, the following well 
dated eruptions appear to be linked with decreased tree-ring width: Coseguina 
1835; Tongkoko 1680; Gamkonora 1674; Parker/Komagatake 1641; Colima/Raul 
1622; Unknown 1619; Huynaputina 1600; Kelut 1463; and Pele, 1459.

In all cases the correspondence between the HI5 chronology and the high 
latitude tree-ring time series is higher than would be expected by chance. Between 
Yamal L. sibirica and HI5 we found 13 exact matches. Joint probability 
expects only half that many by chance (x2=4.87, p<0.05). With the Monte Carlo 
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technique the correspondence was significant (p<0.01) for direct hits, the 
3-year window and the 5-year window (Table 3). Between Finnish P. sylvestris 
and HI5 we found 22 exact matches, whereas fewer than nine would be expected 
by chance (x2= 20.06, p<0.0001) using joint probability. Higher than expected 
correspondence between Finnish pine and HI5 was also found using the Monte 
Carlo simulation (p<0.01) (Table 3).

4  Discussion and Conclusions

The results of the comparisons with ice cores indicates that the observed number of 
joint occurrences of upper forest border ring-width minima and volcanic signals in 
the GISP2 ice core is very unlikely to have arisen by chance and that there is some 
non-random association between major volcanic eruptions, as recorded in ice cores, 
and ring-width minima signals at the upper forest border. Lack of agreement between 
the tree rings and ice cores at any given time might be due to the differential impacts of 
atmospheric circulation following volcanism or simply forcings that differ between the 
southwestern USA and high latitudes. The pattern of diminishing agreement between 
the records in earlier millennia may be the result of more cool years forced by 
non-volcanic means in the first part of the record, but this decrease is more likely the 
result of fewer available ice-core records and decreased ice-core dating accuracy in the 
earlier time period. Thus, we suggest that the early years identified in the tree-ring 
data are strong candidates for previously undated or misdated eruptions.

There are many instances when extreme low growth occurred simultaneously at 
high altitude in the western USA and at high latitude on the Yamal Peninsula and/
or Finnish Lapland. The correspondence of these years with potential ice-core 
signals and/or volcanic eruptions suggest years when events have influenced 

Table 3 Results of Monte Carlo simulation comparing matches of HI5 ring-width minima 
to minima from high latitude tree-ring chronologies and ice-core signals over three different 
windows

A. Direct 
hits

B. 3-year 
window

C. 5-year 
window

Vs. Hi5 Actual 95% 99% Actual 95% 99% Actual 95% 99%

GISP 2 16 8 10 19 18.5 21 28 27 32
Finland 22 10 12.5 34 20 24 43 30 35
Yamal 13 9 11 26 20 20.5 35 29 34

Bold – actual greater than 99% critical value
Italic – actual greater than 95% critical value
The simulation was conducted for the following periods for the comparisons with GISP2, Finland 
and Yamal respectively:
GISP2 –3000 to 1900, N = 144 events (2.94%)
Finland – 3000 to 1900, N = 165 events (3.37%)
Yamal – 2067 to 1900, N = 141 events (3.55%)
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hemispheric-scale climate and have caused severe growth suppressions of two 
different species of trees on two different continents (Salzer and Hughes 2007). 
Unlike the pattern of matches between HI5 minima and volcanic signals in ice 
cores, the number of matches between the HI5 minima and high-latitude minima 
does not display a pattern of diminishing agreement in previous millennia. This 
further supports our claim that the pattern of diminishing agreement between the 
ice-core and tree-ring records is the result of fewer available ice-core records and 
decreased ice-core dating accuracy in the earlier time period. The early years identified 
in the tree-ring data, particularly those in more than one tree-ring data set, are 
strong candidates for previously undated or misdated eruptions.

There is also some early historical evidence for large eruptions noted in the 
Mediterranean region that can be linked with tree-ring evidence for cool conditions 
in AD 627, 536, and 472 and in 44 BC (Stothers and Rampino 1983; Stothers 
1984). There was some suggestion that the AD 536 dust-veil event might be the 
result of a comet impact (Baillie 1994); however, this event has now been linked 
with volcanism (Larsen et al. 2008). Recently, Baillie (2008), has questioned the 
attribution of dates by Larsen et al. (2008), in part by pointing out that their dates 
for eruptions would be consistent with the frost-ring dates we report for the sixth 
century AD (AD 522, 532, 536, 541 and 574) and several other lines of evidence if 
shifted forward by 7 years, rather than the 4.5–5 years shift they adopted. The AD 
536–547 environmental disruption has been observed in multiple proxies and has 
been characterized as a widespread catastrophic event (D’Arrigo et al. 2001).

The well known eruptions of Laki in 1783, Tambora in 1815, and the Alaskan 
eruption of Katmai in 1912, were not identified by this tree-ring technique. 
Although there was substantial ring-width decrease following the eruptions of 
Tambora and Katmai, the decline was not enough to include those years in the 
narrowest 5% of years. There is also no ring-width minimum signal from the 1883 
Krakatoa eruption, despite a frost-damaged ring in 1884. This suggests that 
Krakatoa may have erupted during a period when the volcanic forcing of the 
climate system was not sufficient to adversely impact ring-width.

We have established a temporal association between narrow growth rings in 
subalpine pines and large explosive volcanic eruptions as recorded in the historical 
volcano record and in polar ice cores. This association suggests that these eruptions 
produced mid-latitude warm-season cooling with potential effects across the northern 
hemisphere or globe. Of those years identified in the BC period (Table 2) there is 
especially strong evidence for climatically-effective eruptions in or just before 
2906/2905, 2036, 1626, 1524, 476, 425/424, 421, 406, 245, and 42 BC. These 
growth-minima years can be matched with both ice-core signals of eruptions 
(ice-core signals ±5 years of ring-width minima) and with frost-damaged rings 
(frost rings ±1 year of minima). Similar circumstances supporting climatically-effective 
eruptions can be seen in or immediately preceding the following years AD: 536, 
627, 687/688, 691–695, 899/900, 1201, 1288, 1458, 1602, 1641, and 1681. 
Additional support for many of these past volcanic eruptions is provided by 
decreased tree-ring growth in years both at upper forest border in western North 
America and at high latitude in Eurasia and/or Fennoscandia.
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In addition to the individual years that can be matched with volcanic eruptions, 
there is some evidence for extended periods of cooling. These low-growth intervals 
may be a result of several eruptions closely spaced in time, as appears to be the case 
in the mid-sixth, late-seventh, early tenth, mid-fifteenth, and seventeenth centuries AD. 
Intervals of low growth resulting from two or more eruptions are in agreement with 
prior suggestions that the effects on the climate system of multiple eruptions spaced 
within a short interval are cumulative, and thus the episode of volcanic influence 
increased (Robock 1978; Hammer et al. 1980; Porter 1986; Bradley 1988; Briffa et al. 
1998) Alternatively, these low-growth periods could be the result of extended growth 
responses to single events. Eruptions that coincide with intervals when the climate 
system is sensitive, or the trees are particularly vulnerable to volcanic forcing might 
be expected to generate such sustained periods of low growth.

Our study has improved the volcanic chronology beyond what tree-rings and 
ice-cores alone could accomplish. Future research on volcanic histories could benefit 
from an extension of what we have done here. A synthesis of tree-ring, ice core, 
solar, geologic, archaeological, and historic records to inform scenarios of past 
volcanism, would help create a more accurate and complete volcanic chronology.
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Shiveluch (N 56°38', E 161°19') is one of the most active volcanoes in Kamchatka. 
The eruptions of this volcano result in environmental damage caused by debris 
avalanches, hot pyroclastic flows, tephra falls and lahars. The last major eruption 
of Shiveluch occurred in 2005; it was accompanied by a pumice fall and a large 
pyroclastic flow.

According to tephrochronological data, one of the largest Shiveluch eruptions of 
the last millennium (SH

1
) occurred ca 250+/–40 14C years BP (AD 1641(1652) 

1663) (Braitseva et al. 1997; Ponomareva et al. 1998, 2007). This very large 
explosive eruption took place about 50 years earlier than the arrival of the first 
Russian cossacks in Kamchatka, explaining its absence from historical chronicles. 
The eruption produced pumice fall and voluminous ignimbrite more than 22 km 
long, and caused extensive debris flows (lahars) down all the valleys. 
Tephrochronologists identified the footprints of this eruption in many places on 
the southern flank of the volcano. However using tree ring analyses we found 
that the story was more complex. In fact there were two different eruptions sepa-
rated by one century. They deposited very similar pyroclastic flow units.

In 2005 we found eight carbonized logs buried in a 2–10 m thick pyroclastic 
flow deposit recently exposed in an almost vertical outcrop in the Baidarnaia valley. 
They were in a standing position and clearly were killed and buried by the pyro-
clastic event and carbonized in situ. We cross-dated the logs against our regional 
larch (Larix cajanderi) chronology (KAM). The latest date of the outer rings, AD 
1756 (Table 1), indicates the date of the eruption responsible for the pyroclastic 
flow emplacement that killed and buried these trees under fine-grained pyroclastic 
products. Although the bark was not preserved, we believe that no more than a very 
few rings could be lost due to rather smooth surface of the log. Other samples show 
similar, but slightly older dates (AD1752, AD1748, AD1741) and generally support 
the dating by these minimum age estimates. Three of the six dated trees indicate 
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Table 1 Cross-dated charcoal samples in Baidarnaia valley

Tree
Measured  
interval

Measured 
number of 
rings

Estimated additional outer 
rings

Inner 
year

Outer 
year

1a 1648 1683 36 ~30 ~1645 ~1713
1b 1648 1680 33 ~1645
2a 1649 1707 59 ~20-25 ~1640 ~1730
2b 1650 1686 37 ~1640
3 1697 1747 51 ~5 ~1680 ~1752
6 1650 1688 39 ~20 ~1640 ~1708
7a 1664 1738 75
7b 1660 1737 78
7c 1660 1756 97 0 1660 1756
8a 1671 1734 64 ~10? 1668 1751
8b 1671 1738 68 ~10?

innermost ring dates varying from AD1640 to AD1645. These dates limit the age of 
previous eruptions (accompanied by pyroclastic flow) in the Baidarnaia valley. The 
oldest spruce tree found on the surface of this pyroclastic flow in the mixed forest 
(site SHE) dates back to AD1793. This allows 37 years for flow colonization by 
woody vegetation and therefore does not contradict the AD1756 deposition date.

Did this eruption leave any signature in the trees now growing on the slopes of 
the Shiveluch volcano? In fact, we found such evidence in the chronologies (SHI, 
PKAM) of mature larch trees growing in the Baidarnaia and Pravaia Kamenskaia 
valleys. These trees have survived many eruptions. If we compare these chronologies 
with one from an undisturbed site elsewhere in Kamchatka (KAM chronology) we 
will see that all chronologies agree well except for the period between AD1757 and 
1763 when the Shiveluch chronologies (SHI, PKAM) demonstrate a very strong 
growth suppression (Fig. 1).

The question arises: does this finding mean that the age of the Sh-1 eruption 
should be re-assessed and did the eruption in fact happen a century later? Three 
burned trees buried in situ in the Kamenskaia valley pyroclastic flow, which looks 
very similar to the one in the Baidarnaya valley, show that the answer is negative. 
The buried samples yielded tentative tree-ring dates of AD1646, AD1649 and 
AD1649. As there is no bark preserved for these samples, these are only minimum 
dates. Due to the age limit of the reference chronology (AD1632–2005) and 
its short overlap with the sample chronology in the Kamenskaia valley, the dates 
of these deposits are very preliminary. This date is, however, in close agree-
ment with the previously obtained radiocarbon date of these sediments to 
AD1641(1652)1663.

Despite the uncertainty of the tree-ring dating of the 17th century eruption, we 
determined through tree-ring analyses that the AD1756–1758 eruption that 
emplaced pyroclastic flows in the Baidarnaia valley was distinct from the canonic 
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Shiveluch 1, which occurred a century earlier. This information is important for 
estimating the cycles of Shiveluch volcanic activity and forecasting its future 
behavior.
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Fig. 1 Larch chronologies in Esso (non-volcanic region), Shiveluch. The deviation of Shiveluch 
chronologies in the Baidarnaia (SHI) and Kamenskaia (PKAM) valleys from the reference ESSO 
chronology in 1756(57)-1763 supports the tree-ring date (AD1756 or very shortly after this date) 
of the trees killed by pyroclastic flow in the Baidarnaia valley
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1  Introduction

Tree rings of subfossil trees buried by lahars and lahar-derived sediments along the 
Sandy and Zigzag Rivers record the onset of a late eighteenth century eruption at 
Mount Hood, Oregon, USA (Figs. 1–2). Crandell (1980) described and named this 
eruptive activity the ‘Old Maid eruptive period’ and estimated its age at about 
“200–300 year” using radiocarbon ages of trees killed by lahars. Cameron and 
Pringle (1986, 1987, 1991) used dendrochronology to constrain the major eruptive 
events to several decades in the late 1700s. Precise dating of the Old Maid eruption 
using tree rings, however, has been complicated by the inconsistent wood quality 
and scarcity of victim subfossil trees. A lack of nearby master chronologies, diverse 
physiography and microclimates of the region, and the generally low sensitreivity of 
local tree-ring series to climate variation also create problems with interpretation.

Mount Hood is a composite volcano about 75 km east of Portland, Oregon USA, 
and 35 km south of the Columbia River (Fig. 1). The Sandy River and its tributaries, 
the Zigzag and Salmon Rivers, drain much of the southwest flank of Mount Hood 
including the southwest-facing debris fan, which was largely formed about 1500 
years ago when a partial flank collapse of the volcano was followed by repeated 
collapses of a growing lava dome (Crandell 1980; Cameron and Pringle 1987).
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Lawrence (1948) and Lawrence and Lawrence (1959) obtained the first radio-
carbon ages for a buried tree and used dendrochronology in a “ghost forest” near 
treeline that they attributed to an eruption in about AD 1800 in which trees were 
killed by fallout of volcanic ash. Cameron and Pringle (1986, 1987, 1991) determined 
that the ghost forest trees had been scorched by a pyroclastic surge of Old Maid age 
in the upper White River, which drains the crater to the south and east.

Light rings are very consistent in upper-elevation Douglas-fir (Pseudotsuga 
menziesii) and western redcedar (Thuja plicata) trees across the region and have 
been therefore used to cross-date subfossil trees at Mount Rainier about 150 km to 
the north (Pringle 2008).

Cross-dating of two bark-bearing subfossil trees, one Douglas-fir and a western 
redcedar buried by lahars in the Sandy and Zigzag River valleys (460 and 1115 m 
a.s.l.) shows they died near the end of, or after the AD 1781 growing season but 
before the 1782 growing season (Pringle et al. 2002). Damaged survivor Douglas-firs 
along the south bank of the Sandy River at Old Maid Flat and near the mouth of Lost 
Creek (Fig. 2) show growth suppression starting in 1782 (and also 1791?) possibly 
owing to abrasion or burial trauma (Fig. 3). An abrupt growth release begins in both 
trees in 1801 probably because of the removal of competitors by lahars (Fig. 3).

Fig. 1 Location map of the Mount Hood area in northwest Oregon USA. Small black dots show 
main locations of subfossil trees buried by lahars and lahar-derived sediments (gray shading) of 
the Old Maid eruptive period along the Sandy and Zigzag Rivers
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The living tree along the south valley margin noted above (C in Fig. 2) shows a 
dense line of traumatic resin canals that cut the 1801 latewood and likely indicates 
severe cambial injury (Stoffel and Bollschweiler 2008), possibly from a lahar that 
occurred during that year. Cross-dating of a scarred western redcedar along the 
Muddy Fork of the Sandy River reveals missing rings and dramatically decreased 
growth for several years after 1787 (Figs. 2, 4). The tree evidently was damaged 
when a lake impounded by the 1781 lahar breached catastrophically.

Thus deposits and impacted trees in the upper reaches of the Sandy River record 
at least one post-1781 flood and significant lahar(s?) that impacted the “Quicksand 
River” before the arrival of Lewis and Clark in 1805. Dendrochemical evidence 
from living trees in areas that received Old Maid tephra fallout suggests that the Old 
Maid eruptive activity began in 1781 at least early enough to be detected in that 
annual growth ring (Sheppard et al. 2010, this volume).

Fig. 2 Aerial-oblique photograph of Mount Hood and upper Sandy River valley at Old Maid Flat, 
which is veneered by lahar deposits of the Old Maid eruptive period from AD 1781–1801(?). 
Standing snags in Muddy Fork drainage were likely drowned by an ephemeral lake created by the 
lahar damming the river. Locations of subfossil trees are shown by arrows A and B (Fig. 3) and c 
(Fig. 4). US Geological Survey photo by Austin Post, 1980; view is to the east
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Fig. 3 Photomicrographs of tree rings from cores of two living Douglas-firs (A) along the valley 
margin of the Sandy River at Old Maid Flat and (B) at Lost Creek (Fig. 2) show the onset of a 
narrow ring sequence about 1782 and possibly again in 1791 and onset of larger rings in 1800. 
Note the dense line of traumatic resin canals (arrow) that cuts the latewood in 1801 in (A) and that 
likely indicates severe cambial injury (Stoffel and Bollschweiler 2008)

Fig. 4 Photomicrograph of rings in a living western redcedar adjacent to the channel of the 
Muddy Fork Sandy River (C in Fig. 2). This tributary was dammed by the initial Old Maid lahar, 
and the tree shown was scarred by breaching of the lahar-dammed lake about 7 years later. Note 
the response to scarring expressed as suppressed growth beginning in 1788
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Our investigations using several dendrochronologic techniques show that the 
first major lahar of the Old Maid eruption (possibly the largest) originated from the 
upper southwest flank of Mount Hood, probably late in 1781 or early in 1782.  
A lahar-derived flood continued more than 80 km farther to the Columbia River 
extensively burying riparian forests. Narrow-, and large-ring sequences and 
traumatic resin canals in upper elevation trees that survived the 1781 Old Maid 
lahar record responses to geomorphic and/or eruptive events over the next 2 decades 
to 1800 and possibly 1801, within 5 years of the Lewis and Clark visits in 1805–
1806. The explorers’ accounts of the “Quicksand River” aptly describe how such a 
volcanic disturbance must have looked, based on the great thickness of sediment 
that aggraded following onset of volcanic activity.
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1  Introduction

The initial employment of tree rings in natural hazard studies was simply as a dating 
tool and rarely exploited other environmental information that could be derived from 
studies of ring-width variations and records of damage contained within the tree. 
However, these unique, annually resolved, tree-ring records preserve potentially 
valuable archives of past geomorphic events on timescales of decades to centuries. 
As many of these processes are significant natural hazards, understanding their 
distribution, timing and controls provides valuable information that can assist in the 
prediction, mitigation and defence against these hazards and their effects on society. 
This book has provided many illustrations of these themes, demonstrating the appli-
cation of tree rings to studies of snow avalanches, rockfalls, landslides, debris flows, 
floods, earthquakes, wildfires and several other processes. Some of these papers are 
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“classic studies”, others represent more recent applications using previously 
unpublished material. They illustrate the breadth and diverse applications of con-
temporary dendrogeomorphology and underline the growing potential to expand 
these studies, possibly leading to the establishment of a range of techniques and 
approaches that may become standard practice in the analysis of specific hazards. 
In this brief concluding chapter, we will identify some growing research needs and 
possible future applications for tree rings in natural hazard studies.

2  Need for Methodological Improvement  
of Existing Approaches

As in most fields of dendrogeomorphology, the application of tree rings in natural 
hazard research began with relatively simple dendrochronological investigations 
that largely involved increment ring counting, dating of individual events, or mini-
mum age dating of disturbed surfaces (Alestalo 1971). Subsequently the impor-
tance of crossdating and verification has been recognized and studies have 
expanded to develop event–response–chronologies and other data for a variety 
of scales. One of the central problems with such chronologies involves sampling and 
replication. In dendroclimatology techniques have been developed to assess signal 
strength and the fidelity of the common signal as sample replication decreases 
back in time. In the building of event chronologies it is important to develop simi-
lar techniques and criteria that can be applied to assess the quality of these records. 
Two issues are apparent here, one is the selection of criteria to identify the events 
of interest from “noise”, and the other is to provide reasonable estimates of the 
frequency of past events from a sample population that is increasingly censored as 
one goes back in time.

Many different processes can produce disturbance in tree-ring series and the 
problem is to identify and isolate the signal related to the process under study from 
other potential sources of disturbance. One significant approach is to develop 
measures such as the “tree-ring response index” suggested by Butler et al. (1987) 
to distinguish snow avalanche events from “noise” in the chronologies developed. 
This approach is applicable to processes with a strong spatial footprint such as 
floods or wildfires, and accurate dating of past occurrences can be done with 
reasonable confidence based on the temporal synchronicity of signals across 
samples. However, more studies are needed to determine threshold levels for the 
reconstruction of processes and phenomena which are point-based and cover 
limited areas where spatial replication of events is rarely possible. Rockfalls, for 
example, often occur as single or small-scale events with local rather than areal 
impacts, rendering a determination of frequencies problematic (Moya et al. 2010, 
this volume). One might therefore ask if the probability of a rockfall hitting ten 
10-cm diameter trees is the same as hitting one 1-m diameter tree. We need more 
experimental studies focusing on point-based earth-surface processes and the 
reconstruction and analysis of these hazards in greater detail.
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We are fully aware that the nature of tree-ring approaches and the detail of results 
will probably continue to being dictated by the nature and geographical extent of the 
specific hazard under study. Nevertheless, we would like to see the development of 
more general guidelines about sampling strategies and sample depth in the way, for 
example, that dendroclimate studies have developed techniques for establishing 
signal strength in a chronology. Will it become possible to develop similar robust 
measures for dendrogeomorphic event chronologies that would allow for more 
solid statistical inferences to be made about future probabilities?

Similarly, future research should take account of process dynamics in time and 
space. Landslides, for example, are often singular events and their reconstruction is 
essentially retrospective. Other processes might be expected to recur on a regular (or 
irregular) basis at the same site and require a different sampling program more akin 
to continuous monitoring and prediction. The sampling goal here may be to estimate 
past frequency to determine hazard and hazard zoning. Several past studies have 
involved the development of frequency or magnitude data, without necessarily 
addressing problems of sampling (e.g. sample depth, spatial distribution of trees on 
the affected surface, etc.) or the representative nature of the analyses undertaken. In 
many cases with repeated hazard in a specific locality, the process under study may 
damage or remove the record of past activities, thus truncating or censoring the popu-
lation available for sampling and “eliminating” the record of moderate and smaller 
events back in time. In such cases a risk exists that the observed frequencies can be 
biased: the full range of activity in the recent record is probably better preserved than 
for earlier periods. There is a need, therefore, for more fundamental research focus-
ing on dating accuracy and uncertainty, magnitude–frequency relationships as well 
as for new ways of approaching and quantifying incompleteness of records.

3  Need for Fundamental Research on Tree Reactions  
to Geomorphic Disturbance

Besides the methodological problems originating from the nature of the different 
earth-surface processes and the clearing of forests by catastrophic events, dendro-
geomorphic studies also face uncertainties resulting from biological and tree physi-
ological causes. One of the more common problems in many dating studies is an 
inadequate estimate of the time taken for colonization of a disturbed surface (ecesis) 
and there is a clear need for more ecesis studies in different environments and deal-
ing with different natural hazard processes. Other dating limitations are more 
related to the fact that – although ring series develop continuously – trees are not 
equally sensitive responders to geomorphic disturbance over their lifetimes. As a 
consequence, the response and likelihood of recording an event may vary over time 
– and may vary differently for different locations (i.e. trees) within the sampled 
network. In this sense, it appears trivial that tilting a younger tree is certainly easier 
than an older tree, but when does a tree become rigid enough to resist unilateral 
pressure? Uncertainties and limitations of this kind attain key relevance especially 
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when recurrence intervals or changes in frequency are assessed over time based on 
observing systems that may have differential responses over time. We therefore 
need experimental research to determine the optimal size and age (or range of ages) 
for sampling different species. Is it necessary perhaps to specify a restricted size 
range of “sample responders” to avoid compromising our results?

The classic dendrogeomorphic work has usually been based on conifers but 
there is excellent scope and need for the development of studies using deciduous 
and perhaps tropical species. Research performed with new species or parts of trees 
(e.g. roots, branches) needs to go beyond simple ring counting and has to include 
more rigorous statistical comparisons of ring chronologies or event–response repli-
cations to avoid spurious errors. The dendrogeomorphic research community 
should focus on wood anatomy and explicitly look for and exploit new lines of 
physiological evidence from tree rings. First results on wood-anatomical changes 
following flooding exist for several broad-leaved species (e.g., Astrade and Bégin 
1997; St. George and Nielsen 2003; Tardif et al. 2010, this volume), and future 
research should continue to investigate these research lines, including more tree 
species as well as shrubs or perennial herbs. The effects of wounding and the 
subsequent formation of tangential rows of traumatic resin ducts (TRD) have been 
analyzed for Larix decidua and Picea abies (Bollschweiler et al. 2008; Stoffel and 
Hitz 2008; Schneuwly et al. 2009a, b) following debris-flow, rockfall or snow 
avalanche activity. More fundamental studies are needed to understand which other, 
non-European species produce TRD as a result of geomorphic activity, and how 
TRD intensity, and distribution vary in species and in response to different earth-
surface processes. A better understanding of tree reactions following geomorphic 
activity will facilitate identification of responses in tree-ring series and avoid 
abundant destructive sampling in the future.

4  Development and Application of New  
Tree-Ring Based Approaches

There are many unresolved questions relating to the response of trees to disturbance 
by geomorphic processes. For example, we still do not know whether the intensity of 
an impact or the duration of an event will influence the nature and intensity of the 
reaction: What is the lag between an event and the evidence of reaction to that event 
that is visible in the tree ring? Does response time differ for different types of responses 
(e.g. reaction wood, TRD) or differ between tree species? Geomorphologists and natural 
hazard specialists are usually not wood anatomists or biologists. More, preferably 
collaborative research is needed with tree phytologists and physiologists to improve 
understanding of how bio-chemical agents initiate tree response to disturbance and 
how and when the actual formation of reaction wood, flood rings or TRD become 
visible in the tree ring and for what reasons. This extra knowledge could be very 
beneficial to improve intra-ring dating and seasonal dating accuracy. New insights 
could be generated relatively easily through artificially inflicting wounds, burial of stems, 
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root exposure or destabilization (tilting) of trees. Alternatively, it would be feasible to 
analyze trees that have been damaged during well documented events in the past 
(Bollschweiler et al. 2008; Ballesteros et al. 2010; Kaczka et al. 2010, this volume).

We also call for the experimental investigation of additional, alternative 
“dendrogeomorphic” techniques in natural hazard research. Several promising 
approaches have been illustrated in this book. For example, dendrochemical analyses 
have been shown to be a promising tool for the analysis of past volcanic activity 
(Sheppard et al. 2010, this volume) and progress could be made in paleo-hurricane 
dating through the study of oxygen isotope ratios of tree-ring a-cellulose (Gentry 
et al. 2010, this volume; Grissino-Mayer et al. 2010, this volume). Further future 
progress could be expected through the use of densitometric, resistograph (Lopez 
et al. 2010) or computer tomography (CT) analyses in dendrogeomorphic research, 
mainly for the identification of tension wood in broadleaved trees or the identification 
of hidden injuries in cross sections.

5  New Thematic and Geographic Fields

The vast majority of hazard-related, dendrogeomorphic research has focused on 
snow avalanches, landslides, flooding, debris flows and wildfires. In this book, we 
have demonstrated the application of tree-ring studies to other processes e.g., rock-
falls or volcanic lahars. Additional processes have been analyzed only occasionally 
using dendrogeomorphic methods and we see potential for more tree-ring based 
studies of glacier-lake outburst floods, ice avalanches, thermokarst phenomena (e.g. 
Burn and Friele 1989; Burn and Smith 1988), pyroclastic flows, movements of and 
processes from rock-glacier bodies (Shroder 1978; Bachrach et al. 2004), flash 
floods (Ruiz-Villanueva et al. 2010) or strong winds (Hamilton 2005). In addition, 
dendrogeomorphic analyses have largely focused on mountain regions in general 
and the North American cordillera and European Alps in particular. We therefore 
call for more dendrogeomorphic research in Latin America, the Indian subcontinent, 
Africa, Northern and Eastern Europe or Russia.

6  Application of Tree-Ring Data in Other Fields

In addition to the simple reconstruction of event chronologies or magnitude–
frequency relationships of natural hazard processes, efforts should be made towards 
a better understanding of climatic triggers and endogenic causes of hazardous 
processes and related disasters (Solomina 2002).

Most tree-ring analyses of natural hazards have primarily focused on isolated 
case studies, e.g. on debris flows at specific sites, and/or the demonstration of the 
utility and potential of the techniques. Single site studies are important but, in some 
cases, a regional study may be more significant. In an alpine valley, the recurrence 
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interval of debris flows at a particular site may be about once every 20–40 years. 
However the entire valley may have several potential sites with different histories 
and patterns of flow activity (Bollschweiler and Stoffel, 2007, 2010). Although the 
occurrence of a debris flow is difficult to be predicted at any specific site, studies 
from a site network might demonstrate with greater confidence that there will be a 
debris flow somewhere in the valley every 3–5 years (although we cannot specifically 
say where). Such information might be particularly useful in deciding whether it 
would be practical to put in place a regional emergency response system to deal 
with events likely to occur once in three years, rather than having to initiate a new 
response every time there is a debris flow.

In this sense, and particularly for mountain areas, we call for the establishment 
and comparison of regional or supra-regional event chronologies and for the devel-
opment of databases for natural hazards similar to those existing in dendroclimatology. 
Perhaps some of our unique event chronologies could be archived in existing inter-
national data repositories, such as the Global Resources Information Database 
(GRID) of the United Nations Environmental Program (UNEP). In addition, there 
is also a need for our databases to be compared with (dendro-) climatological 
networks (Briffa et al. 1992, 2001) so as to better understand climate–natural 
hazard interactions.

Another promising approach is the use of tree-ring based data for an accuracy 
assessment or calibration of models of different geomorphic processes. 
Dendrogeomorphic data have been used sporadically in the past for the testing of 
rockfall (Stoffel et al. 2006), snow avalanche (Casteller et al. 2008) and debris-flow 
models (Graf et al. 2009) and results clearly pinpoint the high value-added to model 
verification and improvement with true field data.

One of the primary motivations for paleoclimate studies is the need to extend 
instrumental climate records to document climate variability at longer timescales 
and therefore better understand the present and model future climates. Examination 
of the past nature, occurrence and distribution of natural hazards using dendrogeo-
morphology fulfills a similar role. The evidence preserved in trees represents a 
unique source of information on many types of natural hazard. In many parts of the 
world it is the only available source of information to document changing process 
dynamics over time and space, and therefore a vital tool to showing the influence 
of past and current conditions on a range of natural hazards. It is hoped that the 
studies presented herein demonstrate the contribution that tree rings can make to 
these studies, advancing the case for their employment as an integral part of future 
studies of hazard assessment and management at suitable sites.
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Abies alba Silver fir 7, 11, 175, 226
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Austrocedrus chilensis Andean mountain cypress 382, 384
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310

Castanea sativa Sweet chestnut 9
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310
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Fraxinus nigra Black ash 255, 258

Ilex spp. Holly 310

Juniperus Juniper 344, 346, 368, 400

Lagarostrobos franklinii Huon pine 400
Larix spp. Larch 1, 7, 125, 138, 175, 192, 211, 

400, 474, 481, 491
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Larix decidua European larch 1, 7, 125, 138, 140, 144, 175, 
192, 193, 198, 211, 491, 496

Larix sibirica Siberian larch 474
Liquidambar styraciflua Sweetgum 310

Nothofagus Southern beech 381
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Nyssa aquatica Water tupelo 309

Picea abies Norway spruce 6, 7, 8, 10, 138, 155, 175, 179, 
192, 193, 198, 211, 229, 263, 
279, 373, 375, 496

Picea engelmannii Engelmann spruce 10, 364, 463
Picea glauca White spruce 109, 333
Picea mariana Black spruce 242, 243, 248
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Picea rubens Red spruce 12
Picea sitchensis Sitka spruce 408, 430
Pinus aristata Rocky Mountains or  

Colorado bristlecone  
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23, 62, 360, 368, 400, 468, 470

Pinus balfouriana Foxtail pine 468
Pinus californiarum var. fallax Single-leaf Pinyon 342
Pinus canariensis Canary Island pine 363
Pinus cembra Cembran (Arolla) pine,  

Swiss stone pine
6, 138, 211, 263

Pinus clausa Sand or sandhill pine 291
Pinus contorta Lodgepole pine 363, 400, 424, 435, 437
Pinus edulis Colorado Pinyon pine 344, 345, 370
Pinus elliottii Slash pine 291, 298
Pinus flexilis Limber pine 347, 400, 425
Pinus flexilis var. reflexa Western white pine, 347
Pinus hartwegii Hartweg’s Pine 452–455, 457–459
Pinus longaeva Great Basin Bristlecone  

pine
468, 470

Pinus mugo Mountain pine, Dwarf pine 263
Pinus mugo uncinata Mountain pine 45
Pinus nigra Black pine 91
Pinus palustris Longleaf pine 291, 292, 296, 298, 309, 312
Pinus ponderosa Ponderosa pine 303, 331, 334, 335, 337, 338, 

345, 359, 360, 361, 364, 366, 
368, 369, 373-375, 458, 470

Pinus sylvestris Scots pine 11, 162, 474
Platanus occidentalis American sycamore 310
Populus deltoides Eastern cottonwood 9
Populus deltoides subsp.  

monilifera
Plains cottonwood 233

Populus tremuloides Aspen 364, 366, 368, 371, 419
Pseudotsuga menziesii Douglas –fir 41, 345, 347, 364, 366, 368, 400, 

421, 435, 437, 463, 486, 488
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Quercus cerris Turkey oak 92
Quercus emoryi Emory oak 342
Quercus gambellii Gambel oak 364
Quercus ilex Holm (holly) oak 162
Quercus macrocarpa Bur oak 275, 276
Quercus pubescens White oak 91
Quercus robur English oak 162, 168, 171
Quercus spp. Oak 310

Robinia – 371

Sabina pseudosabina Sabina 415, 416
Schinus patagonicus – 384
Sequoia sempervirens Sequoia, coast redwood 400

Taxodium distichum Bald cypress 310, 400, 408
Thuja occidentalis White-cedar 255, 256
Thuja plicata Western red cedar 84, 85, 400, 463, 486
Tsuga canadensis Eastern hemlock 408
Tsuga heterophilla Western hemlock 435
Tsuga mertensiana Mountain hemlock 400
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