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Foreword

The connection between dendrochronology and ecology runs deep. Ecology as a
field of study was in great ferment in the American Southwest during the 1910s to
1930s, especially in Tucson, Arizona, where the Carnegie Institute of Washington
supported the establishment of the first laboratory in North America dedicated
to the study of ecosystems, and the first laboratory dedicated to the use of tree
rings in the study of climate and archaeology. The ecologists working at the
Desert Botanical Laboratory included luminaries such as Daniel T. MacDougal and
Frederick E. Clements, and the Laboratory of Tree-Ring Research was established
by Andrew E. Douglass. Scientists at the Desert Lab were centrally involved in
founding the Ecological Society of America in 1915. The first issue of their flagship
journal Ecology (Volume 1, Issue 1, January 1920) included an article by Douglass
titled “Evidence of Climatic Effects in the Annual Rings of Trees.” Although the
paper focused mainly on using tree rings as a proxy for rainfall, it also included
illustrations of one of Douglass’ seminal—and fundamentally ecological—insights
regarding the effects of site conditions on climatic “sensitivity” of tree rings. This is
a foundational principle of dendrochronology.

The European roots of dendrochronology also grew from tree biology and forest
ecology. Bruno Huber, working as a professor of forest botany at the Technical
University of Dresden and the University of Munich in Germany in the 1930s,
came to tree-ring studies as a tree biologist. Like Douglass, his most famous
work involved tree-ring chronology development and applications in archaeological
dating, but along the way he laid foundations for subsequent wood anatomy and
eco-physiological investigations in dendrochronology.

Throughout the last century dendrochronologists have expanded the applications
of tree rings in environmental studies. Dendroclimatology, the application of tree
rings in the study of atmospheric processes, has undoubtedly been a driving and
overarching endeavor, stimulating and contributing to the myriad other applica-
tions, including dendroecology. Indeed, the ready availability of dendroclimatic
reconstructions of rainfall, temperature, and drought indices has revolutionized
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disturbance studies in dendroecology. Fire history and insect outbreak studies,
for example, have commonly combined their analyses of disturbance and climate
chronologies derived from tree rings, resulting in new insights into climate-
disturbance relationships.

Two of the all-time most influential dendrochronologists, Harold C. Fritts and
Fritz Schweingruber, published seminal reviews of dendroecology in 1971, 1989,
and 1996. Over the past several decades there has been a surge of publications
in ecological and forest science journals with dendroecological themes. A Google
Scholar search (in March 2017) using the terms “dendroecology” and “dendrocli-
matology” in the titles returned 5150 and 7080 papers, respectively. Since 1980,
the 500 most-cited papers with the term “dendroecology” in the searchable text
were cited a total of 14,707 times, while the 500 most-cited papers with the term
“dendroclimatology” were cited 13,434 times. Today, many ecological and forest
science journals include dendrochronologists on their editorial boards.

Along with the expansion of dendrochronology in ecological studies has been an
extension of geographical coverage. In addition to many studies in North and South
America, Europe, Asia, Australia, New Zealand and elsewhere, dendroecological
studies have followed the example of dendroclimatology in exploiting regional to
continental scale networks. Patterns of synchrony and asynchrony of fires, insect
outbreaks, forest natality, and mortality, in concert with regional climatic variability,
have demonstrated dendroecology as a key tool in macroecology.

One the key reasons that dendroecology has flourished in recent decades is the
direct relevance of the insights provided for environmental management. Forest
managers especially have embraced the concept that knowledge of past ecological
dynamics and structures is valuable for understanding current conditions, and for
deciding how to manage for future desired conditions. Recent extreme responses of
ecosystems to climate change, including wildfires, insect and pathogen outbreaks,
and drought-induced mortality, have been major stimuli for dendroecological
investigations.

Given the great fluorescence of interest, publications, and relevance of dendroe-
cology in recent decades, the compilation of a volume of chapters covering broad
topical and geographic examples worldwide is most timely and welcome. The edi-
tors and authors have here assembled a diverse set of conceptual and methodological
reviews, and examples ranging from disturbance ecology, ecophysiology, and forest
dynamics to human-environment interactions. The geographical coverage highlights
several regions that have benefited most from recent expansion of dendroecology,
including South America, Australia, and Asia. Studies in temperate, subtropical, and
tropical forests are also included.

A most engaging and potentially far reaching development in dendroecology
in recent years is a focus on human-environment interactions. This advance is
nicely included in chapter examples from Asia, Europe, and North America. These
landscape and regional-scale studies demonstrate the broad, multidisciplinary nature
of dendrochronology, weaving together and exploiting multiple lines of tree-ring
based and other forms of evidence from archaeology, history, paleoecology, and
paleoclimatology. In this sense, dendroecology is now embracing the full scope
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of ecology in its broadest definition: the study of organisms—including humans—
and their interactions with the environment. Perhaps dendroecology will continue to
develop and evolve as the most synthetic of dendrochronology applications, and if
so, this volume will serve as foundational.

Laboratory of Tree-Ring Research Thomas W. Swetnam
Tucson, AZ, USA
5 March 2017



Preface

Dendroecological studies have fundamentally shaped contemporary views of forest
ecology and forest dynamics, particularly in temperate forests. While ecological
studies using tree rings have been published for well over a century, the past several
decades have seen a rapid acceleration in the rate of publication of dendroecological
studies. Most syntheses and reviews of dendrochronology over the past half century
have focused on climatology, archaeology, or wood formation (e.g., Fritts 1971,
1976, Eckstein 1984, Cook and Kairiukstis 1989, Schweingruber 1996, Hughes
et al. 2001, Vaganov et al. 2006, and to a lesser extent Speer 2010). While
dendrochronology has made important contributions in each of these areas, the
ecological lessons that dendrochronological research has provided are fundamental
to understanding how forested ecosystems will respond to the many threats posed
by global environmental change. These threats are not limited to changing climatic
conditions, but also include the impacts of invasive species, biodiversity loss,
changing disturbance regimes, and the multitude of potential interactions among
them. Dendroecology is a significant component of applied research, providing
important historical context for adapting existing forest management strategies to
mitigate and respond to current and future global environmental change.

The application of tree-ring analyses has emerged as a powerful approach to
address complex ecological questions and to quantify environmental change through
time. This book presents state-of-the-science reviews and application of tree-ring
analyses to ecological problems using examples from tropical, temperate, and
boreal forests around the globe. It is organized around four broad topical themes:
tree growth and forest dynamics, disturbance regimes, forest decline, and human-
environment interactions. Each theme is composed of chapters highlighting recent
advances in dendroecology, often illustrated by case studies to demonstrate novel
methods and approaches.

Introducing tree growth, Deslauriers et al. (Chap. 2) review the processes
of tree-ring formation highlighting novel research on the impacts of resource
availability and environmental variation on xylem and phloem growth and ring
attributes. Their global perspective contrasts tree growth in boreal through tropical
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forests, demonstrating how the timing, duration, and rates of cell formation affect
wood anatomy and ecophysiology. Deep understanding of these mechanisms and
processes provides a strong foundation for the dendroecological interpretations
presented in subsequent chapters.

Collectively, the next three chapters highlight advances in dendroecological
research of forest dynamics in tropical and temperate forests. Research on more
than 200 neotropical tree species has identified a suite of environmental factors
that trigger annual ring formation (Schongart et al., Chap. 3). New knowledge
on tree ages and growth trajectories is applied to evaluate and adapt timber
harvesting to ensure sustainability of tropical ecosystem functions and services.
Similarly, dendroecological advances in seasonal dry tropical forests include the
first reconstructions of the historical dynamics of mixed deciduous and seasonal
evergreen forests in western Thailand (Baker and Bunyavejchewin, Chap. 4).
Tree recruitment and growth releases indicate complex gap dynamics, as well as
extensive, synchronous disturbances driven by regional drought. Pederson et al.
(Chap. 5) emphasize the importance of multiscale disturbances in temperate mesic
forests. Their critical analysis identifies limitations and potential biases inherent to
contemporary research, which tends to focus on spatial and temporal scales that are
unable to detect large, infrequent disturbances. They present a conceptual model
and dendroecological solutions to test alternative hypotheses and address urgent
questions on macroecological dynamics of temperate forests.

In their review on altitudinal and latitudinal treelines, the ecotones between
forests and tundra, Lloyd et al. (Chap. 6) shed light on the surprisingly com-
plex responses of treeline ecosystems to climate warming. They demonstrate
the necessity of integrating dendroecology with spatially explicit measurements
of environmental variability, allowing researchers to understand the underlying
environmental gradients to which trees are responding. Their integrated research
approaches allow us to understand trees not simply as the sum of their rings,
but as complex organisms whose overall growth reflects the impact of multiple
limiting factors filtered through a number of simultaneously occurring physiological
processes.

Although most research on forest dynamics focuses on live trees, the field
of dendroecology is well suited to research on dead trees, including snags and
fallen logs, collectively known as woody debris. Dendroecology provides novel
methods to estimate dates of tree mortality or fall at an annual level, which are used
to calculate decay rates using chronosequences or decay-class transition models.
Fraver et al. (Chap. 7) present a case study on three old-growth Picea rubens stands
in the northeastern USA to demonstrate continuous recruitment of woody debris
over the twentieth century, with pulses corresponding to reconstructed gap- and
meso-scale disturbances. Given the critical role coarse woody debris plays in forest
ecosystems—carbon storage, nutrient cycling, soil development, and maintenance
of biodiversity—it is imperative to understand how its abundance changes through
time.
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The second theme of this book illustrates how dendroecological research has
advanced our understanding of disturbance as a vital attribute of forests. Dendroe-
cology also has been instrumental for understanding the drivers of forest decline.
Five chapters illustrate how dendroecology allows a unique temporal perspective
on disturbance by fire, insects, pathogens, and geomorphic processes. They are
followed by two reviews of the intricacies of forest decline in drought-prone
climates.

Daniels et al. (Chap. 8) review dendroecological contributions toward under-
standing of low-, mixed-, and high-severity fire regimes. Four case studies on
reconstructions of historical fire frequency, severity, spatial variability, and extent
demonstrate the complexity of mixed-severity fire regimes in montane forests in
western North America. Similarly, Mundo et al.’s (Chap. 9) dendroecological
reconstructions in five different Patagonian forests show diverse and heterogeneous
patterns of fire frequency related to climatic variability and human impacts.
Collectively these two chapters show how combining dendroecological evidence
with independent, corroborating evidence and models of fire extent, behavior, and
effects provides a powerful framework for comparing historical and contemporary
fire regimes.

Research on insects and pathogens and their effects on forest resilience is an
active frontier in dendroecology. Reconstructions of insect outbreaks include mil-
lennial length chronologies and research networks facilitating broad-scale spatio-
temporal analyses (Speer and Kulakowski, Chap. 10). Moving beyond the reduc-
tionist approach of examining only parts of an ecosystem, dendroecologists embrace
complexity by studying disturbance interactions and their signals recorded in tree
rings. Building on this theme, Lewis et al. (Chap. 11) show how forest ecosystems
have evolved to be resilient to native pathogens and insects, but human-induced
climate change has contributed to severe epidemics, for example Dothistroma
needle blight and mountain pine beetle. Concurrently, increasing global trade
increases chances of exotic pathogens interacting with native hosts. These human
influences interact with other agents often yielding synergistic negative effects.

Stoffel et al. (Chap. 12) review dendroecological analyses of trees affected by
earth-surface processes, in which rings preserve valuable archives of past events
on timescales of decades to centuries. Their case studies illustrate the breadth
and diverse applications of contemporary dendrogeomorphology to understand
processes such as flood, soil erosion, debris flows, rockfall, and landslides. Under-
standing the distribution, timing, and controls of geomorphic processes provides
valuable information to assist prediction, mitigation, and defence against these
natural hazards and their effects on society.

The instrumental role of dendroecology for understanding forest decline in
drought-prone climates around the globe is the third theme of this book. Research
on two continents illustrate that forest decline is caused by complex interactions
among abiotic and biotic stress factors acting at different spatial and temporal scales.
In Spain, drought-triggered forest dieback is predisposed by past forest use and
management and increased tree-to-tree competition, which increase vulnerability
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of individual trees or species to death (Camarero et al., Chap. 13). In these forests,
mistletoe and other biotic stressors contribute to drought-induced dieback. Similarly,
the decline of native forests in northern Patagonia is complex and driven by multiple
factors (Amoroso et al., Chap. 14). Dendroecological analyses of radial-growth
patterns show extreme droughts incite immediate growth reductions, followed by
persistent growth decline over time. Amoroso et al. (Chap. 14) present a framework
for testing alternative hypotheses to a single causal agent, which emphasizes the
importance of climatic variability as a key driver of forest decline.

Given ubiquitous human impacts and cumulative effects of global environmental
change, understanding human-environment relationships is the fourth and final
theme. Dendrochronology is at the nexus of archaeology, climatology, and ecology,
making it uniquely positioned to study past human-environment interactions. Tree-
ring records are ideal for exploring these relationships because they integrate
climatic information at temporal and spatial scales relevant to human livelihoods.
Hessl et al. (Chap. 15) use a growing network of long tree-ring records from
Asia to contextualize human-environment relationships over the last 3000 years.
A wide diversity of economic, political, and cultural features in historical Asia
filtered, dampened, and amplified the effects of climate on society, suggesting
that relationships may not be stable or consistent over time and space. Trouet
et al. (Chap. 16) present a long-term perspective, using dendrochronology to
quantify Holocene-era land-use changes and forest dynamics in Europe and North
America. Their critical analysis highlights limitations when relying on living forests
because the majority of lowland forests have been cleared throughout human
history so that contemporary tree-ring chronologies might not fully represent past
environments. They introduce the concept of “dendro-archeo-ecology” in which
ecological information is derived from existing dendroarcheological collections to
quantify past land-use changes and their impact on the carbon cycle and Earth’s
climate.

In the final chapter of this volume we highlight several overarching themes that
have emerged from these state-of-the-science reviews, identify areas of substantial
progress in dendroecology that have been made in recent decades, and emphasize
several pressing questions that dendroecology is well positioned to address.

We envision this book as a waypoint in the science of dendroecology that brings
together much of the excellent dendroecological research that has come before us,
provides a contemporary overview of the breadth and depth of the existing research,
and generates new ideas for the many possible directions that dendroecology might
take going forward. We hope that this volume will provide a useful resource for
dendrochronologists, ecologists, foresters, and others interested in the conservation
and sustainable management of the world’s forests.

El Bolsén, Rio Negro, Argentina Mariano M. Amoroso
Vancouver, BC, Canada Lori D. Daniels
Melbourne, VIC, Australia Patrick J. Baker

Zaragoza, Spain J. Julio Camarero
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Chapter 1
Introduction

Mariano M. Amoroso, Patrick J. Baker, Lori D. Daniels,
and J. Julio Camarero

1.1 Introduction to Dendroecology

Forests blanket large areas of the Earth’s land masses. They host a large fraction of
global biodiversity and terrestrial carbon reserves, and the economic development
of most countries has relied directly or indirectly on forests. Forests vary widely
in structure and composition—from the low diversity expanses of boreal forest
that stretch across the high latitudes of the northern hemisphere to the hyperdi-
verse tropical rain forests that grow on or near the equator. These differences in
structure and composition reflect latitudinal and elevational bioclimatic variation,
biogeographic history, and the influence of various historical disturbance regimes.
Despite the diversity in physiognomy and its causes, a common feature of all
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forests is the arboreal growth form. The ability of trees to establish a tall canopy
through competition for light with their neighbors yields majestic and often crowded
woody landscapes. To reach the canopy, trees must grow in height and support large
amounts of biomass. Simultaneously, trees draw water and nutrients from the soil
up considerable distances into their crowns, which are coupled with the atmosphere
through photosynthesis and transpiration. The need to form wood, a tissue with
multiple functions (e.g., support, hydraulic conductivity, storage, defense against
biotic agents), is a key characteristic of trees and forests. The secondary, or radial,
growth processes that drive wood formation are fundamentally the same for all trees.
This uniformity of process means that trees and forests should respond in relatively
predictable ways to environmental conditions and disturbances. Over the past
century, dendrochronology (the study of tree rings) applied to ecological questions
has been fundamental in shaping our understanding of how forests function across
a broad range of spatial and temporal scales.

Ecology is the study of how organisms interact with one another and their
physical environment. At the heart of ecology is the question of how these
interactions change over time to influence population and community structure
and composition. Dendroecology, which uses precisely dated annual rings of trees
and other woody plants to study past changes in ecological systems, has shaped
contemporary understanding of forest development and dynamics, forest responses
to extreme environmental conditions and disturbances, and, in some cases, long-
term interactions between humans and their environments.

1.2 An Idiosyncratic History of Dendroecology

The term “dendroecology” is a relatively new term that was originally used in
a much narrower sense. Serre-Bachet and Tessier (1989) cite Vins (1963) as the
first to use the term in an attempt to expand dendrochronology to include a
more direct focus on forest ecology and the many tree species and forest types
overlooked in dendroclimatology studies. Within the dendrochronology research
community, it took many years to move away from an explicitly climate-focused
perspective and internalize the potential and importance of tree rings for ecological
studies. For example, in Fritts’ (1971) paper entitled ‘“Dendroclimatology and
dendroecology,” dendroecology received a single paragraph of text in 28 pages and
was introduced with the following statement (p. 446): ““... some ecological studies
dealing with past history of the environment may find useful information in what the
dendroclimatologist may regard as ‘noise’.” For a long period, dendroecology was
seen as the reverse side of the dendroclimatology “coin.” While dendroclimatology
used past tree growth patterns to reconstruct climate, dendroecology focused on how
climate and other factors directly and indirectly influenced past tree growth patterns.

Today, “noise” persists when dendroecologists and dendroclimatologists com-
municate about their respective sides of the dendrochronology coin. For instance,
dendroecologists have demonstrated that many characteristics (e.g., size, age, local
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density) shape the individualistic response of trees to climate variability. To address
the idiosyncrasy of individuals, dendroclimatologists either focus on a subset of
trees such as large, presumably old, trees growing on resource-limited sites or
they compile large datasets that include trees with diverse characteristics but
regard the individualistic growth patterns as statistical “noise” in standard tree-
ring chronologies, which represent a site- and species-specific climatic “signal.”
For dendroecologists this “noise” is often the “signal,” reflecting one or more of the
many potential non-climatic influences on tree growth.

Dendroecology began to enter the mainstream of dendrochronological research
in the 1970s and early 1980s due to growing public concerns about the impacts of
pollution on forests in North America and Europe. Acid rain and forest decline,
in particular, were the subjects of extensive research by teams that included forest
ecologists, soil scientists, and dendrochronologists (Le Blanc 1990, Skelly and
Innes 1994). In many ways, Fritts and Swetnam’s (1989) paper was the catalyst for
recognizing dendroecology as an independent subdiscipline of dendrochronology.
In their paper, they reviewed the foundational principles of dendrochronology and
provided several case studies in which dendrochronology was being applied to
pressing environmental issues, such as pollution impacts, regional forest decline,
and the impacts of insect outbreaks. Their focus was on the use of tree-ring time
series to understand ecological and environmental variability and its impacts on
forests. In so doing, they validated the core concepts that define the modern scope of
dendroecology. Methodologically, however, their review was limited to ecological
and environmental information available from ring-width or ring-density data—that
is, they mainly focused on variation in growth patterns and their relationship to
environmental patterns. Schweingruber et al. (1990, p. 31) echoed this perspective,
stating “the aim of dendroecology is the determination of the year-by-year interplay
of relationships among climate, site conditions, and tree growth to assess exogenous
and endogenous factors that influence the growth of a plant community.” However,
many of the early ecological studies using tree rings to understand forest dynamics
were more focused on tree establishment dates and ages than on growth patterns.

Many proponents of dendroecology in the 1960-1980s came from a dendro-
climatology background and viewed ecology in the context of the ecophysiology
of tree growth. They were interested in understanding the drivers of variation
in tree growth and were building on centuries of research in forest science that
had linked tree growth to environmental conditions. Leonardo da Vinci’s fifteenth
century observation that tree rings vary between wet and dry years is the earliest
documented example of this (Schweingruber 1996). Significant early contributions
that are in many ways the foundation of modern dendrochronological thinking were
proposed by German and French forest scientists in the eighteenth and nineteenth
centuries (e.g., Henri-Louis Duhamel de Monceau; George-Louis Leclerc, Comte
de Buffon; Robert Hartig). During the twentieth century, Russian research on
tree-ring structure and function (Vaganov et al. 2006) helped bridge the gap
between dendroclimatology and dendroecology by explaining the anatomical and
physiological bases of tree-ring formation. This bridge facilitated the shift in focus
from climate to a forest dynamics perspective. In recent decades, many iconic
publications on forest ecology and dynamics have included tree-ring data to advance
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their arguments for the importance of past disturbances in shaping contemporary
forest structure and composition (e.g., Lorimer 1980; West et al. 1981; Pickett and
White 1985; Brubaker 1986; Harmon et al. 1986; Fritts and Swetnam 1989; Glenn-
Lewin et al. 1992) and provided the basis for modern views of forest stand dynamics
(Oliver and Larson 1996; Franklin et al. 2002).

The use of tree rings to understand forest dynamics also has its origins in the
eighteenth and nineteenth centuries, but primarily from the perspective of forest
growth and yield. European scientists and foresters had long recognized the utility
of annual growth rings for estimating growth rates. For example, Varennes de
Fenille (1791, p. 48) described the influence of annual “accidents” (e.g., hot and
dry summer, insect infestation, spring frost) on individual growth rings, growth
releases due to competition, and releases following the death of neighboring trees.
He highlighted the differences between high- and low-frequency variability in tree-
ring series versus the age-related decline in ring width as trees grew. However, the
use of tree rings to understand the ecology and dynamics of unmanaged forests
and forested landscapes did not emerge until the late nineteenth and early twentieth
centuries. In the 1850s, Sir Dietrich Brandis, then Superintendent of the teak
(Tectona grandis L.) forests of Pegu, Burma (now Myanmar), and future Inspector-
General of Indian Forests for the British Empire, described regional variation in teak
growth patterns across parts of Southeast Asia. Using data on growth rates and tree
ages derived from tree rings, Brandis (1956) established a quantitative basis for the
management of teak forests in southern Burma. The principles that he established
for stand- and landscape-scale management of these teak forests served as the basis
for forest management practices across the tropics for the next century.

As Gifford Pinchot and John Muir established the foundations of modern forest
management and conservation practices in western North America in the early
twentieth century, ecologists were beginning to use tree rings to address questions
regarding the underlying nature of forests. For example, Cooper (1913) used tree
rings to characterize the age structure of the “climax” forest of Isle Royale in
Lake Superior, Michigan. He found most trees were relatively young, despite the
perception that these forests were untouched by humans. Similarly, Haasis (1923)
used tree rings sampled in 1915-1916 to demonstrate that a large proportion of trees
in the “many-aged virgin hardwood stands” of southeastern Kentucky were 250-255
years old. He attributed the origin of this distinct age class to an extreme drought
in 1662 that led to fires burning through these forests and creating a discrete pulse
of post-fire regeneration. Some surviving larger oaks showed reduced growth in the
two decades preceding 1662. Marshall (1928) used tree rings to identify the years in
which fires occurred in western white pine forests in northeastern Washington and
the Idaho panhandle. The oldest fires burned in 1610, the year that “Oliver Cromwell
was celebrating the close of the Thirty Years War” and “the infant Louis XIV was
starting his long and infamous reign in France” (Marshall 1928, p. 48).

From a modern dendrochronological perspective, early studies of forest growth
and ecological dynamics using tree rings were limited because they were largely
based on ring counts. Crossdating was still in its infancy and was being used
primarily by dendroclimatologists and dendroarchaeologists (Douglass 1909; 1929;



1 Introduction 5

1937). However, it ultimately paved the way for more quantitative analyses of tree-
ring data (Glock 1937). Perhaps the first “true” dendroecological study belongs to
Bailey (1925), one of the great wood anatomists of the twentieth century. In his 1925
paper on the “spruce budworm biocoenose,” he recognized that spruce budworm
defoliation had the potential to create missing rings, which would compromise the
ability of ring counts to accurately date outbreaks. To address this problem, he
identified distinct frost rings in the tree-ring series and used those as marker years to
correctly date the rings and determine the years of spruce budworm outbreaks over
the preceding two centuries.

1.3 Dendroecology and Shifting Paradigms on Forest
Dynamics

Dendroecological studies have been central to the shifting ideas about forest
development and responses to disturbances over the past century. In the first
half of the twentieth century, Clements’ (1916, 1936) ideas on succession and
climax dominated ecological thought on plant community composition, structure,
and dynamics. However, a growing body of dendroecological studies was reveal-
ing the role of contingency in forest dynamics and the potential for multiple
developmental pathways in the wake of unpredictable disturbances. These studies
provided much of the empirical basis for challenging, and eventually overturning,
the Clementsian notion of succession and climax. Cooper’s (1923) research used
tree rings to describe the stochastic patterns of disturbance and post-disturbance
forest development that followed glaciation in Glacier Bay, Alaska. This built on
his earlier work studying forest responses to fire on Isle Royale, Michigan (Cooper
1913) and avalanches and rock slides at Robson Pass, British Columbia, Canada
(Cooper 1916). In a “virgin” forest in the northeastern US, Hough and Forbes
(1940) demonstrated how individual stands in the landscape had been subjected to
a complex series of interacting disturbances over the past 300 years and how these
idiosyncratic, site-specific disturbance histories interacted with edaphic conditions
to generate a variety of forest stand structures.

Over the ensuing decades dendroecological studies of forests enhanced under-
standing of the importance of unpredictable historical events and disturbances in
shaping present-day forest structure and composition. The ubiquitous effects of
natural disturbances on forests emerged from tree-ring studies conducted in the
1940-1950s in the USA with signal contributions from Buell (Buell and Cain
1943; Buell and Catlon 1951; Buell and Catlon 1950; Isaak et al. 1959), Spurr
(1954), and Stephens (1955). In the 1970-1980s, the number of dendroecological
publications increased dramatically, describing research on forest dynamics driven
by wind (e.g., Estes 1970; Henry and Swan 1974; Oliver and Stephens 1977;
Lorimer 1980), insects (Brubaker and Greene 1979), and fire (e.g., Heinselmann
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1973; Dietrich and Swetnam 1984). Simultaneously, studies conducted in other
parts of the world reinforced the global importance of disturbance and stochastic
events as drivers of forest dynamics (e.g., Kassas 1951 in the United Kingdom; Blais
1962 and Payette and Gagnon 1979 in Canada; Veblen et al. 1977 in south-central
Chile; Veblen and Steward 1980 in New Zealand; Morrow and LaMarche 1978 in
Australia; and Engelmark 1984 in Sweden). These foundational dendroecological
studies contributed to a paradigm shift in forest ecology that arose in the 1970-1980s
emphasizing nonequilibrium dynamics, multiscale dynamics, and the importance of
humans as agents of disturbance and drivers of forest dynamics.

1.4 The Geography of Dendroecology

The expansion of dendroecological research to represent all forests around the
globe has been uneven (Worbes 2002, 2004). As the examples cited above suggest,
dendroecological studies have heavily emphasized temperate and high-latitude
forests, particularly in the Northern Hemisphere. Southern Hemisphere forests have
received less attention, although important contributions from Argentina, Chile,
and New Zealand have highlighted common patterns in forest dynamics across
hemispheric boundaries. In contrast, dendroecological studies have only recently
penetrated tropical forests. Encyclopedic assessments of wood quality and the
properties of regional tree floras in the late nineteenth and early twentieth centuries
indicated the presence of annual growth rings in many tropical tree species, particu-
larly in tropical areas subjected to certain seasonality (e.g., flooding, drought) from
Africa and southern America (Mariaux 1967) and monsoon-influenced regions such
as South and Southeast Asia (e.g., Gamble 1904, Chowdhury 1939). However, the
lack of distinct temperature seasonality, poorly understood phenological patterns,
complex wood anatomies, and often challenging logistical issues have greatly lim-
ited the potential for dendrochronological studies of tropical tree species (Bormann
and Berlyn 1980). Nevertheless, significant advances have been made over the past
two decades to identify hundreds of tropical tree species in South America, Africa,
and South and Southeast Asia (Worbes 2002; 2004) that possess annual growth
rings. This has provided the necessary foundation for dendroecological methods
to address long-standing questions regarding the dynamics of species-rich tropical
forests and expands the geographical reach of dendroecology into all of the major
forest biomes of the world.

1.5 Contemporary Applications of Dendroecology

Dendroecological studies have fundamentally shaped contemporary views of forest
ecology and forest dynamics. While ecological studies using tree rings have been
published for well over a century, the past several decades have seen a rapid
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acceleration in the rate of publication of dendroecological studies. Most syntheses
and reviews of dendrochronology over the past half century have focused on
climatology, archaeology, or wood formation (e.g., Fritts 1971, 1976, Eckstein 1984,
Cook and Kairiukstis 1989, Schweingruber 1996, Hughes et al. 2001, Vaganov
et al. 2006, and to a lesser extent Speer 2010). While dendrochronology has
made important contributions in each of these areas, the ecological lessons that
dendrochronological research has provided are fundamental to understanding how
forested ecosystems will respond to the many threats posed by global environmental
change. These threats are not limited to changing climatic conditions; they include
the impacts of invasive species, biodiversity loss, changing disturbance regimes,
and their myriad potential interactions. Dendroecology is a significant component
of applied ecological research, providing important historical context for adapting
existing forest management strategies to mitigate and respond to current and future
global environmental change.

We envision this book as a waypoint in the science of dendroecology that brings
together much of the excellent dendroecological research that has come before us,
provides a contemporary overview of the breadth and depth of the existing research,
and generates new ideas for the many possible directions that dendroecology might
take going forward. We hope that this volume will provide a useful resource for
dendrochronologists, ecologists, foresters, and others interested in the conservation
and sustainable management of the world’s forests.
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Chapter 2
Ecophysiology and Plasticity of Wood
and Phloem Formation

Annie Deslauriers, Patrick Fonti, Sergio Rossi, Cyrille B.K. Rathgeber,
and Jozica Gricar

Abstract Long-lived plants need to continuously adjust their structure to fit the
changing environmental constraints. Xylem and phloem growth represent both the
means used to achieve these structural adjustments and a good indicator of plant
success and performance. This chapter reviews the growth dynamics of the xylem
and phloem and explores how resource availability and environmental variation
provides important context for understanding the impacts of global change. We
first illustrate the intra-annual patterns of xylem and phloem growth in different
areas of the world to highlight the variations caused by the environment. Then, the
components of the growth process, from timing (phenology) to the rates and the
characteristics of xylem anatomy are presented to explain how these components
are marking valuable indications of the way plants growth respond to changing
environmental conditions. Finally we discuss how wood formation can contribute
to advancements in ecophysiology and dendroecology.
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2.1 Introduction

Tree growth—defined here as biomass production—is principally related to the
activity of the secondary meristem, the cambium. This meristem is responsible
for the radial increase of stem, branches and roots, with cell division producing
both phloem and xylem cells. While the phloem is responsible for the transport of
assimilate, the xylem is a fundamental element of the hydraulic and mechanical
architecture of plants (Tyree and Zimmermann 2002), and represents an important
pathway through which the water and carbon cycles are connected (Fonti and
Jansen 2012; Steppe et al. 2015). The anatomical properties of the xylem influence
the process of transpiration, which transfers water to the atmosphere, and carbon
fixation, which is responsible for the tree’s overall long-term carbon sequestration
(Cuny et al. 2015).

Terrestrial plants accumulate approximately 5 x 10'° t of atmospheric carbon in
biomass each year (Zhao and Running 2010) and release 4 x 10* km? of water into
the atmosphere (Holbrook and Zwieniecki 2003), thus contributing significantly to
the global water cycle and heat flux dynamics (Seneviratne et al. 2006). Variations
in tree growth due to environmental changes can have important implications for the
regional and global climates (Bonan 2008). On the other hand, variations in climate
require plants, as sedentary organisms, to be sufficiently flexible to acclimate to
and endure the surrounding environment and its variability. Wood formation is one
key process that plants need to adjust its conductive system to synchronize with a
changing environment.

Cambium activity and post cambial growth, the division and differentiation of
cells that will form a distinctive layer of wood, has been studied and known for
more than a century (Hartig 1892). Early studies mainly focused on description of
the process of wood formation (Priestley 1930; Wilson 1964), while later studies
explored how cambial activity shaped wood anatomy (Skene 1969) and, more
recently, how wood formation responds to the environment (Wodzicki 1971; Denne
1976; Ford et al. 1978).

The formation of a new tree-ring is a complex process of cell division, growth
and maturation. As a result, the annual resolution of tree ring widths is insufficient
to infer intra-annual growth metrics such as the timing, duration, and the rates of
growth within the growing season (Deslauriers et al. 2003). Such metrics supply
relevant information and form a solid basis for the understanding of how the wood
production responds to environmental changes (Cuny et al. 2015). With the growing
awareness of the ongoing impact of climate change on forest ecosystems (Breshears
et al. 2009; Allen et al. 2010; McDowell 2011) knowledge of the phenology and
physiology of water conduit formation is crucial to understand tree reaction to stress
(Balducci et al. 2015, 2016; Vieira et al. 2015; Deslauriers et al. 2009) and how trees
adjust water transport to the new conditions. In particular, a more process-based
understanding of plant responses to stress and changing environmental stimuli is
required in order to understand the impact of xylem plasticity on the biogeochemical
interactions of the terrestrial biosphere with the atmosphere (Cuny et al. 2015;
Schiestl-Aalto et al. 2015).
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Wood formation only reveals one part of the story of cambial production as
cambium is a bifacial lateral meristem that produces secondary xylem in the
inside and secondary phloem towards the outside (Larson 1994). Compared with
xylem formation, fewer studies on phloem formation and its structure can be partly
explained by its relatively low economic value compared with the use of timber
(Turley et al. 2006). In addition, older phloem is exposed to relatively fast secondary
changes (e.g., collapse, sclerification and inflation of parenchyma). Therefore, only
the youngest phloem increments are available for histological observations. As
older non-conducting bark tissues eventually collapse in a radial direction, deform
and later often fall off the tree, the older phloem conduits are not suitable yet for
dendrochronological studies (Gricar et al. 2015a). Although their main functions
differ, xylem and phloem are closely associated both spatially and functionally
(Evert 2006; Steppe et al. 2015). Due to their tight coupling, any changes in water-
carbon relations (Zweifel et al. 2006) have impact on xylem and phloem formation
processes (Gricar et al. 2015b; Jyske and Holttd 2015; Hinckley and Lassoie 1981).
Therefore, carbon gain and whole-tree survival depend on the functioning and
interplay between these two vascular subsystems (Sevanto et al. 2014). Wood and
phloem-anatomical features thus offer a direct link for understanding physiological
processes in a tree (Savage et al. 2016).

This chapter reviews the growth dynamics of the xylem and phloem and explores
how resource availability and environmental variation provide important context for
understanding the impacts of global change. The specific aims of this chapter are
(1) to describe the general patterns of xylem and phloem growth, (2) to explain the
timing and growth rates of the cambium and the resulting wood anatomy, and, (3) to
present how wood formation can contribute to advancements in ecophysiology and
dendroecology.

2.2 Patterns of Growth in Xylem and Phloem
Over a Growing Season

The growth dynamics of the secondary meristems are dependent on the envi-
ronment, as all metabolic and physiological processes involved in growth are
limited by external factors (Muller et al. 2011; Deslauriers et al. 2016). Under
optimal conditions, the tree produces tracheids—also named xylem conduits—with
structural characteristics that best fit the functional needs of transport, storage,
defense, and mechanical support. However, to produce new cells, the cambium
requires water to exert the necessary turgor pressure for cell expansion (Pantin et
al. 2012; Steppe et al. 2015), assimilates to build and thicken secondary cell walls,
heat to allow the metabolic reactions to take place, and time enough to complete the
maturation of the new conduits (Schiestl-Aalto et al. 2015). Cambium is a sink for
carbon with low ranking priority for carbon allocation within a tree (Minchin and
Lacointe 2005), and the amount and structure of the final xylem and phloem is the
result of a trade-off between the available resources and structural and functional
needs (Spicer and Groover 2010).
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The ability to alter secondary vascular growth in response to external stimuli is
highly adaptive but requires the coordination of the sequential developmental events
during cell formation (Lupi et al. 2010; Rossi et al. 2012) to produce appropriate
tissues and physiological outcomes (Holtté et al. 2010; von Arx et al. 2012). Thus,
as growth occurs and is modulated by the availability of resources (e.g., water and
carbon) and environmental cues (e.g., temperature and photoperiod), the variability
in the timing and dynamics of secondary growth represents a very sensitive bio-
indicator of plant response to the environment. This variability is expressed in intra-
annual patterns of xylem and phloem production, which also vary across vegetation
types (Fig. 2.1).

Secondary growth patterns are sensitive to temporal variation in the environment
during the growing season and differ among forests growing in different climates
(Fig. 2.1). In temperate and boreal climates with abundant soil moisture during the
growing season and a dormant season in fall and winter, trees form a distinct annual
ring. Growth occurs over one uninterrupted period of time, the growth rate forms a
unimodal curve and cumulative growth over the growing season forms a sigmoidal
curve (Pattern 1 in the top panel of Fig. 2.1) (Rossi et al. 2007, 2009a). In contrast,
the growing season is longer in Mediterranean regions where summer drought limits
moisture availability. When growth is uninterrupted, growth rates form a unimodal
curve over a longer period but with a lower maximum rate (Pattern 1 in the bottom
panel of Fig. 2.1) than in temperate and boreal climates. When drought limits water
availability during the growing season, growth is temporarily suspended, but growth
can resume following precipitation. Interrupted growth results in an intra-annual
fluctuation (IADF) in wood density (Novak et al. 2016a), commonly called a “false
ring” (Pattern 2 in the bottom panel of Fig. 2.1). In this scenario, the growth rate
forms a bimodal curve (Camarero et al. 2010; de Luis et al. 2011; Vieira et al.
2015) and cumulative growth over the growing season forms an irregular sigmoidal
curve. During severe drought, growth may be limited to a short period early in the
growing season which is insufficient to form an annual ring, commonly called a
“missing ring” (Pattern 3 in the bottom panel of Fig. 2.1). Similar to Mediterranean
regions, different patterns of growth occur in subtropical and tropical climates.
Unimodal wood production occurs in mesic and moderately wet forests in tropical
and subtropical regions (Oliveira et al. 2009; Bosio et al. 2016); however, without
a dormant season distinguishing the rings formed in one calendar year from the
next is difficult based on wood morphology alone. In some subtropical climates, the
alternation of dry and rainy seasons or regular floods (Callado et al. 2001) can lead
to multimodal growth patterns (Schmitz et al. 2008; Krepkowski et al. 2011).

All these informations are essential for dendrochronology as the formation of
annual rings and their inter-annual variation are crucial for crossdating, which is the
core principle of the discipline. Moreover, knowing when and how the tree-ring is
formed will also help for properly understanding and inferring the causal agents of
intra and inter-ring variations.
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Fig. 2.1 Plasticity of growth patterns in two contrasting biomes. Xylem and phloem growth
over one growing season resulting from cambium activity in boreal or temperate (top) and
Mediterranean (bottom) forests. In each case, the period(s) of growth is defined by the onset
(green squares) and cessation (black squares) while the arrow represents the time variability in the
onset and cessation. For both xylem and phloem, the progress of growth over time (black lines),
quantified either as the number of cells or amount of produced ring width along a year. A general
rate of growth (blue lines), which indicates how fast the process occurs in terms of the measured
quantity per time unit, can be represented as the first derivative of the progress of growth (black
lines). Only one pattern of xylem and phloem growth over time was represented for temperate-
boreal areas illustrated as the S-shaped (pattern I) growth pattern (black line). The general rate of
growth of this pattern is typically bell shaped (blue line, in pattern I). For Mediterranean areas,
three patterns of growth over time were represented: (pattern 1) S-shaped growth, such as for
temperate-boreal conifers with its bell-shaped rate of growth (solid black and blue lines); (pattern
2) Intra-annual density fluctuation (IADF, dotted black line) with its bimodal rate of growth (dotted
blue line); (pattern 3) missing rings or dark rings (illustrated as the rate of growth only, dotted blue
line) where there is a local formation of few xylem cells (less than five cells), which are slowly
differentiating and can look like latewood cells. Phloem growth rate (in red) is hypothetical and
has been shown to be bimodal (in red) like the xylem of pattern 2
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2.3 Xylem and Phloem Growth Components

The physiological and environmental factors triggering and influencing the chain
of cell division and differentiation define timings and rates of growth, and con-
sequently the anatomy of the produced cells (xylem conduits, parenchyma cell,
fibers, etc.), their proportions and spatial distribution within the tree-ring. In this
section, the importance of environmental impacts on these three growth components
for xylem and phloem formation will be described. The three growth components
provide a valuable indication of the way plants respond to changing environmental
conditions.

2.3.1 Timing and Duration

The timing of xylem and phloem development corresponds to the period when
environmental factors are favourable to growth. Thus, the cambium follows alter-
nating periods of activity and rest, according to the annual cycles of temperature,
photoperiod, and water availability. The phenological phases of onset and end,
bounding the period of xylem development (green and black square, Fig. 2.1), are
defined by both environmental constraints and resource availability such as carbon,
nutrients and water. The time difference between the onset and the end of growth
define the duration of the growing season which in cold ecosystems vary annually
according to the temperature during the boundary of the growing season (horizontal
arrows, Fig. 2.1, (Rossi et al. 2016)). Xylem forms and differentiate when the mean
air temperature range between 6 and 8 °C (Rossi et al. 2008b). However, in cold
and semi-arid environments of the north-eastern Tibetan Plateau, the duration of
xylem development can be also affected by the dry conditions occurring in spring
and summer (Ren et al. 2015). Cambial cell division normally starts on phloem
and xylem sides simultaneously. However, prior to the first cambial division, the
differentiation of one to two layers of phloem cells can occur without previous
divisions (Alfieri and Evert 1968, 1973; Kutscha et al. 1975). This is the reason
why the onset of phloem formation begins earlier than xylem (see onset of phloem
and xylem, Fig. 2.1, temperate to boreal areas) (Gricar and Cufar 2008; Swidrak
et al. 2014; Jyske et al. 2015). Indeed, the onset of phloem formation precede
xylem formation on average by 3—5 weeks in Picea abies (Gri¢ar and Cufar 2008;
Swidrak et al. 2014), by 5 weeks in Larix decidua and by 3 weeks in Pinus sylvestris
(Swidrak et al. 2014).

In ecosystems at high latitudes or altitude, where the meristems are active during
a short period of time, period of xylem development reflects a balance between
avoidance of frost damage and maximization of growth and carbon assimilation
(Chuine 2010; Rossi and Isabel 2016). Under the coldest conditions, xylem requires
83 days to complete the maturation of all tracheids produced by cambium, which
can be considered the minimum growing season of xylem in boreal and timberline
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regions (Rossi et al. 2016). Coniferous stands located at the lower distribution
limit of larch, Norway spruce and silver fir exhibit a period of cambial activity,
i.e. cell production, up to 134 days, and a period of xylem differentiation, i.e.
cell enlargement and wall thickening, reaching 178 days (Rossi et al. 2016). The
duration of the growing season is a key factor in xylem cell production in some
species like black spruce where the growing season is short (Lupi et al. 2010; Rossi
et al. 2014), although such result is not confirmed in species of other environments,
where the rate of growth exhibited a more relevant importance (Rathgeber et al.
2011; Cuny et al. 2012).

Accordingly, in Mediterranean climates, xylem formation occurs from
winter/spring until the severe summer drought and resuming after fall precipitation
(Giovannelli et al. 2007; Vieira et al. 2014). Such an autumnal reactivation of xylem
growth, which is observed in some trees of a stand, results in the formation of
false rings or latewood intra-annual density fluctuations (pattern 2, Fig. 2.1). By
contrast, the lack of a distinct phenology in the phloem production in conifers in
Mediterranean regions (unknown onset and end, Fig. 2.1) suggests that variation
in the timing of phloem formation is mainly defined by species and site in such
area (Barnett 1971; Gricar et al. 2016). Therefore, the observed differences in the
phloem phenology among different areas suggest that phloem development is at
least partly affected by local environmental conditions (Gricar et al. 2014b).

In tropical forests such as the Brazilian Cerrado, xylem formation lasts from
October to June, when temperature is higher and precipitation events are frequent
(Bosio et al. 2016). In some ecosystems, precipitation and soil water content can
play an important role in defining the timings of xylem formation during spring
(Ren et al. 2015; Ziaco et al. 2016). Tropical environments can show species with
anomalous xylem growth. Avicennia marina is a mangrove species characterized
by multiple-cambial layers, aclimatic growth rhythms of xylem growth, and a
potentially continuous cambial activity throughout the year (Schmitz et al. 2008).

2.3.2 Rates of Growth

Recent work on the rates of xylem cell differentiation have provided novel
quantification and mechanistic models of wood formation kinetics that explain tree
ring formation (Schiestl-Aalto et al. 2015). Xylem cell differentiation kinetics can
be characterized by the duration the cells spend in the different phases (i.e. cell
enlargement and cell wall thickening) and the rate at which the different sub-
processes (primary wall expansion, secondary cell wall deposition) occur (Cuny
et al. 2013; Balducci et al. 2016). The duration and rate of the phase of cell
enlargement determine its size, while the duration and rate of the thickening phase
determine the quantity of deposited wall material (e.g., cell wall area). The relative
proportion of cell wall to cell exterior dimensions are the basis for commonly used
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measures of tree-ring structure (e.g., cell wall thickness, tree-ring micro-density
profile). At the beginning of the growing period, good growth conditions generally
lead to high rates of enlargement and thickening. These rates then decrease towards
the end of the season. This general pattern of variation in duration and rate of
xylogenesis sub-processes is at the origin the conifers’ tree-ring structure of light
earlywood composed of wide cells followed by denser latewood composed of
narrower cells (Cuny et al. 2014). Importantly, Cuny et al. (2015) refute the long-
standing assumption that the increase in wall thickness and wood density along the
ring is driven by the fixation of more biomass during the wall-thickening process.
Instead, they demonstrate that the amount of wall material per cell is almost constant
along a ring except for the last few cells of the ring.

Consequently, changes in wall thickness and wood density are principally driven
by changes in cell size. The reduction of the cell size along the ring is mainly
due to decreasing duration of cell enlargement, whereas decreasing rate of cell
enlargement only contributes marginally. Recent works (Balducci et al. 2016; Cuny
and Rathgeber 2016) show a very interesting mechanism of coupling between the
rates and duration of cell wall deposition: as the season progresses and the rate of
cell wall deposition is declining, the duration increase in such proportion that it
perfectly counter balance the decrease of the rate, stabilising the production of the
amount of cell wall material per cell. However, at the very end of the growing season
when temperature drops (Cuny and Rathgeber 2016), or when water conditions
deteriorates too much (Balducci et al. 2016), durations increase level off, breaking
the coupling between rate and duration, and climatic conditions are directly written
into tree-ring structure.

The highest rate of phloem cell production of P. abies was detected 2—6 weeks
earlier than that of xylem (Gricar et al. 2014b) because the formation of the
annual phloem increment is crucial for tree survival. The translocation pathways for
photosynthates and biomolecules must be maintained because sieve cells function
for only one to two growing seasons (Evert 2006; Steppe et al. 2015). While missing
or discontinuous rings in xylem have been regularly reported, particularly in trees
from extreme environments (Wilmking et al. 2012; Novak et al. 2016b), or in
trees with reduced vitality (Torelli et al. 1999), phloem rings are formed every
year, even if very narrow (GriCar et al. 2014a). The narrower phloem rings are
caused by an asynchrony between the production of xylem and phloem derivative:
cambium divides more frequently on the xylem side than on the phloem side and,
consequently, xylem accumulates at a faster rate than phloem (e.g., Panshin and de
Zeeuw 1980; Jyske and Holttd 2015). However, in the case of reduced radial growth,
a tree’s preference is for phloem formation, leading to a progressively smaller ratio
between xylem and phloem widths (Bauch 1986; Gricar et al. 2014a). The pattern
of phloem formation has a S-shaped growth pattern (pattern 1 in black, Fig. 2.1) in
coniferous and deciduous tree species in temperate to boreal regions resulting in the
typical bell shaped rates of growth (in blue, Fig. 2.1).
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2.3.3 Anatomy

The environmental influence on the process of wood formation results in xylem
anatomy changes that can also have functional implications (Fonti and Jansen
2012). The xylem structure determines the functional balance between efficient
water transport to achieve optimal growth, minimum investment of construction
costs to secure the xylem plumbing system, mechanical support for the assimilating
leaves, and storage of water and nonstructural carbohydrates for defense and
resistance to stress (von Arx et al. 2012). So for example, the capacity to transport
water, which is an important functional trait connected with water use and net
primary productivity, can be modulated by modifying the arrangement and structure
of the wooden cells (Fig. 2.2). Unmistakable examples of altered structure and
functions are frost rings (Glerum and Farrar 1966), light rings (Wang et al. 2000),
blue rings (Piermattei et al. 2015) or even the intra-annual density fluctuations
(Zalloni et al. 2016). However, any environmental factors that alter the normal
course of formation of the wooden cells can leave a characteristic signature within
the anatomical characteristic of the annual ring (Fig. 2.2). Indeed, each wooden cell
first needs to enlarge before thickening the wall (Rathgeber et al. 2016). Thus, both
the cell size and the wall thickness of each cell in the ring can provide important
information related to the environmental drivers influencing both these processes
(Castagneri et al. 2017). Several studies based on tree-ring anatomical methods
(Fonti et al. 2010) have already demonstrated the possibility to use time-series of
cell anatomical features for a deeper insight on the factors affecting xylogenesis
(Bryukhanova and Fonti 2013; Fonti et al. 2013; Martin-Benito et al. 2013; Carrer
et al. 2016) and how these changes might affect future xylem functioning (Pacheco
et al. 2016; Pérez-de-Lis et al. 2016).

Variations in the phloem conduits anatomy exhibit much less plasticity than that
of xylem. Variations in the anatomy of phloem rings in temperate tree species are
mainly observed at the site level rather than on a temporal scale (Prislan et al. 2013;
Gricar et al. 2014Db). Intra- and inter-species structural variation in secondary tissues
exists because of local adaptations and environmental conditions (Rowe and Speck
2005). Jyske and Holttd (2015) found that phloem conduits are slightly narrower
than xylem conduits in P. abies. Gricar et al. (2015b) further confirmed this trend
but only for the early part of the annual rings, whereas in the increments formed
in the second part of the growing season, it is just the opposite. Thus, tracheids in
earlywood are on average 12-30% wider and in latewood 30-50% narrower than
sieve cells in early and late phloem, respectively. The variation in the structure of
annual xylem and phloem increments in P. abies clearly demonstrates that plasticity
in the seasonal dynamics of cambial cell production and cell differentiation exists
on both xylem and phloem sides. At the tissue and cell levels, wood anatomical
traits have largely been studied in this respect (e.g., Fonti et al. 2010 and previous
section on xylem anatomy), whereas the proxy potential of phloem-anatomical
traits still needs to be exploited (Gricar et al. 2015b; Jyske and Holttd 2015).



22 A. Deslauriers et al.

Pt

a = ki C=cambial cell
V e F=fiber
7 HE P=parenchyma
‘_f rP=radial P
0 vP=vasicentric P
V=vessel

Fig. 2.2 Plasticity of the final product. An example of how the structure of the xylem hydraulic
architecture of a forming Populus X canadensis annual ring from temperate environments
can be plastically adjusted to respond to a new environmental constraint, e.g., a long drought
period. The example is based on micro-sections observations as they might appear when
performed under a light microscope (magnification 100X, staining performed with safranin and
astrablue). To guarantee the fulfilment of future needs (e.g., safe and efficient water transport
and mechanical stability) trees have to adjust their growth by optimizing the available resources
(e.g., carbon, warmth, water, and the time to perform the process). (a) Shows the situation
of the forming ring at the time the event is occurring. (b—d) Show examples that simulate
possible adjustments in vessel size and arrangement as they appear visible along a ring cross-
section. Efficient sap flow occurs when large and numerous vessels contribute to the transport,
although large vessels are susceptible to cavitation (in gray) under strong negative pressure.
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Intra-annual xylem and phloem formation analyses are therefore crucial for a better
understanding of the mechanisms underlying the environmental response of xylem
and phloem anatomy of different tree species.

2.4 Contributions to Ecophysiology and Dendroecology

Monitoring xylogenesis is contributing important mechanistic insights to disciplines
that have strong ties with plant performance and survival, paleo-environmental
reconstruction, and biogeochemical feed-back. In this chapter, the contribution of
the studies on xylogenesis to the questions on global change and other ecophysio-
logical fields are explained and discussed.

2.4.1 Plant Performances, Distribution and Community
Composition

The ecological amplitude, and consequently the distribution of the individuals,
are partly regulated by the plasticity of the species in response to spatio-temporal
variability of the environmental conditions (Valladares et al. 2007). For example,
the hydraulic structure of the xylem network and its plasticity is determinant, not
only for the water balance of plants, but also for attaining maximal photosynthetic
rates and optimal adaptations to specific microclimates. A limited capacity for phe-
notypic adjustment to changing conditions might have detrimental consequences for
plant carbon budget, tree productivity and mortality (Martinez-Meier et al. 2008).
Repeated and lengthy droughts, for example, can affect the delicate safety-efficiency
trade-off in the water conduction system and trigger detrimental consequences in
plant carbon allocation, which finally induces the death of the plant (McDowell
2011; Heres et al. 2012; Pellizzari et al. 2016).

The effect of climatic factors on xylem anatomy has been extensively described
(Schweingruber 2007), but particular focus has been placed to xylem anatomical
responses in relation to water stress and/or plant mortality (Arend and Fromm
2007; Fonti and Garcia-Gonzalez 2008; Eilmann et al. 2009, 2011; Rossi et al.

Fig. 2.2 (continued) Drought and freezing can both cause embolisms in plants, even leading to
complete system failure if extended embolisms occur. Strategies of modifications can be oriented
towards increasing safety (at the cost of efficiency) (b), redundancy (c) or reparability (d) of the
system. Other anatomical characteristics which are not shown in the figure, as for example the
length of the vessels, the number, sizes and structure of pits of connecting vessels, and the division
of whole plants into independent hydraulic units, can also influence these attributes. For simplicity,
the responses described in the figure are shown to be rapid and to have immediate effect on the
anatomy of the new forming ring. However, depending on frequency and magnitude of the events,
induced modifications of the wood structure can last over the formation of more annual rings
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2009b; Battipaglia et al. 2010; DeSoto et al. 2011; Fonti and Babushkina 2016).
Many morphological characteristics of the xylem hydraulic architecture, such as
the arrangement, frequency, size, wall thickness, pit characteristics of conduits and
tissue proportion such as ray parenchyma, can be modified to regulate both the
efficiency of water transport and the margins of safety against hydraulic system
failures (Pittermann et al. 2006; Sperry et al. 2006; Choat et al. 2008; Olano
et al. 2013). An example of such adjustments is shown in Fig. 2.2. Nevertheless,
the strategies of adjustment are diversified and depend on species and conditions.
The observations of wood formation can thus be used to identify the drivers
(which factor), timings (when) and environmental threshold (what intensity) behind
the formation of specific anatomical characteristics, as it has been performed for
the intra-annual density fluctuation observed in the dry Mediterranean regions
(de Luis et al. 2011; De Micco et al. 2016). In this case, xylogenesis represents
an indispensable basis of understanding the link environment-structure necessary
for evaluating the range of plasticity and resilience of trees growing under defined
environmental conditions and for predicting plant performances, distribution and
community composition under future climates (Baas and Wheeler 2011; Beeckman
2016; Sass-Klaassen et al. 2016).

2.4.2 Paleo-environmental Reconstructions by Mean
of Tree-Ring Proxy

Dendrochronology usually dates the formation of tree rings to the exact calendar
year to extract relevant paleo-environmental information integrating the whole
growing season (Fritts 1976; von Arx and Dietz 2006) by means of transfer
functions. Similarly, the cell characteristics fixed in the datable tree rings represent
an archive of past conditions but at a much higher time resolution (Fonti et al.
2010). Thus, the assignment of a time of formation of each cell in the ring will
not only allow to increase the resolution of the paleo-environmental proxies, but
also put the basis for a better process-based understanding of the growth-climate
interactions. The increased resolution will allow to better relate intra-ring features,
as the appreciated environmental-sensitive maximum latewood density or other
more novel data-types such as stable isotopes ratios (usually C, H and O) and
cell anatomical features, to the physiological state of the plant at the time of
cell formation. Assigning a time of formation to intra-annual wood anatomical or
isotopic measurements performed in cells within tree rings will specifically allow
causes and effects to be better linked and understood (Skomarkova et al. 2006; De
Micco et al. 2007; Battipaglia et al. 2010; Eilmann et al. 2010; de Luis et al. 2011;
Carrer et al. 2016; Castagneri et al. 2017). Questions related to the mobilisation
and storage of carbon assimilates in relation to the properties of secondary growth
might be finally better understood (Deslauriers et al. 2009, 2014, 2016; Simard et al.
2013) thus significantly improving the interpretation of the paleo-environmental
reconstructions.
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2.4.3 Quantifying Biogeochemical Cycles

Quantifying the intensity of carbon and water exchanges between terrestrial
ecosystems and surrounding environments (atmosphere, hydrosphere, pedosphere-
lithosphere) is a central challenge for understanding the biogeochemical cycle
and a prerequisite for reliable future scenarios of climate change. In this complex
climate system, the growth activity of plants plays a determinant role. The timings
of wood formation define the period when carbon fixation into wood is activated
and for how long. So, growth onset and cessation, which are usually controlled
by temperature and photoperiod (Korner and Basler 2010), defines the period
when growth can occur, while the environmental conditions determine the speed
of the process. These conditions do not only define the properties of the ring
(e.g. the thickness and the density of the wood) but also determine the future
performance of the functional xylem via the anatomical structure. These properties
are important in determining how much carbon is sequestered by plants in new and
future growth, how much nitrogen and other nutrients are absorbed from the soil
and how much water is returned to the atmosphere via transpiration. Current models
estimating growth periods and intensity are usually calibrated using phenological
observations from satellite remote-sensing (e.g., Pettorelli et al. 2005), or from field
observations (e.g., Menzel et al. 2006). This monitoring is based on activity of the
primary meristems and often assumes a direct link between primary and secondary
meristems functioning (Huang et al. 2014; Rossi et al. 2009a). To increase reliability
and resolution of the prediction of the impact of climate change on water and
carbon cycles, more observational description on how cambial activity affects the
physiology of the plant on a short and long-term perspective are necessary to
improve the new generation of process-based models relying on a description of the
cambial activity to simulate radial growth and related physiological processes at an
intra-annual scale (Schiestl-Aalto et al. 2015).

Monitoring xylogenesis shows that environmental factors substantially modulate
the duration and rate of growth processes of xylem and phloem cells. Several
studies have revealed a high plasticity of wood formation to various environmental
conditions in many different environments (Deslauriers et al. 2008; Camarero et al.
2010; Moser et al. 2010; Rossi et al. 2011a; Gryc et al. 2012; Vichrova et al. 2013;
Treml et al. 2015; Mendivelso et al. 2016), but also between species (Rossi et al.
2007; Cufar et al. 2008; Pérez-de-Lis et al. 2016; Ziaco and Biondi 2016), age and
size classes (Rossi et al. 2008a; Li et al. 2013, 2016) and social status (Rathgeber
et al. 2011). Among the environmental factors studied, temperature seems to be the
factor driving the onset of the growing season in temperate and boreal environments.
An inter-annual variation of up to 1 month has been observed in the timing of
wood formation across conifer species in Europe and Canada (Deslauriers et al.
2003, 2008; Rossi et al. 2008b; Gruber et al. 2010) and along altitudinal and
latitudinal gradients (Moser et al. 2010; Boulouf-Lugo et al. 2012; Cuny et al. 2015;
Rossi et al. 2016). Stem heating during the quiescent stage also demonstrated that
cambium reactivation in temperate or boreal environments is extremely sensitive
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to temperature and xylem differentiation was induced after 2 weeks of continuous
exposure independently of bud activity (Gricar et al. 2006). In the boreal forest,
a model predicts longer duration of xylogenesis at higher temperatures, with an
increase of 8-11 days/°C, because of an earlier onset and later ending of growth
(Rossi et al. 2011b). Insufficient water availability, like in a Mediterranean climate,
has also been related with the duration of the growing season. Effects of water
deficit include earlier culminations of the maximum growth rate, shorter periods
of growth and reductions in the number of tracheids produced (Eilmann et al. 2009;
Gruber et al. 2010; Balducci et al. 2013; Vieira et al. 2015). Shifts from the S-shaped
pattern (pattern 1, Fig. 2.1) to bimodal radial growth (pattern 2, Fig. 2.1) can even
be observed in non-Mediterranean species, depending on the timings of the drought
events during the growing season and on plant strategy (Giovannelli et al. 2007;
Balducci et al. 2015).

There is now a consensus that the determination of the intra-annual growth
pattern under different changing conditions yields important insights into the
possible ecological response of trees by modulating how the trees can perform under
current and future environment. Accounting for this more detailed information of
the growth patterns and their variability is fundamental to significantly improve the
process-based model of growth, with implications for up-scaled modelling of global
flux changes within climate change scenarios.

2.5 Concluding Remarks

Plant growth is inextricably linked to the environment. On the shortest and smallest
scales, the environmental conditions directly influence physiological processes. On
longer periods and wider spatial scales, environmental changes influence species
performance, distribution and community composition, which eventually influence
the regional and global climate. Understanding how the growth of plants responds
to these changes is a critical requirement for simulating ecosystem dynamics under
future climate. The study of xylem and phloem growth, through a highly resolved
and detailed description of how the environment affects the timing, rates and the
anatomy of the cell, is providing important contributions to the major scientific
challenges related to plant performance under climate change.

In the last decade, investigations on intra-annual dynamics of growth have gained
in popularity and are supplying a greater and deeper understanding of the secondary
growth processes with beneficial implications in many disciplines. Expanding the
studies to more environments and species will provide a more complete basis for
an up-scaled and up-dated process-oriented understanding of how cambium activity
and secondary growth responds to and influences global and local environmental
changes.
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Chapter 3
Dendroecological Studies in the Neotropics:
History, Status and Future Challenges

Jochen Schongart, Achim Briuning, Ana Carolina Maioli Campos Barbosa,
Claudio Sergio Lisi, and Juliano Morales de Oliveira

Abstract We review a vast literature of Neotropical forest science and wood
anatomical research that identifies 220 tree species from 46 botanical families
with confirmed annual tree-ring formation. External factors that trigger annual
growth rhythms include rainfall seasonality, annual long-term flooding (flood-
pulse), soil water salinity (mangroves), and, with increasing latitude and altitude,
photoperiod and temperature. Maximum ages for tropical angiosperms derived
from tree-ring analyses generally do not exceed 400-600 years; however, at
marginal sites characterized by extremely limited growth conditions individual
trees might get older. Dendroecological applications provide insights into tree
species’ ecology and forest dynamics. Analyses of growth trajectories and age-
size relationships of trees highlight considerable variability among individual trees,
species, and environments. In recent decades tree-ring studies in neotropical forests
have contributed new methods to project timber harvests and to evaluate and
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adjust management practices to increase the sustainability of forest management.
The better understanding of individual- and species-level growth patterns in the
Neotropics provides necessary empirical information to conserve and manage
tropical forests and the many ecosystem functions and services that they maintain.

Keywords Tropics ¢ Dendrochronology, tree rings * Wood anatomy ¢ Radiocar-
bon dating ¢ Longevity * Growth trajectories * Age-size relationships ¢ Forest
management, conservation

3.1 Introduction

Tropical regions support some of the most complex and species-rich terrestrial
ecosystems in the world. Tropical forests play an essential role in regional and global
biogeochemical and hydrological cycles. The Neotropics—the tropical region of
continental and insular America between 23°26" N and S—include the largest
area of rainforest and the largest watershed on earth, the Amazon basin. The
diverse hydroclimatic conditions, topography, and soils of the Neotropics host huge
complexes of savannahs, grasslands, woodlands, continental wetlands, mangroves,
semi-arid, dry, moist, and humid forests that support thousands of tree species (Slik
et al. 2015). Land-use changes associated with deforestation and fire due to the
expansion and intensification of agriculture, livestock production and logging, as
well as urban development, mining, hydroelectric dams, and other infrastructure
have caused unprecedented impacts to these environments (Davidson et al. 2012;
Venter et al. 2016). Ongoing anthropogenic climate change may cause further
impacts to these ecosystems, although they are difficult to project due to the
complexity of biosphere-atmosphere interactions with pervasive regional land-use
change. In this context it is of fundamental importance to understand how tropical
forests respond to global change. This requires information on their long-term
dynamics.

Retrospective analyses of tree rings give information on tree ages and growth
rates that can be applied in a large multi- and interdisciplinary field studying
the ecology of tree species (Brienen and Zuidema 2006a, b; Schongart et al.
2015), population dynamics and long-term dynamics of tropical forests related
to disturbance regimes (Baker et al. 2005; Rozendaal et al. 2010; Baker and
Bunyavejchewin 2017), and biomass productivity and mean residence time of
carbon (Schongart et al. 2010, 2011; Cintra et al. 2013). Tree-ring analyses also
allow reliable estimates of felling cycles, minimum logging diameters, and yield
projections that are the necessary empirical foundation of sustainable and adaptive
forest management practices in the tropics (Brienen and Zuidema 2007; Schongart
2008; De Ridder et al. 2013; Lépez et al. 2013). These applications contribute to the
conservation of tropical forest ecosystems and their multiple environmental services
(Worbes 2002; Brauning 2011; Rozendaal and Zuidema 2011).

For many decades the tropics have been a frontier for dendrochronology and
its applications due to the prevailing perception of aseasonal or continuous tree
growth in tropical trees. In high latitude temperate climates, the seasonal variation
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in temperature and photoperiod are the main trigger for cambial dormancy and
the formation of anatomically distinct tree rings (e.g., Fritts 1976; Schweingruber
1983). Towards the equator climate seasonality declines and becomes almost absent.
As a consequence, for many decades it was widely believed that tropical tree species
experienced relatively constant growth throughout the year and therefore did not
form annual growth rings (Studhalter et al. 1963; Whitmore 1975; Hallé et al. 1978;
Lieberman and Lieberman 1985).

Over the past two decades a monumental effort across a wide range of research
initiatives has changed this picture dramatically (Worbes 2002; Rozendaal and
Zuidema 2011; Zuidema et al. 2012; Brienen et al. 2016). In this chapter we
provide a short summary of the history of dendrochronology in the subtropics
and tropics of the Americas. We then review the existing literature and provide
an overview of Neotropical tree species that have proven annual growth rings.
We describe the different mechanisms of tree-ring formation in tropical trees,
considering also variability in wood anatomical patterns and the distinctiveness
of ring boundaries. We discuss the longevity of tropical trees, analyses of growth
patterns of tree species, age-size relationships among individuals, tree species and
forest ecosystems, and their applications and relevance for forest management and
conservation. We end the chapter with a summary of our main conclusions and an
outlook for future dendroecological research and applications in the Neotropics.

3.2 Tree Ring Studies in the Neotropics

3.2.1 History and Development of Tree-Ring Studies in the
Neotropics

Pioneering studies in the subtropics of the northern hemisphere were conducted in
the 1940s and 1950s by Schulman (1944, 1956) who developed the first tree-ring
chronologies on conifers in the region of Durango (northwestern Mexico) (Abies
durangensis, Pinus sp., Pseudotsuga menziesii) and south of Mexico City (Abies
religiosa) (see also Stahle et al. 2000). Since then a large number of multi-centennial
chronologies in the subtropics of North America have been made resulting in an
outstanding network of tree-ring chronologies from the southern USA and Mexico
and the reconstruction of regional climate variability over the past 600 years (Stahle
etal. 2016). The network includes several chronologies from tropical sites in Mexico
and Guatemala mainly developed with Taxodium mucronatum in riparian forests and
P. menziesii in montane regions (Stahle et al. 2000, 2011, 2012; Therrell et al. 2002).

In tropical Latin America the first dendrochronological studies only started in
the 1960s (Hastenrath 1963; Tschinkel 1966), nearly a century after a series of
remarkable tree-ring studies in South and Southeast Asia, mainly with Tectona
grandis provided the first evidence of annual tree-ring formation in the tropics
(Brandis 1879; Gamble 1881; Ursprung 1904; Geiger 1915; Coster 1927, 1928;
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Berlage 1931). The workshop on “Age and Growth Rate of Tropical Trees”
in New Haven (USA) in 1980 (Bormann and Berlyn 1981) and the follow-up
workshops (Baas and Vetter 1995; Eckstein et al. 1995) gave important impetus
for tree-ring analyses in the tropics by reviewing the existing knowledge on
tree-ring formation and emphasizing and promoting the application of tree-ring
analyses for future research. Since then dendrochronological studies have expanded
rapidly to subtropical and tropical regions (Hayden 2008). In the subtropics of the
southern hemisphere, dendrochronological studies started in the 1980s in northern
Argentina using the angiosperms Cedrela lilloi and Juglans australis (e.g., Villalba
et al. 1985) and the conifer Araucaria angustifolia in southern Brazil (Seitz and
Kanninen 1989; Steinbrenner 1989). Dendrochronological studies performed in the
central Amazonian floodplains showed evidence of annual tree ring formation as a
consequence of the regular and predictable annual flood pulse (Worbes 1984, 1985,
1986, 1988, 1989), while in the non-flooded humid upland forests (terra firme) of
central Amazonia and French Guyana, annual tree-ring formation was triggered by
rainfall seasonality (Détienne et al. 1988; Vetter and Botosso 1989). Radiocarbon
(1*C) dating was applied to various tree species from different tropical ecosystems
across the central Amazonian floodplains, the Guyana highlands in Venezuela (Gran
Sabana), and tropical mountain forests in Costa Rica (Worbes and Junk 1989).
During the last 20 years an almost exponential increase in dendrochronological
studies in the Neotropics has occurred (Rozendaal and Zuidema 2011). Based on
the accumulating evidence for annual ring formation in Neotropical tree species,
a range of tree-ring studies in ecology, climatology, archaeology, hydrology,
biogeochemistry, and forest management have been performed over this period
(Brienen et al. 2016).

3.2.2 Methods to Evidence Annual Growth Ring Formation

Several independent methods have been proposed and applied to evaluate the
annual nature of tree rings in the tropics (Worbes 1995). The monitoring of
stem diameter variations by dendrometer bands or high-resolution dendrometers
during consecutive years for several tree species of different neotropical ecosystems
provided empirical evidence of annual growth rhythms (Détienne et al. 1988;
Breitsprecher and Bethel 1990; Vetter 1995; Bullock 1997; Worbes 1999; Schongart
et al. 2002; Diinisch et al. 2003; Lisi et al. 2008; Brauning et al. 2009; Mehlig et al.
2010; Grogan and Schulze 2011; Lobdo 2011; Volland-Voigt et al. 2011; Blagitz
et al. 2016; Spannl et al. 2016). Monitoring of cambial activity either by measuring
the electrical resistance of the cambial zone by a shigometer (Worbes 1995) or by
wood anatomical analysis of monthly or seasonally sampled cambium tissues during
different periods of the year (dry and wet seasons) has also provided information on
the growth rhythms of Neotropical tree species (Marcati et al. 2006, 2008, 2016;
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Santarosa et al. 2007; Oliveira et al. 2009; Worbes and Raschke 2012; Callado et al.
2013; Morel et al. 2015). Such studies are often combined with regular observations
of leaf phenology, which offer insights into the physiological status of individual
trees. Cambial wounding studies, based on either artificial or mechanical injury
(Mariaux 1967), result in exactly datable scars in the wood and the formation of
callus tissues in consecutive years (Détienne et al. 1988; Détienne 1995; Vetter
1995; Worbes 1996, 1999; Callado et al. 2001; Menezes et al. 2003; Lisi et al.
2008; Locosselli et al. 2013). Fire scars due to the occurrence of large-scale fires
in known years can also create a distinct time marker (Worbes 1994; Lépez et al.
2012). Another anthropogenic time marker was produced in the atmosphere by
hundreds of aboveground thermonuclear weapon tests during the Cold War Era.
This resulted in a distinct increase in the mid-1960s and subsequent exponential
decrease (after the partial Nuclear Ban Treaty in 1963) in the environmental
concentration of the radioisotope '*C due to the uptake by the ocean’s surface,
terrestrial ecosystems, increasing fossil-fuel combustion, and atmospheric mixing
(Stuiver et al. 1981; Nydal and Lovseth 1983; Hua et al. 2013). As trees take up
14C through photosynthesis and incorporate the isotope in the cellulose, tree rings
formed during the post-bomb period can be dated by comparing '*C levels in the
cellulose of a single tree ring to '*C calibration curves describing the temporal
changes in atmospheric '*C concentration for different zones in the northern and
southern hemisphere (Hua et al. 1999, 2013). This method has been applied for
many tree species from different ecosystems of the tropical and subtropical regions
of the Americas to assess the annual nature of growth rings (Worbes and Junk
1989; Lisi et al. 2001; Fichtler et al. 2003; Dezzeo et al. 2003; Menezes et al.
2003; Brienen and Zuidema 2005; Westbrook et al. 2006; Jenkins 2009; Ballantyne
et al. 2011; Jiménez and del Valle 2011, Ramirez and del Valle 2011; 2012; Giraldo
and del Valle 2012; Soliz-Gamboa et al. 2011; Andreu-Hayles et al. 2015; Baker
et al. 2015; Santos et al. 2015; Assahira et al. 2017; Inga and del Valle 2017). The
formation of annual tree rings has also been demonstrated by counting the number
of rings in plantation trees of known age (Tschinkel 1966; Brienen and Zuidema
2005; Lopez et al. 2005; Abrams and Hock 2006; Hayden 2008; Ramirez Correa
et al. 2010; Costa et al. 2015; Schongart et al. 2015; Brandes et al. 2016) and
from naturally grown trees in secondary forests where local people have reliable
age information (Brienen et al. 2009). The majority of Neotropical studies that have
identified annual growth rings have used crossdated ring-width series from several
individuals of a species to produce a mean chronology and then demonstrated a
significant correlation to interannual climate variability (Villalba et al. 1985; Huante
etal. 1991; Devall et al. 1995; Worbes 1999; Enquist and Leffler 2001; Diinisch et al.
2003; Morales et al. 2004; Schongart et al. 2004, 2005; Speer et al. 2004; Brienen
and Zuidema 2005, Rodriguez et al. 2005; Lépez et al. 2006; Brauning et al. 2009;
Brienen et al. 2010a, 2011, 2013; Oliveira et al. 2010; Fichtler et al. 2010; Lobao
2011; Lépez and Villalba 2011, 2016a; Ramirez and del Valle 2011, 2012; Soliz-
Gamboa et al. 2011; Locosselli et al. 2013, 2016a, b; Espinoza et al. 2014; Pagotto
et al. 2015; Paredes-Villanueva et al. 2013, 2015, 2016; Pucha-Cofrep et al. 2015).



40 J. Schongart et al.
3.2.3 Occurrence of Annual Tree Rings in the Neotropics

Zuidema et al. (2012), Schongart (2013) and Brienen et al. (2016) have provided
recent reviews of tropical tree species with confirmed annual tree rings from the
voluminous forest science and wood anatomy literature. Table 3.1 presents an
updated list that includes more than 100 studies identifying 220 tree species with
confirmed annual tree rings from 46 botanical families from the Neotropics (Fig.
3.1). Our review does not consider wood anatomical descriptions of tree rings that
do not provide independent evidence of their annual nature (e.g., Worbes 2002;
Roig et al. 2005; Gutiérrez and Ramos 2013; Silva et al. 2016). The reviewed
studies include diverse ecosystems and biomes, such as semi-arid, dry, semi-
deciduous, moist and humid forests, savannahs, floodplains and mangroves, and
premontane and montane regions, with mean annual precipitation ranging from <50
to >4200 mm. The number of tree species with confirmed annual tree ring formation
in the tropics of America is higher than in the paleotropical regions of Africa,
Southeast Asia and Oceania (Hayden 2008; Brienen et al. 2016). This still rather
conservative estimate of species with annual growth rings in the Neotropics indi-
cates that about one-third of the species with confirmed annual tree-ring formation
belong to the Fabaceae (72 spp.), followed by the families Bignoniaceae (15 spp.),
Meliaceae (11 spp.) and Malvaceae (10 spp.). At the genus level Handroanthus
(Bignoniaceae, 8 spp.), Cedrela (Meliaceae) and Tabebuia (Bignoniaceae) (5 spp.
each), Cariniana (Lecythidaceae), Dipteryx (Fabaceae), Pinus (Pinaceae), Polylepis
(Rosaceae), and Terminalia (Combretaceae) (4 spp. each) have the highest number
of tree species with annual ring formation. The largest number of records exist
for Cedrela odorata, which has been studied in forests from Brazil, Bolivia, Peru,
Venezuela, and Mexico.

3.2.4 Triggering Factors for Annual Tree-Ring Formation

Tropical trees form annual growth rings when unfavorable environmental conditions
that cause cambial dormancy regularly occur in one period of the year (Worbes
2002; Rozendaal and Zuidema 2011). Vast tropical regions have a distinct rainfall
seasonality, which induces an annual growth rhythm and the formation of annual
tree rings (e.g., Worbes 1995; 1999; Devall et al. 1995; Vetter 1995; Enquist and
Leffler 2001; Diinisch et al. 2003; Brienen and Zuidema 2005; Volland-Voigt et al.
2011; Callado et al. 2013; Marcati et al. 2016; Spannl et al. 2016). The rainfall
seasonality in catchment areas of large tropical rivers results in a monomodal flood-
pulse (Junk et al. 1989) that triggers annual growth rhythms of tree species in the
vast floodplains along the Amazon River and its major tributaries (Worbes 1986;
Schongart et al. 2004, 2005), but also in other floodplains (Dezzeo et al. 2003;
Herrera and del Valle 2011; Montanher 2012). The anoxic soil conditions during
flooding hinder the uptake of water by the root system and the affected trees either
shed their leaves and remain deciduous until the flood waters recede or gradually
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Table 3.1 Tree species of the tropical Americas with confirmed annual tree rings (between 23°26/

North and South)

Family
Anacardiaceae

Annonaceae

Apocynaceae

Araucariaceae

Betulaceae
Bignoniaceae

Boraginaceae

Burseraceae

Calophyllaceae

Capparaceae

Caryocaraceae
Celastraceae

Clusiaceae

Cochlospermaceae

Combretaceae

Connaraceae
Cupressaceae

Tree species

Astronium graveolens, Schinopsis
brasiliensis, Tapirira cf. guianesis

Annona spraguei, Annona sp.,
Guatteria aeruginosa, Rollinia
Jimenezii,

Aspidosperma polyneuron, A.
pyrifolium, A. tomentosum, Thevetia
ahouai

Araucaria angustifolia

Alnus acuminata

Handroanthus barbatus, H.
chrysanthus, H. heterophyllus, H.
impetiginosus, H. ochraceus, H.
pentaphyllus, H. serratifolius, H.
umbellatus, Jacaranda copaia,
Tabebuia aurea, T. billbergii, T.
donnell-smithii, T. rosea, T.
cassinoides, Zeyheria tuberculosa

Cordia alliodora, C. thaisiana

Bursera graveolens, B. instabilis, B.
simaruba, Protium pittieri, P.
hebetatum

Calophyllum angulare, C.
brasiliense

Capparis indica, Capparis
odoratissima, Colicodendron
scabridum

Caryocar glabrum
Goupia glabra

Moronobea coccinea, Platonia
insignis, Symphonia globulifera
Cochlospermum vitifolium

Laguncularia racemosa, Terminalia
amazonica, T. catappa, T.
guyanensis, T. quintalata

Rourea sp.
Taxodium mucronatum

References

Worbes and Junk (1989), Maria
(2002), Lisi et al. (2008), Cardoso
(2014), and Lépez and Villalba
(2016a)

Devall et al. (1995), Fichtler et al.
(2003), and Brienen et al. (2009)

Lisi et al. (2008), Brienen et al.
(2009), Mendivelso et al. (2013), and
Pagotto (2015)

Seitz and Kanninen (1989), Lisi et al.
(2001), Santarosa et al. (2007),
Oliveira et al. (2009, 2010), and
Santos et al. (2015)

Morales et al. (2004)

Worbes (1988), Mattos (1998),
Callado et al. (2001), Schongart et al.
(2002), Hayden (2008), Lisi et al.
(2008), Brienen et al. (2009), Chagas
(2009), Jenkins (2009), Volland-Voigt
et al. (2011), Leite (2012), Worbes
and Raschke (2012), Mendivelso

et al. (2013), and Garcia-Cervigén

et al. (2017)

Tschinkel (1966), Devall et al.
(1995), Worbes (1999), Brienen et al.
(2009), and Bricefio et al. (2016)
Fichtler et al. (2003), Rodriguez et al.
(2005), Hayden (2008), Worbes and
Raschke (2012), Pucha-Cofrep et al.
(2015), Ohashi et al. (2016), and
Garcia-Cervigén et al. (2017)

Vetter (1995) and Botosso et al.
(2000)

Enquist and Leffler (2001), Ramirez
and del Valle (2011), and
Garcia-Cervigén et al. (2017)
Détienne et al. (1988) and Détienne
(1995)

Détienne et al. (1988), Détienne
(1995), and Vetter (1995)

Détienne et al. (1988), Détienne
(1995), and Callado et al. (2001)

Bullock (1997)

Worbes (1999), Estrada et al. (2008),
Chagas (2009), Fichtler et al. (2010),
and Mendivelso et al. (2013)

Worbes and Junk (1989)

Therrell et al. (2002) and Stahle et al.
(2011)

(continued)
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Table 3.1 (continued)

Family
Ebenaceae
Euphorbiaceae

Fabaceae

Tree species
Diospyros salicifolia

Alchornea glandulosa, A. sidifolia,
A. triplinervia, Cnidoscolus
spinosus, Croton floribundus, C.
sonderianus, Euphorbia
schlechtendalii, Hura crepitans
Acacia cochliacantha, A.
uzumacintla, Acosium cardenasii, A.
nitens, Albizia hassleri, A.
multiflora, A. niopoides, Amburana
cearensis, Anadenanthera
macrocarpa, Balizia elegans,
Caesalpinia ferrea, C. pluviosa,
Campsiandra laurifolia, Cedrelinga
catenaeformis, Centrolobium
microchaete, C. tomentosum, C.
robustum, Clitoria cearensis,
Copaifera langsdorffii, C. multijuga,
Dalbergia brownei, D. nigra,
Dialium guianense, Dicorynia
guianensis, Dipteryx alata, D.
micrantha, D. odorata, D.
panamensis, Enterolobium
schomburgkii, Eperua bijiga,
Geoffroea spinosa, Hymenaea
courbaril, H. stigonocarpa,
Hymenolobium mesoamericanum,
Inga edulis, 1. vera, Lonchocarpus
cruentus, L. emarginatus, L.
torresiorum, Machaerium
incorruptibile, M. scleroxylon, M.
villosum, Macrolobium acaciifolium,
Mimosa acantholoba, M. tenuiflora,
Myroxylon balsamum, Parkia nitida,
P. pendula, Parkia sp., Parkinsonia
praecox, Peltogyne cf. heterophylla,
Peltophorum dubium, Pentaclethra
macroloba, Piptadenia
gonoacantha, Piscidia
carthagenensis, Platycyamus
regnellii, Poincianella pyramidalis,
Prioria copaifera, Prosopis ferox, P.
pallida, Pterocarpus rohrii, P.
vernalis, Pterodon pubescens,
Recordoxylon speciosum,
Schizolobium parahyba, Senna
multijuga, Swartzia laevicarpa, S.
polyphylla, Sweetia fruticosa,
Tachigali vasquezii, Vouacapoua
americana

J. Schongart et al.

References
Worbes and Raschke (2012)

Bullock (1997), Callado et al. (2001),
Silva (2006), Lisi et al. (2008),
Brienen et al. (2009), Lopez et al.
(2012), Nascimento (2013), and van
der Sleen et al. (2014)

Détienne et al. (1988), Worbes and
Junk (1989), Tsuchiya (1994),
Détienne (1995), Vetter (1995),
Worbes et al. (1995), Ishii (1998),
Worbes (1999), Botosso et al. (2000),
Maria (2002), Schongart et al. (2002,
2005), Dezzeo et al. (2003), Fichtler
et al. (2003), Morales et al. (2004),
Brienen and Zuidema (2005), Lopez
et al. (2005, 2006), Lisi et al. (2008),
Marcati et al. (2008), Brienen et al.
(2009, 2010a, 2011, 2013), Jenkins
(2009), Zumaeta (2009), Grogan and
Schulze (2011), Herrera and del Valle
(2011), Jiménez and del Valle (2011),
Lobao (2011), Lépez and Villalba
(2011), Ramirez and del Valle (2012),
Soliz-Gamboa et al. (2011), Giraldo
and del Valle (2012), Lopez et al.
(2012), Montanher (2012), Worbes
and Raschke (2012), Locosselli et al.
(2013, 2016b), Mendivelso et al.
(2013), Nascimento (2013),
Paredes-Villanueva et al. (2013, 2015)
van der Sleen et al. (2014), Vogado
(2014), Costa (2014), Costa et al.
(2015), Latorraca et al. (2015), Mattos
et al. (2015), Morel et al. (2015),
Pagotto et al. (2015), Brandes et al.
(2016), Carmo (2016), Medeiros
(2016), Vasconcellos et al. (2016),
Assabhira et al. (2017), and
Garcia-Cervigén et al. (2017)

(continued)
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Table 3.1 (continued)

Fagaceae
Hypericaceae
Juglandaceae

Lamiaceae

Lauraceae

Lecythidaceae

Malvaceae

Melastomataceae
Meliaceae

Moraceae

Myristicaceae

Quercus copeyensis, Q. costaricensis
Vismia camparaguey
Juglans australis, J. neotropica

Aegiphila sellowiana, Gmelina
arborea, Vitex cymosa

Aniba rosaeodora, Nectandra
amazonum, Ocotea porosa, O.
tenera, Persea americana

Bertholletia excelsa, Cariniana
estrellensis, C. ianeirensis, C.
legalis, C. micrantha, Gustavia
augusta, Lecythis corrugate

Bombacopsis quinata, Ceiba
parvifolia, C. pentandra, Guazuma
ulmifolia, Luehea candida, L.
cymulosa, Pseudobombax
marginatum, P. munguba, P.
spetenatum, Scleronema micranthum
Miconia glaberrima, M. trinervia

Cabralea canjerana, Carapa
guinanesis, C. procera, Cedrela
angustifolia, C. fissilis, C. lilloi, C.
montana, C. odorata, Swietenia
macrophylla, Trichilia casretti, T.
clausserii

Castilla elastica, Clarisia racemosa,
Ficus boliviana, F. maxima, Maclura
tinctoria, Pseudolmedia laevis,
Sorocea duckei

Virola mellionii

43

Worbes and Junk (1989)
Brienen et al. (2009)

Villalba et al. (1985), Morales et al.
(2004), and Inga and del Valle (2017)

Maria (2002), Schongart et al. (2002),
Hayden (2008), and Lisi et al. (2008)
Botosso and Vetter (1991), Maria
(2002), Schongart et al. (2002),
Anchukaitis et al. (2008), and Chagas
(2009)

Détienne (1995), Maria (2002),
Schongart et al. (2002, 2015), Funck
(2004), Rigozzo et al. (2012), Brienen
and Zuidema (2005), Lisi et al.
(2008), Lopez et al. (2012), and van
der Sleen et al. (2014)

Worbes and Junk (1989), Devall et al.
(1995), Vetter (1995), Worbes (1999),
Schongart et al. (2002), Hayden
(2008), Brienen et al. (2009), Jenkins
(2009), Nogueira (2011), and Worbes
and Raschke (2012)

Brienen et al. (2009)

Détienne et al. (1988), Villalba et al.
(1998), Détienne (1995), Vetter
(1995), Worbes (1999), Botosso et al.
(2000), Maria (2002), Diinisch et al.
(2003), Brienen and Zuidema (2005),
Marcati et al. (2006), Westbrook et al.
(2006), Hayden (2008), Brauning et
al. (2009), Jenkins (2009), Rosero
Alvorado (2009), Fichtler et al.
(2010), Ballantyne et al. (2011),
Grogan and Schulze (2011), Lobao
(2011), Brienen et al. (2012), Ferreira
(2012), Worbes and Raschke (2012),
Anholetto (2013), Barbosa et al.
(2013), Nascimento (2013), Espinoza
et al. (2014), Baker et al. (2015),
Paredes-Villanueva et al. (2016),
Pereira et al. (2016), Volland et al.
(2016), and Inga and del Valle (2017)
Worbes and Junk (1989), Brienen et
al. (2009), Soliz-Gamboa et al.
(2011), Lépez et al. (2012),
Andreu-Hayles et al. (2015), and
Pucha-Cofrep et al. (2015)

Détienne et al. (1988) and Détienne
(1995)

(continued)
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Table 3.1 (continued)

Family
Myrtaceae

Picrodendraceae
Pinaceae

Phyllanthaceae
Podocarpaceae
Rhamnaceae
Rhizophoraceae

Rosaceae

Rubiaceae
Rutaceae

Sapotaceae

Simaroubaceae
Ulmaceae

Verbenaceae
Vochysiaceae

Tree species

Moyrcia sp., Psidium acutangulum, P.
ovatifolium

Piranhea trifoliata

Abies religiosa, Pinus caribaea, P.
hartwegii, P. lagunae, P.
occidentalis, Pseudotsuga menziesii

Savia dictyocarpa
Podocarpus lambertii
Hovenia dulcis
Rhizophora mangle

Polylepis pepei, P. rugulosa, P.
subsericans, P. tarapacana, Prunus
myrtifolia

Genipa americana
Balfourodendron riedelianum,
Citrus sinensis, Esenbeckia
leiocarpa, Euxylophora paraensis,
Zanthoxylum caribaeum, Z.
kellermanii

Chrysophyllum gonocarpum,
Manilkara bidentata, M. huberi,
Pouteria orinocoensis

Simarouba amara
Ampelocera ruizii

Tectona grandis
Vochysia divergens

J. Schongart et al.

References

Worbes (1994) and Dezzeo et al.
(2003)

Schongart et al. (2002, 2004)
Huante et al. (1991), Worbes (1999),
Biondi (2001), Biondi et al. (2003),
Therrell et al. (2002), Speer et al.
(2004), and Stahle et al. (2016)

Lisi et al. (2008)

Locosselli et al. (2016a)

Chagas (2009)

Menezes et al. (2003), Mehlig et al.
(2010), Ramirez Correa et al. (2010),
and Souza et al. (2016)

Argollo et al. (2004), Morales et al.
(2004), Christie et al. (2009), Soliz
et al. (2009), Ballantyne et al. (2011),
Moya and Lara (2011), Jomelli et al.
(2012), Nascimento (2013), and
Baker et al. (2015)

Enquist and Leffler (2001)
Ferreira-Fedele et al. 2004, Abrams
and Hock (2006), Lisi et al. (2008),
Brienen et al. (2009), and Andrade
etal. (2017)

Détienne (1995), Vetter (1995),
Dezzeo et al. (2003), Pinto (2012),
and Nascimento (2013)

Détienne et al. (1988) and Détienne
(1995)

Lopez et al. (2012) and van der Sleen
et al. (2014)

Worbes (1999)

Ishii (1998), Fortes (2006), and Sallo
etal. (2017)

Some of the genera and families changed due to taxonomic revisions since the year of publication
of the indicated references

(evergreen) or rapidly (brevi-deciduous) replace them during the flooding period,
resulting finally in a cambial dormancy (Schongart et al. 2002). For mangroves
there is still a controversial discussion about the formation of tree rings due to
the complex dynamics of ecological drivers that may influence tree growth (Robert
et al. 2011). Studies in the mangroves of Colombia (Ramirez Correa et al. 2010),
southeast (Estrada et al. 2008; Souza et al. 2016) and southeast Brazil (Menezes
et al. 2003) have reported the formation of annual tree rings in the wood of
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Fig. 3.1 Occurrence of tree species (see also Table 3.1) with annual tree rings in the Neotropics
(between 23°26’ North and South)

Rhizophora mangle and Laguncularia racemosa using various dendrochronological
methods. In these specific cases the annual variation in soil water salinity seems to
trigger the formation of annual rings, with lower salinity concentrations during the
rainy season due to fresh water input favoring tree growth (Robert et al. 2011). The
mangrove species Avicennia marina has an uncommon secondary growth with more
than one simultaneously active successive cambia, leading to a network of non-
annual ring boundaries probably triggered by endogenous factors, but also related to
tree size and site conditions (Schmitz et al. 2007; Robert et al. 2011). The onset and
cessation of cambial activity of branches from 10 tree and shrub species growing in
the savannahs (Cerrado) of southeast Brazil seemed to be best explained by variation
in day length which increases with increasing latitude, although precipitation and
temperature also indicated significant correlations with cambial activity (Blagitz et
al. 2016; Marcati et al. 2016). These environmental factors are also considered as
main triggers of cambial dormancy and tree-ring formation in subtropical mountain
ecosystems of Brazil (Oliveira et al. 2009).

3.2.5 Wood Anatomical Features and Distinctiveness of Tree
Rings

While the wood anatomical patterns of tree rings from tropical and subtropical
conifers is similar to those from boreal and temperate regions, tropical broadleaved
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species present some distinct differences (Worbes 1989). Despite the enormous
diversity of tropical angiosperms, the wood anatomical features of growth rings
can be distinguished by four basic types first described by Coster (1927, 1928) for
broadleaved tree species from Java and later adopted by Worbes (1989; 2002). This
wood anatomical characterization has been applied in many studies to identify and
define tree ring boundaries. The first type, typical for tree species of the families
Annonaceae, Burseraceae, Euphorbiaceae, Lauraceae, Malvaceae, and Salicaceae,
is a distinct intra-annual variation in wood density due to change in lumen and
cell wall thickness of fibers, similar to the well-known earlywood and latewood
formation of tracheids in conifers (Fig. 3.2). Often, these ring boundaries can be
distinguished as flattened and thickened fiber walls (Silva et al. 2016). The second
type, typified by many tree species from the families Bignoniaceae, Fabaceae, and
Meliaceae, has ring boundaries delimited by marginal parenchyma, although the
nature of this parenchyma tissue can be either terminal or initial (Wilczek et al.
2014) or, as in the case of Cedrela fissilis, both (Marcati et al. 2006). The third type,
common amongst Chrysobalanaceae, Lecythidaceae, Moraceae, and Sapotaceae is
an alternating pattern of fiber and parenchyma bands with the bands becoming
narrower towards the end of the growth ring. The fourth type, which is defined
by intra-annual variations in the vessel size and density (ring-porous or semi-porous
rings), is less common in the tropical lowlands (Worbes 2002; Lisi et al. 2008; Silva
et al. 2016) and often occurs in combination with the previous described anatomic
patterns (Brienen et al. 2016). Vessel arrangements, especially ring-porosity, seem
to be more frequent in environments with temperature seasonality (Alves and
Angyalossy-Alfonso 2000).

The distinctiveness of growth rings depends on the interaction between genet-
ically defined wood anatomy and abiotic factors such as rainfall, temperature
and flooding influencing the tree physiology and leaf phenology (Borchert 1999;
Brienen et al. 2016). In a review of 491 species from 133 genera and 22 families
from different Brazilian biomes, Alves and Angyalossy-Alfonso (2000) demon-
strated that 48% of the analyzed species possessed distinct tree rings. Analyzing
the suitability of 139 species for tree-ring analysis across South America, Worbes
(2002) showed that the distinctiveness of annual rings often varies between life
stages with tree rings clear in the adult phases and absent or vague in the juvenile
phases, or vice versa. From 117 tree species examined in the Brazilian Coastal
Atlantic forest, 53-59% formed distinct tree rings (Silva et al. 2016). Tomazello
Filho et al. (2004) observed distinct tree rings for 46% of 41 species analyzed
in the rainforests and savannahs of southeast Brazil. For the Peruvian rainforest
Gutiérrez and Ramos (2013) report a lower percentage (30% of 80 tree species)
with distinct annual growth rings. Similar findings were highlighted by Roig et al.
(2005) for the dry forests of Mexico with 35% of 52 studied tree species indicating
potential for dendrochronological applications. Other studies demonstrate that the
formation of distinct tree rings depends also on the seasonality of the environmental
conditions (Geiger 1915; Coster 1927). Trees of a species growing at sites with
a distinct seasonality form clearly visible tree rings, which may be vague or even
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(a) Ocotea cymbarum (Lauraceae)

(b) Macrolobium acaciifolium (Fabaceae)

(c) Hymenaea courbaril (Fabaceae)

(e) Ficus insipida (Moraceae)

(g) Eschweilera ovalifoila (Lecythidaceae)

(d) Copaifera langsdorfii (Fabaceae)

(f) Piranhea trifofiata (Picrodendraceae)

(h) Handroanthus barbatus (Bignoniaceae)

Fig. 3.2 Wood anatomical features of tree rings from tropical species from Central Amazonian
tree species. Tree rings defined by intra-annual variation of wood density (a, b), by marginal
parenchyma bands (c, d), by repeating fiber and parenchyma bands (e—g) and by variation in vessel
size and distribution (h). Tree ring boundaries are indicated, the horizontal bar corresponds to 1 mm
length, growth direction from left fo right. Tree species originate from the central Amazonian
floodplains (a, b, e-h) and non-flooded upland forests (c) as well as from semi-deciduous forests
of southeast Brazil (d)

absent in the same species growing at sites with a weak or irregular seasonality
(Geiger 1915; Brienen et al. 2016). For tree-ring studies it is therefore important to
carefully examine the wood anatomy of species explored for the first time as well as
previously studied species at new sites with different environmental conditions.
Tropical species frequently present tree-ring anomalies (e.g., Worbes 2002;
Roig et al. 2005; Brienen et al. 2016) such as wedging rings or partially missing
rings, which trees form during one or consecutive years in just one section
of the circumference. These anomalies are commonly found in trees growing
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under poor light conditions with increased interspecific competition resulting in
differences of the local supply of phytohormones, water, minerals and carbohydrates
(Diinisch et al. 1999). Some taxa such as Annonaceae (Worbes 2002) or Araucaria
angustifolia (Oliveira et al. 2010) tend to form wedging tree rings quite frequently.
Another commonly reported problem in tree-ring analysis of tropical species is the
occurrence of false rings and double rings (Worbes 2002; Brienen et al. 2016), which
might result from occasional rainfall events during the dry season (Worbes 1995)
or due to exceptional, but short-lived, drought events during the growing season
(Schongart et al. 2002).

3.3 Longevity of Neotropical Tree Species

There is considerable controversy in the scientific literature concerning the max-
imum age of tropical trees (Martinez-Ramos and Alvarez-Buylla 1998; Worbes
and Junk 1999; Laurance et al. 2004; Schongart et al. 2015; Brienen et al. 2016).
Maximum age is an ecological parameter of broad relevance for forest ecology,
dynamics and productivity, disturbance regimes, biogeochemical cycles, natural
resource management, and conservation of tropical forests. In central Amazonian
terra firme forests, radiocarbon dating of some angiosperm tree species indicated
remarkably long-lived individuals of Cariniana micrantha (1370 years), Dipteryx
odorata (1180 years) (Chambers et al. 1998), and Bertholletia excelsa (996 years)
(Vieira et al. 2005). Radiocarbon dating, however, often has the problem of wide
age ranges associated with dating uncertainties (Petrillo et al. 2016). During the
Industrial Revolution, the combustion of fossil fuel resulted in highly varying atmo-
spheric radiocarbon concentrations (Suess effect), which limits the application of
direct '*C-dating to examine the age of tropical trees (Worbes 2002). Furthermore,
the calibration curves for the Southern Hemisphere applied for '“C-dating of trees
in the tropics of South America (SH1-2 and SH3 zones; Hua et al. 2013) were
built with dated material mainly from the Eastern Hemisphere at latitudes >18° S
(Andreu-Hayles et al. 2015). Atmospheric circulation and the seasonal displacement
of the Intertropical Convergence Zone (ITCZ) interact with variations of biogenic
and anthropogenic sinks and sources along latitudinal and longitudinal gradients
over ocean surfaces and land masses and might cause spatial and temporal variations
in atmospheric CO, concentrations. Hence, there is an urgent need to develop
14C calibration curves from exactly dated tree rings of long-lived species from
different tropical regions of South America to improve radiocarbon dating accuracy
especially for the pre-bomb period (Santos et al. 2015).

Tree-ring analyses in subtropical and tropical regions of the Americas indicate
longevities of more than 1000 years only for the gymnosperms Taxodium mucrona-
tum and T. distichum growing in the swamp forests of central Mexico, Guatemala,
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and the southern USA (Stahle et al. 2012). However, most angiosperms in the
tropical lowlands are substantially younger with reported maximum ages of not
more than 400-600 years (Worbes and Junk 1999; Fichtler et al. 2003; Schongart
et al. 2005, 2015; Brienen and Zuidema 2006a, b; Worbes and Fichtler 2010;
Brienen et al. 2016), similar to maximum life-spans for temperate angiosperm tree
species (Loehle 1988; Schweingruber and Wirth 2009; Di Filippo et al. 2015).
A recent review of maximum ages for 71 tropical tree species based on tree-
ring analyses (Brienen et al. 2016) resulted in a median observed maximum age
of 200 years. Only a few species in the Neotropics have confirmed maximum
tree ages exceeding 400 years. Among these are Bertholletia excelsa, Cariniana
micrantha, and Dipteryx micrantha from non-flooded Amazonian terra firme forests
(Funck 2004; Brienen and Zuidema 2006a, b; Jenkins 2009; Schongart et al. 2015),
Macrolobium acaciifolium growing in oligotrophic black-water floodplains (igap6)
of central Amazonia (Schongart et al. 2005), and Hymenolobium mesoamericanum
growing in humid forests of Costa Rica (Fichtler et al. 2003). Hence, there is a
discrepancy between evidences of longevities for tropical angiosperms based on
tree-ring studies and proposed maximum tree ages of up to 1000 years and more
based on '*C-dating (Chambers et al. 1998; Vieira et al. 2005).

In boreal, temperate, and semi-arid climate zones tree ages are based on ring
counts and dendrochronological crossdating techniques. Ancient trees with multi-
millenial ages are all gymnosperms such as Juniperus occidentalis, Pinus aristata,
P. balfouriana, P. longaeva, Sequoiadendron giganteum, Sequoia sempervirens,
Taxodium distichum and Thuja occidentalis in the USA or Fitzroya cupressoides
in Chile (Brown 1996; Larson et al. 2000; Schweingruber and Wirth 2009; Stahle
et al. 2012). Maximum tree ages reported for angiosperms, however, result in much
lower ages; for example, Weinmannia trichosperma and Liriodendron philippiana
in temperate forests of southern Chile, which reach maximum ages of more than
600 years (Lara 1991; Lusk 1999) and Quercus douglasii in California with ages
over 500 years (Stahle et al. 2013). Polylepis tarapacana (Rosaceae) growing at
the upper tree line in the subtropical and tropical Andean Altiplano at altitudes of
more than 4500 m above sea level shows ages above 700 years (Soliz et al. 2009).
These ancient trees are generally found at marginal sites where environmental
factors such as temperature, inundation, fire, drought and edaphic factors strongly
limit tree growth (Schweingruber and Wirth 2009; Di Filippo et al. 2015). Often,
only one or a few tree species possess the morphological, anatomical, biochemical,
and physiological adaptations to establish and survive under these unfavorable
growing conditions at the edge of forest occurrence, leading to the formation
of monodominant or even monospecific stands characterized by low intra- and
interspecific competition. The constellation of unfavorable environmental growing
conditions and low competition at extreme sites allows the trees to reach great ages.
Furthermore, these ancient trees have a typical morphology characterized by often
longitudinally twisted stems, associated with crown dieback, hollow voids or
heart rot, and bark-covered knobs on the stem (Stahle 1996). Trees with such
morphological characteristics have also been found in the Jai National Park in
central Amazonia, where Eschweilera tenuifolia forms open monospecific stands.
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In these nutrient-poor black-water floodplain forests, trees grow under stable geo-
morphological conditions with low competition and are limited by annual flooding
of more than 8 m amplitude and an average duration of more than 10 months.
Preliminary data on the average annual increment of 118 trees of different size
estimate long-term annual diameter increments of 1.38 4 0.30 mm. Mean passage
times through 10-cm diameter classes varied between 47 and 78 years, suggesting
that trees with diameters of more than 140 cm might be more than 1000 years old
(Junk et al. 2015). This leads to the hypothesis that tropical angiosperms reach
maximum longevities at marginal sites characterized by extremely limited growth
conditions requiring sophisticated adaptations of tree species to local site conditions.
The resulting stands are monodominant formations with open structure resulting in
low intra-specific competition that contrasts sharply with forest occurrence in areas
more optimal for growth such as the Amazonian terra firme that are characterized
by high tree species diversity and inter-tree competition.

3.4 Growth Patterns of Tropical Trees

Age and growth rates of tree species provide fundamental insights on forest ecology
and dynamics. Retrospective analysis of tree-ring series allows a detailed recon-
struction of individual growth over the course of an entire lifespan. Furthermore, it
provides insights into long-term growth variations among individuals and yields
representative and reliable growth data from individuals that have successfully
established in the canopy (Brienen and Zuidema 2006a). Such information cannot
be obtained using radiocarbon dating or short-term increment measurements derived
from permanent monitoring plots or dendrometers (Schongart 2008; Rozendaal et
al. 2010). Simulations of growth trajectories based on short-term measurements
from monitoring trees of different diameter classes generally include slow-growers
from small sizes classes as part of the modeling approach (e.g., Lieberman and
Lieberman 1985; Nebel et al. 2001). However, many of these individuals do not
reach mature size (Free et al. 2014), which can result in underestimates of juvenile
growth and, consequently, overestimates of lifespans of tree species (Brienen and
Zuidema 2006a; Rozendaal et al. 2010; Schongart 2010).

The growing evidence for annual growth ring formation in tropical trees
(Table 3.1, Fig. 3.1) has led to many dendroecological studies in recent decades that
have contributed to the knowledge on tree growth dynamics by providing data for
age-size variation within and among tropical tree species and ecosystems (Brienen
and Zuidema 2006a, 2007; Schongart 2008, 2010; Rozendaal et al. 2010; Rozendaal
and Zuidema 2011; Jiménez and del Valle 2011; Giraldo and del Valle 2012; L6pez
et al. 2013; Free et al. 2014; Rosa et al. 2017; Locosselli et al. 2017), the role
of growth autocorrelation and persistent growth (Brienen et al. 2006; Brienen
and Zuidema 2007), and canopy accession patterns (Brienen and Zuidema 2006a;
Brienen et al. 2010b; Schongart et al. 2015). Age-size relationships are available
for many tree species in different tropical regions of America such as the semi-
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deciduous forests of Venezuela (Worbes 1999) and Bolivia (Brienen and Zuidema
2006a; Rozendaal and Zuidema 2011), the Bolivian savannahs (L6pez et al. 2013),
the central Amazonian floodplains (Rosa 2008; Schongart 2008, 2010; Leoni
et al. 2011), and the terra firme forests of the Southern Amazon basin (Free et al.
2014). Recently published studies compare age-size relationships of Calophyllum
brasiliense from several wetland types (Rosa et al. 2017) and Hymenaea spp.
from different forest ecosystems (Locosselli et al. 2017) across different Brazilian
ecoregions.

Mean age-size relationships of species growing in the same ecosystem show large
variation as evidenced by characteristic species of different successional stages from
the nutrient-rich and highly dynamic white-water floodplains (vdrzea) of central
Amazonia (Fig. 3.3a). Mean ages of similarly sized trees varies by a factor of up
to 20 between fast-growing pioneer species with low wood densities and short
lifespans of not more than a few decades and slow-growing species from the late
successional stages with high wood densities and lifespans of more than 300 years.
Age-size relationships based on average growth data, however, do not consider
growth variations among individual trees of a species. Brienen et al. (2016) found
that for trees 10 cm in diameter of a Cedrela odorata population growing in Bolivian
moist forests, ages ranged from 9 to 75 years. Free et al. (2014) described Swietenia
macrophylla growing in terra firme forests of Southern Amazonia that had ages at
30 cm diameter that ranged from 8 to 88 years. Such broad variation among trees can
be explained by differences between individuals in light and water availability, as
well as soil fertility and genetic differences (Brienen and Zuidema 2006a; Brienen
et al. 2010b; Rozendaal et al. 2010; Free et al. 2014). In the central Amazonian
floodplain forests Macrolobium acaciifolium trees growing in the nutrient-rich
varzea had ages ranging from 23 to 71 years for a diameter of 30 cm, contrary
to the nutrient-poor black-water system (igapd) where trees at this size were much
older (61-158 years) (Fig. 3.3b).

Individual tree growth is often autocorrelated, implying temporal correlations
between growth rates in subsequent years (Brienen et al. 2006; Free et al. 2014).
Juvenile trees, in particular, tend to have strongly autocorrelated growth which is
likely due to different light conditions during their establishment. Such growth
differences among individual trees can persist over long time periods leading to
strong variations in growth trajectories and consequently age-size relationships
within a population (Brienen et al. 2010b; Rozendaal et al. 2010). Analyses
of growth suppressions and releases in growth trajectories during the phase of
canopy establishment provide important information on the shade tolerance of
a tree species, forest dynamics, and disturbance regimes. So far only a few
tropical dendroecological studies have exploited the potential of tree-ring analysis
to focus on these aspects of forest stand dynamics (Baker et al. 2005; Baker and
Bunyavejchewin 2006, 2017; Brienen and Zuidema 2006a; Brienen et al. 2010b;
Schongart et al. 2015). Release and suppression patterns differ considerably among
tree species and across sites during their establishment in the canopy mainly due
to temporal variation in light, but also water and nutrient availability. In Bolivian
moist forests growth trajectories of six non-pioneer tree species presented distinct
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Fig. 3.3 (a) Mean age-size relationship of characteristic tree species from different successional
stages of the central Amazonian white-water floodplains (varzea): Ficus insipida (Moraceae) and
Salix martiana (Salicaceae) from pioneer stages; Luehea cymulosa (Malvaceae) and Macrolobium
acaciifolium (Fabaceae) from secondary stages; canopy species Piranhea trifoliata (Picroden-
draceae), Eschweilera parvifolia (Lecythidaceae), Handroanthus barbatus (Bignoniaceae) and
understory species Duroia duckei (Rubiaceae), Malouetia tamaquarina (Apocynaceae) and Myr-
taceae spp. from the late successional stage (data: Schongart et al. 2007, Schongart 2010, Leoni et
al. 2011); (b) individual growth trajectories from Macrolobium acaciifolium (Fabaceae) growing
in the nutrient-rich varzea floodplains (grey curves; n = 24) and the nutrient-poor black-water
igap6 floodplain forest (black curves; n = 55) of central Amazonia (data: Schongart et al. 2005,
Schongart unpubl.)
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release and suppression patterns in tree growth during canopy establishment and
also in the duration of suppressed and released growth. This indicates different shade
tolerances and capacities to respond to gap formation (Brienen and Zuidema 2006a).
A comparison of growth trajectories from juvenile trees of Cedrela odorata growing
in a Bolivian moist forest with low light levels in the understory and a Mexican dry
forest with a lower and more open canopy suggests that light availability is the main
limiting factor during canopy accession in moist forests, while in the dry forests the
spatial heterogeneity in water (and nutrient) availability had a life-long impact on
tree growth (Brienen et al. 2010b).

Due to frequently occurring tree-ring anomalies in many tropical tree species
(wedging, double, false, and discontinuous growth rings) that can result in inconsis-
tent ring-width patterns among radii and individuals, and which propagates to dating
errors, ideally growth trajectories should be analyzed using crossdated time series.
Lépez and Villalba (2016b) evaluated lifetime growth rates from eight tropical tree
species growing in the Bolivian Cerrado, comparing mean diameter growth rates
from crossdated individuals and those based on estimates by ring counting based on
wood anatomical features. They did not find significant differences between mean
diameter growth rates and the dating errors were <5% suggesting that tree species
with high-quality tree rings provide reliable estimates on tree age, growth rates, and
growth trajectories based on ring counting (Baker and Bunyavejchewin 2017).

3.5 Dendroecological Applications for Forest Management
and Conservation

The application of tree-ring data to develop sustainable forest management plans is
not new. Sir Dietrich Brandis, a remarkable German botanist and forester who was
sent to Burma (today Myanmar) and India during the second half of the nineteenth
century by the British Empire to develop sustainable forest management, was one of
the first forest scientists to systematically apply tree rings in the tropics. To develop
management plans for the valuable teak timber resources (Tectona grandis) in
Burma, Brandis (1856) performed inventories of natural teak forests and grouped the
trees into four diameter classes. The upper diameter class with more than four cubits
circumference (corresponding to a diameter at breast height (DBH) of about 58 cm)
was destined for harvest. Brandis obtained diameter growth rates by simply counting
the tree rings (assuming their annual formation) and estimated a felling cycle of
24 years based on the mean passage time through size classes. Later, Brandis
(1879) confirmed the formation of annual tree rings for teak comparing the number
of growth rings with the known age of plantations. Despite the early scientific
evidence for annual tree-ring formation in the tropics of Southeast Asia during
the end of the nineteenth century and the begin of the twentieth century (Gamble
1881; Ursprung 1904; Coster 1927, 1928) and first dendroecological applications
(e.g., Geiger 1915; Berlage 1931), tree-ring analysis has rarely been applied as a
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tool for forest management and conservation since then due to the emerging and
pervasive myth of absence of growth rings in tropical tree species. The high species
richness and diversity that characterize tropical forests together with methodological
problems in determining tree ages and lifetime growth rates contributed to the failure
of tropical forest management for long periods (e.g., Dawkins and Philip 1998).

However, the growing evidence of annual tree-ring formation in the tropics
and literature providing relevant information on varying growth patterns and age-
size relationships within and among tree species and environments has begun
to change this picture. Increasingly dendroecological data are used as a tool in
tropical forest management to project timber harvests (Brienen and Zuidema 2006b,
2007; Rozendaal et al. 2010) and to evaluate and adjust current forest management
practices to increase the level of sustainability (Schongart 2008, 2010; Lépez et al.
2013; Free et al. 2014). The development of sustainable management systems is
a promising strategy to conserve tropical forests by providing the long-term use
of natural resources (timber and non-wood forest products) and simultaneously
maintaining the multiple ecological functions and services of the forests. Estimates
indicate that about 400 million hectares of tropical forests are currently in a
permanent timber estate and partially integrated in networks of protected areas
(Edwards et al. 2014). In these areas polycyclic harvesting systems, such as the
Selection Silvicultural Management System (Wyatt-Smith 1995; Bruenig 1998), are
generally applied (Lamprecht 1989; Whitmore 1993; Dawkins and Philip 1998).
These systems aim to maintain an uneven-aged structure, to minimize disturbances
of the forest by selective tree harvests using a minimum logging diameter (MLD)
and a felling cycle that defines the time period between successive timber harvests in
the same coupe area. Selective harvests in combination with reduced-impact logging
are promoted as a model for sustainable forest management (Dykstra and Heinrich
1996; Vidal et al. 1997; Gerwing 2002; Putz et al. 2008) to lower residual stand
damage and soil disturbance as well as to reduce logging waste and losses and
increase rates of economic return in the long term (Johns et al. 1996; Boltz et al.
2011; Holmes et al. 2002). However, the technical and logistical improvements of
selective timber harvesting are not sufficient to guarantee sustainable management
of timber resources unless they are integrated into a silvicultural management
and conservation system that is based on empirical data on the ages, lifetime
growth rates, regeneration processes, and life histories of the commercial and non-
commercial tree species that structure and drive the forest ecosystem (Schongart
2010). Consequently, there is much skepticism about growth rates being used as
a basis for managing tropical forests, because the established time and diameter
limitations are estimations or simply conform to legal restrictions and are not
derived from sound scientific data.

Brazilian forest legislation defines a common MLD of 50 cm and felling cycles
of 25-35 years, defined by the normative instruction IN n° 5 (11th December
2006) established by the Brazilian Institute for Environmental and Renewable
Natural Resources (IBAMA) and Resolution n° 406 (2nd February 2009) of the
National Council of Environment (CONAMA). In Bolivia forest legislation defines
a minimum felling cycle as 20 years with MLDs varying from 40 to 70 cm
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depending on the tree species and forest type (Brienen and Zuidema 2006b;
Lépez et al. 2013). The mean age of 45 commercial tree species at these fixed
diameter-cutting limits varies from 15 to 270 years among tree species and forest
types in the tropical regions of South America (Table 3.2). Mean age at MLD of
seven commercial species from the Bolivian savannahs (Cerrado) present ranges of
68-85 years (MLD of 40 cm) and 43-100 years (MLD of 50 cm) (Lépez et al. 2013).
An even higher variation of mean age (63—179 years for MLD of 50-60 cm) was
observed for six commercial tree species from the Bolivian semi-deciduous forests
(Brienen and Zuidema 2006b; Rozendaal et al. 2010). In the southern Amazon basin
(terra firme) seven commercial tree species present mean ages at MLD between 31
and 117 years (Lobdo 2011; Free et al. 2014; Oliveira 2014; Andrade 2015). In
the central Amazonian floodplains mean age at a MLD of 50 cm differs tenfold
(15-151 years) among 19 tree species from the nutrient-rich varzea, in contrast to
the nutrient-poor black-water igap6 where mean age of four species at this diameter
limit tends to be much higher (162-270 years) (Schongart et al. 2007; Rosa 2008;
Schongart 2008, 2010; Da Fonseca et al. 2009). These enormous variations of age
at MLDs indicate already that felling cycles fixed by forest rules and legislation do
not meet the biological reality of many of these species.

Based on mean age-size relationships of commercial tree species from the central
Amazonian varzea floodplains derived from tree-ring data, growth models have
been developed to project species-specific MLDs and felling cycles (Schongart
2008). This modeling approach named GOL (Growth-Oriented Logging) integrates
species-specific age-diameter and diameter-height relationships into allometric
equations to simulate volume growth over the lifespan of a species. The MLD is
estimated by the corresponding diameter at the age when the tree species attains
its maximum annual volume increment. The felling cycle is derived from the mean
passage time through 10-cm diameter classes until reaching the defined MLD. For
commercial tree species in the varzea estimated species-specific MLDs ranged from
25 to almost 130 cm, which differ considerably from the commonly applied MLD
of 50 cm (Rosa 2008; Schongart 2008; Leoni et al. 2011). Estimated felling cycles
of 12 commercial tree species in the varzea floodplains varied tenfold from 3 to
32 years (Schongart 2008).

The GOL concept provided a framework to validate the established norms and
regulations of Brazilian forest legislation in terms of felling cycles and MLDs based
on the growth potential of commercial tree species. It demonstrated that forest
management must consider species-specific growth variations to attain a higher level
of sustainability (van Gardingen et al. 2006; Schongart 2008; Sebbenn et al. 2008).
Fortunately, the obtained results were considered in an innovative forest legislation
(IN n° 009 from 12th November 2010) for the varzea floodplain forests implemented
by the Ministry of Environment and Sustainable Development of the Amazonas
State (SDS) defining felling cycles of 12 years for the fast-growing, low-density
species (wood density below 0.6 g cm™>) and 24 years for the slow-growing, high-
density tree species (wood density above 0.6 g cm™3) with species-specific MLDs.

Forest management must also take into account variation in tree growth in
different environments. Tree-ring studies performed in the nutrient-poor black-water
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Table 3.2 Mean ages at the minimum logging diameter (MLD) of commercial tree species from
different forest types in tropical South America derived from tree-ring data

Tree species
Albizia
niopoides
Albizia
subdimidiata

Amburana
cearensis

Amburana
cearensis

Bertholletia
excelsa

Bertholletia
excelsa

Calophyllum
brasiliense

Calophyllum
brasiliense

Calophyllum
brasiliense

Calophyllum
brasiliense

Calophyllum
brasiliense

Cedrela fissilis

Cedrela
odorata

Cedrela
odorata

Cedrela
odorata

Cedrelinga
catenaeformis

Cedrelinga
catenaeformis

Centrolobium
microchaete
Chrysophyllum
argenteum

Forest type, country

Montane moist forest,
Colombia

Virzea floodplain, central
Amazonia, Brazil

Savannah (Cerrado), Bolivia

Semi-deciduous forest,
southwest Amazonia,
Bolivia

Semi-deciduous forest,
southwest Amazonia,
Bolivia

Terra firme forest, central
Amazonia, Brazil

Igap6 (black-water
floodplain), central
Amazonia, Brazil

Igap6 (clear-water
floodplain), south
Amazonia, Brazil

Varzea floodplain, central
Amazonia, Brazil
‘Wetland, Pantanal, Brazil

‘Wetland, Coastal Atlantic
rainforest, Brazil
Savannah (Cerrado), Bolivia

Semi-deciduous forest,
southwest Amazonia,
Bolivia

Varzea floodplain, central
Amazonia, Brazil

Terra firme forest, south
Amazonia, Brazil
Semi-deciduous forest,
southwest Amazonia,
Bolivia

Semi-deciduous forest,
southwest Amazonia,
Bolivia

Savannah (Cerrado), Bolivia

Virzea floodplain, central
Amazonia, Brazil

MLD (cm)
50

50

40

50

60

50

50

50

50
50
50
50

60

50
50

50

60

40

50

Mean age at
MLD (years)
52
56
68

95

166

107-121

261

105-117

70
103-109
96

100

95

72
84

61

63

98-110

131

References

Giraldo and del
Valle (2012)

Schongart (2008)
Lopez et al.
(2013)

Brienen and

Zuidema (2006b)

Brienen and
Zuidema (2006a)

Schongart et al.

(2015)
Schongart (2010)

Rosa et al. (2017)

Rosa et al. (2017)
Rosa et al. (2017)
Rosa et al. (2017)
Lopez et al.
(2013)

Brienen and
Zuidema (2006b)
Rosa (2008)

Lobio (2011)

Brienen and
Zuidema (2006b)

Rozendaal et al.
(2010)

Lopez et al.
(2013)
Schongart (2008)

(continued)
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Table 3.2 (continued)

Clarisia
racemosa
Copaifera
langsdorffii
Dalbergia nigra

Eschweilera
albiflora

Ficus boliviana
Ficus insipida

Goupia glabra

Handroanthus
aureus

Handroanthus
barbatus

Handroanthus
barbatus

Handroanthus
serratifolius

Hura crepitans

Hymenaea
courbaril

llex inundata
Luehea cymulosa

Machaerium
scleroxylon
Macrolobium
acaciifolium

Macrolobium
acaciifolium
Malouetia
tamaquarina
Manilkara
huberi
Ocotea
cymbarum
Peltogyne cf.
heterophylla
Peltogyne cf.
heterophylla

Semi-deciduous forest,
southwest Amazonia, Bolivia
Plantation, Coastal Atlantic
rainforest, Brazil

Plantation, Coastal Atlantic
rainforest, Brazil

Virzea floodplain, central
Amazonia, Brazil

Savannah (Cerrado), Bolivia
Virzea floodplain, central
Amazonia, Brazil

Terra firme forest, south
Amazonia, Brazil

Wetland, Pantanal, Brazil

Igap6 (black-water
floodplain), central Amazonia,
Brazil

Virzea floodplain, central
Amazonia, Brazil

Terra firme forest, south
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil

Terra firme forest, south
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil

Dry tropical forest, Bolivia

Igap6 (black-water
floodplain), central Amazonia,
Brazil

Virzea floodplain, central
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil

Terra firme forest, central
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil
Semi-deciduous forest,
southwest Amazonia, Bolivia
Semi-deciduous forest,
southwest Amazonia, Bolivia

45

50

50

50

50
50

50

50

50

50

50

50

50

50

50

40

50

50

25

50

50

50

50

179

51

61

151

43
15

107

156

270

117

114

41

117

55

43

122

171

54

81

223

59

135

150

Rozendaal et al.
(2010)

Costa et al. (2015)
Costa et al. (2015)
Schongart (2008)
Lépez et al. (2013)
Schongart et al.
(2007)

Oliveira (2014)
Leite (2012)

Da Fonseca et al.

(2009)

Da Fonseca et al.
(2009)

Andrade (2015)
Rosa (2008)
Andrade (2015)
Schongart (2008)
Schongart (2008)
Paredes-Villanueva
et al. (2013)
Schongart (2010)
Schongart (2010)
Leoni et al. (2011)
Pinto (2012)

Rosa (2008)
Brienen and

Zuidema (2006b)

Rozendaal et al.
(2010)

(continued)
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Table 3.2 (continued)

Tree species
Piranhea
trifoliata
Platymiscium
ulei

Pouteria
elegans
Prioria
copaifera
Pseudobombax
munguba
Pterocarpus
rohrii

Qualea
albiflora
Qualea ingens

Schizolobium
parayba
Schizolobium
parayba var.
amazonicum
Senna
multijuga
Sloanea
terniflora
Sterculia
apetala
Sterculia
apetala
Swietenia
macrophylla
Vatairea
guianensis

Vatairea
guianensis
Vochysia
divergens

Forest type, country

Virzea floodplain, central
Amazonia, Brazil

Savannah (Cerrado), Bolivia

Virzea floodplain, central
Amazonia, Brazil
Floodplain forest, Colombia

Virzea floodplain, central
Amazonia, Brazil
Plantation, Coastal Atlantic
rainforest, Brazil

Terra firme forest, south
Amazonia, Brazil

Flooded riparian forest,
Cerrado, Brazil

Plantation, Coastal Atlantic
rainforest, Brazil

Terra firme forest, south
Amazonia, Brazil

Plantation, Coastal Atlantic
rainforest, Brazil

Virzea floodplain, central
Amazonia, Brazil

Varzea floodplain, central
Amazonia, Brazil

‘Wetland, Pantanal, Brazil

Terra firme forest, south
Amazonia, Brazil

Igapé (black-water
floodplain), central
Amazonia, Brazil

Virzea floodplain, central
Amazonia, Brazil
Wetland, Pantanal, Brazil

MLD (cm)
50

40

50

40

50

50

50

50

50

50

50

50

50

50

60

50

50

50

Mean age at
MLD (years)
142

85

106

90

33

51

81

62

57

31

55
67
47
52-64
77

162

70

61

J. Schongart et al.

References
Schongart (2008)

Lopez et al.
(2013)
Schongart (2008)

Jiménez and del
Valle (2011)
Schongart (2008)

Costa et al.
(2015)

Oliveira (2014)
Mohr (2013)
Costa et al.

(2015)
Lobao (2011)

Costa et al.
(2015)

Schongart (2008)
Rosa (2008)
Santos (2006)

Free et al. (2014)

Da Fonseca et al.
(2009)

Da Fonseca et al.
(2009)
Schongart et al.
(2011)

igap6 of the central Amazon region showed significantly lower diameter growth
rates for commercial tree species compared to the nutrient-rich varzea (Schongart
et al. 2005; Da Fonseca et al. 2009; Scabin et al. 2012). Mean age of Macrolobium
acaciifolium differed from 67 years (MLD: 62 cm) in the varzea to 326 years
(MLD: 83 cm) in the igap6 (Schongart 2010). Similarly, Calophyllum brasiliense
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had a mean age of 91 years in the varzea (MLD: 64 cm) and 154-217 years
(MLD: 35-63 cm) in the black-water igapd, while in the clear-water igapd, which
is intermediate in nutrient status, the mean age was 149-177 years for MLDs of
64-81 cm (Rosa et al. 2017). These findings indicate the vulnerability of these
oligotrophic ecosystems to unregulated selective logging and suggest a revision of
forest management practices for the black-water floodplains in the Amazon region
(Da Fonseca et al. 2009; Schongart 2010; Scabin et al. 2012; Rosa et al. 2017).

Brienen and Zuidema (2006b) performed yield projections for four commercial
tree species under current forest management practices in the Bolivian Amazon
(felling cycle of 20 years, MLD of 50 cm, harvest intensity of 80% of trees above
MLD) applying simple models for population growth. They suggested that the
volume stocks of these species will recuperate 100% of the initially harvested
volume only after a period of 32-84 years. For the valuable and threatened tree
species Swietenia macophylla in the southern Brazilian Amazon sophisticated
models based on tree-ring data (Free et al. 2014) and plot monitoring (Grogan et
al. 2014) that incorporate demographic data project a steep population decline and
volume depletion after 2-3 felling cycles (30 years).

However, estimated felling cycles and MLDs can only increase the sustainability
of managing timber stocks if the exploited species will be able to regenerate
and establish to maintain the capacity of the remaining population to replace the
harvested volume within a felling cycle (Schongart 2010). Therefore, it is of utmost
importance to obtain further information about the influence of environmental
factors on tree growth and the effects of light conditions, nutrient supply and water
availability in the establishment and growth of tree species. Studies based on mean
age-size relationships also do not account for growth variations among individual
trees. Analyses of individual growth trajectories exploring growth autocorrelations
within and among individuals as well as release and suppression patterns during
canopy establishment provide essential insights into the ecology of a tree species.
These analyses have strong applications in developing silvicultural treatments that
promote fast growth through juvenile stages or exploit the capacity of tree species to
respond to increasing light availability by crown liberation or liana cuttings (Brienen
and Zuidema 2006a; Free et al. 2014; Cunha et al. 2016). Furthermore, there is
an urgent need to incorporate demographic data of tree populations obtained from
permanent monitoring plots, such as size structure, mortality rates, fruit production,
seed germination, seedling establishment, and canopy disturbance rates, into yield
projections to simulate and evaluate the impact of current management practices and
to test projected MLDs and felling cycles (Grogan et al. 2014; Free et al. 2017).

3.6 Main Conclusions and Outlook

In the tropical regions of America, dendroecological studies started only about
50 years ago, but have advanced exponentially during recent decades. Over this
period annual tree-ring formation has been demonstrated in 220 tree species,
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covering a variety of biomes and ecosystems across the Neotropics. Our main
findings are:

* External factors leading to the formation of annual growth rings in tropical
tree species are rainfall seasonality, annual long-term flooding (flood-pulse),
soil water salinity (mangroves) and with increasing latitude and altitude also
photoperiod and temperature.

e Tree-ring analyses indicate maximum longevity of about 400-600 years for
angiosperms in the Neotropics, similar to ages reported for angiosperms in other
climates and much lower than maximum ages indicated by radiocarbon dating.

* At marginal sites characterized by extreme environmental conditions where
forest establishment is often in the form of monodominant populations with low
competition, we can expect maximum longevities, as reported for other climate
zones.

» The growing literature of dendroecological applications in the tropics of America
demonstrates the large variation of age and diameter growth among individual
trees, species, different ecosystems, and ecoregions. There is an urgent need to
extend this information to more tree species and sites.

* Empirical estimates derived from tree rings for species- and site-specific growth
data, tree ages, age-size relationships and growth variation among individuals are
fundamental to developing sustainable forest management plans and conserving
Neotropical forests.

Our review highlights the potential for tree-ring analyses and dendroecological
applications in the Neotropics and is intended to encourage scientists to strengthen
their collaborations between research groups, institutions and countries, including
the training of young scholars and capacity building, sharing their experiences and
knowledge. Dendrochronology is now firmly established within the tropics and will
contribute towards a better understanding of tropical forest dynamics by delivering
empirical data on tree age, forest productivity, climate-growth relationships, distur-
bance histories, and indicators for sustainable management and conservation. These
are vital for projecting the fate of tropical forest ecosystems in a world increasingly
dominated and threatened by human activity.
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Chapter 4

Complex Historical Disturbance Regimes Shape
Forest Dynamics Across a Seasonal Tropical
Landscape in Western Thailand

Patrick J. Baker and Sarayudh Bunyavejchewin

... all that mysterious life of the wilderness that stirs in the
forest, in the jungles, ... He has to live in the midst of the
incomprehensible, which is detestable. And it has a fascination,
too, that goes to work upon him.

Charles Marlow in Joseph Conrad’s Heart of Darkness

Abstract The seasonally dry tropical forests of continental Southeast Asia occur
in landscape-scale mosaics composed of several distinct forest types. The current
understanding of the role of disturbances, such as fire and wind storms, in shaping
these landscapes and the individual forest types within them, is limited by a lack of
historical data. In this chapter we present the first dendroecological reconstruction
of the historical dynamics of a mixed deciduous forest in western Thailand and
compare it to an earlier study of the historical dynamics of an adjacent area of
seasonal evergreen forest. The tree-ring data from the mixed deciduous forest
demonstrate pulses of widespread gap recruitment since the 1850s for more than
a dozen tree species. Recruitment and growth release data indicate complex patterns
of disturbance both within and between forest types. However, there is strong
evidence for extensive disturbances that synchronously impacted both the mixed
deciduous and seasonal evergreen forests. Notably, several of the reconstructed
landscape-scale disturbances are associated with intense regional drought events
driven by ENSO variability in the Pacific Ocean. Interactions between the complex
disturbance history of the landscape, which generate environmental conditions
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necessary for recruitment, and the wide range of reproductive phenologies, which
generate the propagules for recruitment, provide a mechanism for coexistence for
the many tree species that co-occur in these seasonal tropical forests.

Keywords Tropical dendrochronology ¢ Disturbance history ¢ Landscape
dynamics ¢ Huai Kha Khaeng Wildlife Sanctuary « ENSO

4.1 Introduction

Tropical forests are among the most biologically diverse and structurally complex
terrestrial ecosystems in the world. They have fascinated, challenged, and mystified
scientists for centuries. Over the past 50 years as ecological theory has both
deepened and broadened, tropical forests have provided the ultimate test of the most
fundamental question in ecology: “How do so many species coexist?”” Theoretical
and methodological advances have challenged long-held beliefs, pivoting away
from earlier views that depicted tropical forest as ecosystems in ecological and
evolutionary stasis to a more dynamic view in which stochasticity and drift shape
patterns of community composition at local and regional scales (Bush and Colinvaux
1994; Carson and Schnitzer 2008; Hubbell 2008; Bush and McMichael 2016).
However, much of the empirical evidence for tropical forest dynamics comes
from either short-term observational studies (years to a few decades) or from
palaeoecological studies (millennia) (Zuidema et al. 2013; Jackson and Blois 2015).
Contemporary understanding of the recent dynamics of tropical forests has greatly
increased due in large part to the establishment and ongoing monitoring of large-
scale permanent forest dynamics research plots that track hundreds of thousands
of individuals from hundreds of species within a single site. The largest network
of such plots is the Smithsonian Institution’s Center for Tropical Forest Science—
Forest Global Earth Observatory (CTFS-ForestGEQO), which includes over 60 forest
dynamics plots and approximately 6 million trees from 10,000 species (Anderson-
Teixeira et al. 2015). However, despite providing unprecedented details on the
population and community dynamics of tree species in tropical forests, few of these
plots have been monitored for more than 20 years. In contrast, palacoecological
studies over the past few decades have provided fascinating insights into millennial
scale dynamics of tropical forest communities, highlighted the ephemeral nature of
communities and species in tropical landscapes (Bush and McMichael 2016), and
documented the influence of both humans and climate in driving broad patterns of
vegetation change over long-time scales (Bush and Colinvaux 1994; Bishop et al.
2003; Maxwell 2004; Buckley et al. 2010). However, the temporal resolution of
palaeoecological studies limits inference about dynamics of tropical forests at the
scale of the individual components of the forest, namely the trees, and the potential
consequences of specific climatic or ecological events.

Despite these new insights into tropical forest dynamics, the lifespan of trees
and frequency of rare, high-intensity disturbances typically occur at decadal and
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centennial scales, which are not well described by the short time-scales of perma-
nent plot networks nor the long time-scales of palacoecological studies (Zuidema
et al. 2013; Jackson and Blois 2015). In temperate forests dendroecological studies
have been central to addressing this “scale gap” (e.g., Swetnam 1993; Swetnam
and Betancourt 1998; Pederson et al. 2014) and have provided the foundations for
contemporary understanding of forest stand dynamics (Oliver and Larson 1996).
In tropical forests, there are few tree-ring studies that have explicitly examined
long-term stand development patterns and disturbance histories. In large part this
is due to the absence or inconsistency of annual growth rings in most tropical
tree species. However, despite most tropical tree species lacking annual growth
rings, it has long been recognised that some, particularly in seasonal or monsoonal
tropical climates, do form reliably annual growth rings (e.g., Schongart et al., this
volume; Gamble 1902; Worbes 2002). Where annual growth rings are present, they
have primarily been used to assess long-term growth rates for forest management.
For example, in South and Southeast Asia foresters of the late 1800s and early
1900s used annual growth rings to estimate growth rates and yield of teak (Tectona
grandis, Verbenaceae), a species of great economic importance regionally (Brandis
1856; Gamble 1902; Troup 1921). However, until recently no studies had used
tree rings to study the ecology of tropical forests. As a result, the basic details of
individual stand dynamics that are taken for granted in temperate forests—the age
of the trees, the number of age cohorts, patterns of suppression and release, and
the timing and frequency of past disturbances—remain largely unknown to tropical
forest ecologists.

Over the past 15 years, an area of forests in the Huai Kha Khaeng Wildlife
Sanctuary (HKK) in Thailand’s Western Forest Complex has been subjected to an
unprecedented level of dendroecological analyses due to the presence of a large,
long-term forest dynamics plot and group of common canopy tree species that
form reliable annual growth rings. In this chapter we review and synthesize the
dendroecological research at HKK, most of which has been done in the seasonal
evergreen forest type. We then present new results on dendroecological research
from an area of mixed deciduous forest within the same landscape. We conclude
by examining landscape-scale patterns of forest dynamics that emerge from these
various studies and discuss the factors that may influence them.

4.2 Huai Kha Khaeng Wildlife Sanctuary: Conservation
Importance, Climate, Landscape Context, and Forest
Types

Thailand’s Western Forest Complex (WFC), the largest area of protected land
(~18,000 km?) in continental Southeast Asia, lies on the border with Myanmar
between Kanchanaburi Province to the south and Tak Province to the north. The
Thung-Yai Naresuan and Huai Kha Khaeng (HKK) Wildlife Sanctuaries are the two
largest protected areas accounting for one-third of the WFC and are both interna-
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tionally recognised as UNESCO World Heritage sites for their significant regional
and global conservation value. HKK supports viable populations of large mammal
species, many of which are severely threatened across their natural ranges. These
include tigers (Panthera tigris), leopards (Panthera panthera), elephants (Elephus
maximas), Asiatic black bear (Ursus thibetanus), Malayan sun bear (Helarctos
malayanus), banteng (Bos javanicus), and gaur (Bos gaurus) (Simcharoen et al.
2007, 2008).

The climate at HKK is strongly seasonal with intraannual rainfall periodicity
driven by the Asian monsoon system. Mean monthly temperature ranges from 19°C
in January to 27°C in July; mean annual rainfall is ~1500 mm. The rainy season
generally occurs from May to October although the timing of the onset of the
monsoons may vary by as much as two months. From the end of the monsoon in
October until its return the following year mean monthly rainfall is rarely >100 mm.
This 5-6 month dry season provides the necessary seasonality in water availability
to drive phenological cycles of leaf exchange (Williams et al. 2008) as well as
cambial dormancy and reactivation (Nobuchi et al. 1995) in many tree species.

One of the defining features of the seasonal tropical forests of continental
Southeast Asia is the co-occurrence and interdigitation of multiple forest types in a
complex patchwork mosaic across the landscape (Bunyavejchewin et al. 2011). The
three main forest types in these landscapes are seasonal evergreen forest, mixed
deciduous forest, and deciduous dipterocarp forest. They differ substantially in
structure, composition, and diversity. The seasonal evergreen forest is the most
structurally complex, has the most trees and tree species per unit area, and maintains
most of the leaves in the forest canopy through the dry season (Bunyavejchewin
et al. 2001, 2002). The canopy of the seasonal evergreen forest has a significant
component of Dipterocarpaceae, but individual dipterocarp species vary from
locally abundant to absent. Grasses and bamboos do not occur in the shaded
understorey of the seasonal evergreen forest. The mixed deciduous forest is less
diverse and generally shorter than the seasonal evergreen forest, and during the
dry season about 70% of the canopy is leafless. Bamboos are relatively common
in the mixed deciduous forest and grasses occur occasionally (Bunyavejchewin
et al. 2011). The deciduous dipterocarp forest is the least complex and least
diverse of the three forest types. The canopy is dominated almost exclusively by
a small group of deciduous dipterocarp species; typically, the deciduous dipterocarp
species account for two-thirds or more of the stand basal area (Bunyavejchewin
1983; Nguyen and Baker 2016). The ground layer of the deciduous dipterocarp
forest is dominated by grasses and during the dry season the canopy is almost
completely leafless. As a consequence, the deciduous dipterocarp forest is the
most fire-prone of the three forest types. While these three forest types occur in
close proximity across the landscape at HKK and elsewhere throughout continental
Southeast Asia, it is unclear what factors determine their spatial distribution within
any given landscape. Examination of growth patterns of common species from
seasonal evergreen and mixed deciduous forests planted in common gardens in both
forest types found no evidence of growth differences in seedlings between forest
types (Baker 1997). In addition, analysis of soil chemistry and structural properties
found no evidence of differences between the forest types (Baker 1997). As we
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discuss below, size distributions and species composition of seasonal evergreen
forest in the CTFS-ForestGEO 50-ha forest dynamics plot at HKK in combination
with dendroecological analyses suggest that these forest types are not stationary
on the landscape and chance historical events may influence their occurrence and
relative abundance.

4.3 Forest Stand Dynamics in the Seasonal Evergreen
Forest at HKK

Over the past decade several studies in an area of ~1000 ha of seasonal evergreen
forest at HKK have applied standard dendroecological tools to explore patterns of
establishment and growth of various tree species, both spatially and temporally,
since the early 1800s. Together these studies have detailed a dynamic, species-
rich forest that has been subjected to a complex disturbance history. In the first
of these studies, Baker et al. (2005) used a combination of tree-ring studies, age
estimation techniques, and architectural analyses to demonstrate that the seasonal
evergreen forest on and adjacent to the 50-ha plot retains a distinct structural and
floristic legacy from a single, catastrophic disturbance event in the mid-1800s that
led to the establishment of a single cohort of trees that dominate the current forest
canopy. The analyses also revealed that subsequent disturbances of lower intensity
had created discrete pulses of widespread gap formation throughout the forest,
generating temporal pulses of establishment in the 1910s, 1940s, and 1980s. These
were likely created by extensive, but low-intensity, fires that occur during periods
of extreme drought (Baker et al. 2008; Baker and Bunyavejchewin 2009). Adding a
further layer of complexity to the dynamics of the seasonal evergreen forest, there
have been relatively continuous low levels of recruitment and growth release created
by background mortality and random gap formation over the past two centuries. The
abundant and varied recruitment opportunities over this period, combined with the
diversity of the tree species and their associated life histories represent an important
potential mechanism for the maintenance of species diversity within the seasonal
evergreen forest.

Baker et al. (2005) also presented evidence based on diameter distributions and
the architecture of individual trees that the current area of seasonal evergreen forest
had been more akin to a mixed deciduous forest before the catastrophic disturbance
of the mid-1800s. This is of particular interest because the forest dynamics plot in
seasonal evergreen forest at HKK shares ~70% of tree species with a similar, but
smaller (16 ha), forest dynamics plot in mixed deciduous forest, suggesting that rare
disturbance events may dramatically change recruitment filters, altering the relative
abundances of tree species, and creating state changes in forest types within the
landscape. It also suggests that species of low relative abundance within species-
rich forests may represent important reservoirs of diversity over broader temporal
and spatial scales—a spatial storage effect operating at the landscape scale (sensu
Warner and Chesson (1985)).
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Subsequent dendroecological studies at HKK have focused on clarifying mech-
anisms of canopy species recruitment. Middendorp et al. (2013) used geospatial
analyses and tree-rings to document spatiotemporal interactions in recruitment
patterns of Melia azederach over several hundred hectares. Melia is a well known
gap-dependent pioneer species, so spatial aggregation of recruitment dates would
be expected. They found that although the age distribution of Melia implied
relatively continuous recruitment since the 1950s, when the spatial pattern of
recruitment was analysed, there were discrete pulses of strongly spatially aggregated
recruitment—that is, gap formation was temporally random, but spatially clumped.
Vlam et al. (2014) showed a similar dynamic for the long-lived canopy species
Afzelia xylocarpa, which had discrete pulses of recruitment in the 1850s and 1950s.
They linked these recruitment events to a combination of canopy disturbance and
relatively wet climatic conditions and highlighted the failure of recruitment during
drier periods or periods without significant canopy disturbance.

Both Melia and Afzelia are fast-growing, shade-intolerant species that typically
establish in treefall gaps and grow directly to the forest canopy. Other, more shade-
tolerant, species may establish in the low-light conditions of the forest understorey,
but still require the high-light conditions created by a gap to eventually grow into
the canopy. Indeed, all of the seasonal evergreen forest tree species that we have
studied—ranging from extreme heliophiles to shade-tolerant sub-canopy species—
showed evidence of gap-related growth patterns whether at establishment, during
development, or both (Baker and Bunyavejchewin 2006). By comparing the relative
frequency of establishment in high-light vs. low-light environments and canopy
accession through growth release, we demonstrated that even shade-tolerant canopy
species, such as Neolitsea obtusifolia, rarely reach the forest canopy without either
establishing in the high light environment of a canopy gap or being released by
a gap at some point in their development. Indeed, across the range of life histories
sampled, only 2% of individuals showed neither fast early-growth nor release from a
canopy disturbance (Baker and Bunyavejchewin 2006). In short, canopy tree species
are highly dependent on disturbance to reach the forest canopy. Taken together these
studies have highlighted the important role of disturbances for the establishment
(or lack thereof) of seedlings and their subsequent recruitment into the canopy
across a range of different life histories within the seasonal evergreen forests at
HKK.

4.4 Reconstructing Forest Stand Dynamics of Mixed
Deciduous Forest

The broad overlap in species composition and widespread interdigitation of the
mixed deciduous and seasonal evergreen forests at HKK raise important questions
about the mechanisms that control the landscape-scale distribution of these recog-
nisably distinct forest types. Direct observations of landscape-scale fires at HKK
(Baker and Bunyavejchewin 2009) suggest that the impacts of fire are widespread
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Table 4.1 Tree species from the mixed deciduous forest at the Kapook Kapiang 16-ha forest
dynamics plot that were used for dendroecological analyses. N,,;,; and N4 are the number of

individuals that occur in the plot and the number of individuals that we cored, respectively

Species Species code Family Npior Neored
Afzelia xylocarpa AFZEXY Fabaceae 9 1
Cassia fistula CASSFI Fabaceae 133 12
Chukrassia tabularis CHUKTA Meliaceae 9 4
Colona floribunda COLOFL Malvaceae 1633 14
Gmelina arborea GMELAR Lamiaceae 14 5
Lagerstroemia villosa LAGEVI Lythraceae 422 21
Melia azederach MELIAZ Meliaceae 9 2
Vitex canescens VITECA Lamiaceae 54 22
Vitex glabrata VITEGL Lamiaceae 77 17
Vitex limnofolia VITELI Lamiaceae 43 20
Vitex peduncularis VITEPE Lamiaceae 108 26
Vitex pinnata VITEPI Lamiaceae 57 3
Xylia xylocarpa XYLIXY Fabaceae 244 15
Total 2812 162

and that, at least in the 1997-98 fires, the mixed deciduous forest experienced
the most severe damage. Reconstruction of past recruitment and growth release
patterns in mixed deciduous forests may shed some light on variability, and potential
synchronicity, in disturbance effects between the mixed deciduous and seasonal
evergreen forest types. Here we present new dendroecological analyses from a 16-
ha forest dynamics plot in mixed deciduous forest approximately 5 km northeast
of the seasonal evergreen forest in the CTFS-ForestGEO 50-ha plot. We sampled
trees from 13 species that form high-quality annual growth rings (Table 4.1).
Of these, only three species (Afzelia xylocarpa, Chukrassia tabularis, and Melia
azederach) were common to the dendroecological study of the seasonal evergreen
forest. The majority of sampled trees (52%) are from the genus Vifex in the
Lamiaceae family, which includes other tropical tree species with high-quality
annual growth rings (e.g., Tectona grandis). Our sample also included three species
in the family Fabaceae (i.e., Afzelia, Cassia, Xylia) and two species in the Meliaceae
(i.e., Chukrassia and Melia). Overall, the study species ranged from fast-growing
pioneers, such as Colona, Gmelina, and Melia, to long-lived canopy tree species,
including Afzelia and all of the Vitex species. The remaining species—Cassia fistula,
Chukrassia tabularis, Xylia xylocarpa, and Lagerstroemia villosa—are all relatively
shade-intolerant trees that are found in the mid-canopy or canopy of the mixed
deciduous forest. While these species span much of the life history variation in the
mixed deciduous forest, it is important to recognise that they represent only a small
subset of the 245 species found in the 50-ha plot.

We selected our trees from the 16-ha mixed deciduous forest plot database and
followed the same field collection, sample preparation, and measurement procedures
detailed for the seasonal evergreen tree species in Baker et al. (2005). As noted
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there, the growth rings in tropical trees are often anatomically complex and can
present significant challenges for crossdating (Stahle 1999). Despite our best efforts
to crossdate the tree rings, we expect that there remain some dating errors. Instead
of ignoring this when constructing age distributions for individual species or the
stand as a whole, we incorporated uncertainty by using probability distributions of
ages instead of the tree-ring based point estimates of age. To do this, we estimated
a discrete equivalent of the Guassian distribution with mean equal to the point
estimate of age (i.e., observed number of growth rings) and a standard deviation
scaled to age. We used a Guassian distribution as we had no reason to believe that
false rings were more or less common than missing rings, although that can be easily
changed if future information suggests otherwise. We scaled the standard deviation
to age because we expected that the dating errors would be positively correlated
with tree age—that is, the longer the tree-ring time series, the more errors they were
likely to have accumulated. Based on our experience with crossdating trees from
HKK, we used a standard deviation equal to the mean divided by 50, as this provided
probability distributions consistent with our expectations of potential dating errors.
As an example of this process the age of a tree with 100 growth rings would be
represented by a probability mass function (the discrete equivalent of a probability
density function) with mean 100 and 95% of the distribution in the 20 interval of
[96,104]. We made these calculations for all sampled individuals and then combined
the probability mass functions of all trees in the mixed deciduous forest into a single
age distribution.

To estimate patterns of growth release we used the radial growth-averaging
method described in Nowacki and Abrams (1997) and implemented in the R
package TRADER (Altman et al. 2014). We used the same criteria for identifying
different intensities of growth release as we had for the seasonal evergreen forest
(Baker et al. 2005). For each tree core we grouped growth releases into two bins:
(1) mean growth rate over a decade was 50—100% greater than the preceding decade
and (2) mean growth rate was more than 100% greater than the preceding decade.
We then categorised the type of release for each tree based on all cores taken from
that tree. Minor releases were those in which only one core in a tree showed evidence
of a 50-100% growth increase and moderate releases were those in which two or
more cores showed 50-100% growth increase in the same year. Major releases were
those in which only one core in a tree showed evidence of a >100% growth and
extreme releases were those in which two or more cores showed >100% growth
increase in the same year.

4.4.1 Age Distribution of the Mixed Deciduous Forest

In all we sampled 162 trees from 13 species within the mixed deciduous forest
plot (Table 4.1). The age distribution for the trees that we sampled in the mixed
deciduous forest plot was distinctly multimodal (Fig. 4.1) with age peaks centred
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Fig. 4.1 Tree age distributions for individual species with >5 individuals and for all species
pooled together. Age distributions and density profiles are estimated as Gaussian probability mass
functions from point estimates of age derived from tree rings (see text for details)

on 1879, 1919, 1953, 1977, and 1993. There was, however, substantial variation in
the age distributions of individual species. For example, all of the Colona floribunda
was <30 years old, whereas only the Vitex species and Afzelia exceeded 80 years
of age. The Vitex also had quite broad age distributions (>90 years) relative to the
other species.

In addition to species-specific differences in the age distributions, there were
also distinct spatial patterns among some, but not all, of the age cohorts. Figure 4.2
shows the spatial distribution of trees in age classes centred on the observed peaks
in establishment dates. The most striking pattern is the clump of trees from the
youngest cohort in the northeastern corner of the Kapook Kapiang plot. These trees
are all Colona floribunda and are located near a parent tree that established in
the previous pulse of regeneration. In the 19-38 year old cohort there are dense
clumps of recruitment in the northwestern and southwestern corners of the plot.
Unlike the younger Colona floribunda in the northeastern corner, both of these
clumps of regeneration include multiple species. For example, regeneration in the
southwestern corner of the plot includes Cassia fistula, Colona floribunda, Gmelina
arborea, Vitex peduncularis, Cassia fistula, and Xylia xylocarpa. The 39-56 year old
cohort also shows evidence of spatially aggregated regeneration in the southwestern
and northeastern corners of the plot. Subsequent age cohorts show less evidence
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Fig. 4.2 Spatial patterns of tree ages in mixed deciduous forest at the Huai Kha Khaeng Wildlife
Sanctuary in western Thailand. The ages were divided into six groups based on the age midpoints
between peaks in the frequency distribution of ages shown in Fig. 4.1. Units are in metres and
species codes are given in Table 4.1. The plots are oriented such that North is to the top and East
is to the right

of spatial clumping, but that may be due to the broader age classes, smaller
sample sizes, and/or density-dependent thinning that occurs in densely clumped
regeneration over time. The spatial patterns of recruitment suggest that, at least for
the species sampled, there are areas within the study plot that have had more active
turnover than others. The south-central portion of the plot shows almost no evidence
of recruitment of new individuals in the past century, whereas the southwestern-most
hectare has had recruitment in every pulse of recruitment over the same period.

4.4.2 Growth Releases in the Mixed Deciduous Forest

The mixed deciduous forest trees that we sampled showed evidence of growth
release in every 5-year period since 1905 (Fig. 4.3). The number of releases is
much greater since 1950 due to the greater sample size of trees since then. The
tree-ring data reveal substantial temporal variability in the frequency and intensity
of growth releases among trees. The most pronounced peaks in the distribution
of growth releases occur around 1983 and 1993 due to a large number of major
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Fig. 4.3 Distribution of release events by intensity classes for all individuals sampled in the mixed
deciduous forest study plot at the Huai Kha Khaeng Wildlife Sanctuary in western Thailand

and extreme releases. Species-specific patterns of growth release show substantial
interspecific variation in the frequency and timing of growth releases (Fig. 4.4).
Two species, Colona floribunda and Melia azederach, both fast-growing, short-lived
pioneer species, did not experience any growth releases. However, the longer-lived,
more shade-tolerant species, such as the Vitex spp., appeared to be sensitive to
changing resource availability, but showed substantial variability in both the timing
and intensity of growth releases. Several species, notably Lagerstroemia villosa,
Cassia fistula, and Vitex glabrata, had a single, relatively brief, period of intense
growth release. However, the timing of these species-specific pulses of sudden
increased growth differed among these species. Several of the peaks in growth
releases were closely aligned with periods of above-average tree recruitment. The
two most notable examples are the 1977 peak in recruitment associated with the
pulse of growth releases in Lagerstroemia villosa and the 1992/3 peak in recruitment
(notably of Colona floribunda) and growth releases, particularly of Cassia fistula
and Vitex peduncularis. The 1992/3 peak in recruitment and release is associated
with a particularly dry year in which fires burned across much of the area in
and around both seasonal evergreen and mixed deciduous forest dynamics plots
(S. Bunyavejchewin, personal observations). It is worth noting, though, that over
the past century there have been periods of recruitment that are not associated with
distinct peaks in release, just as there have been periods with growth releases that
are not associated with peaks in establishment. This suggests that at the spatial scale
at which we sampled—tens of hectares within the mixed deciduous forest—there
is a level of background mortality that leads to near continuous establishment and
growth releases among the tree species that we sampled.
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Fig. 4.4 Distribution of growth release events by species for trees cored at the mixed deciduous
forest study plot in the Huai Kha Khaeng Wildlife Sanctuary in western Thailand. Colona
floribunda and Melia azederach are not included as both species are fast-growing, short-lived
pioneers that did not show any evidence of growth release. Species codes are given in Table 1

4.5 Discussion

4.5.1 Disturbance Regimes in Tropical Forests

All forested landscapes experience disturbances. Variation in the temporal and
spatial scales of disturbances, and their intensity and type, determine how distur-
bances influence the structure, composition, and dynamics of forests (Oliver and
Larson 1996). Frequent, small-scale disturbances of low intensity have received
considerable attention, particularly in tropical forests where small canopy gaps
created by one or a few trees falling are the most common form of disturbance
(Denslow 1987; Brokaw 1987). Small canopy gaps directly influence above- and
below-ground environmental conditions and resource availability, which impact
recruitment patterns from the seed, seedling, and sapling banks of the forest under-
storey. Our dendroecological reconstructions of historical forest stand dynamics in
both the seasonal evergreen and mixed deciduous forest types have documented the
role of this background mortality in driving establishment and growth releases for
almost every species we have sampled. Indeed, we have shown that in the absence of
some form of canopy gap during ontogeny, the probability of successful recruitment
to the forest canopy is close to zero (Baker and Bunyavejchewin 2006).
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In recent decades, there has also been considerable interest in the role of low-
frequency, large-scale, high-intensity disturbances in tropical forests (Whitmore and
Burslem 1998; Vandermeer et al. 2000; Baker et al. 2005). Empirical evidence
for rare, catastrophic disturbances in tropical forests is limited because of the low
frequency with which they occur, the lack of long-term monitoring and reporting
programs in tropical forests, and the lack of annual growth rings in most tropical
tree species that can be used for dendroecological reconstructions. Consequently,
most evidence for such disturbances is anecdotal, although direct observation of
the impacts of hurricanes, fires, and earthquakes on tropical forests has occurred in
some instances (e.g., Vandermeer et al. 2000; Yap et al. 2015, Leighton and Wirawan
1983). Remote-sensing technologies are beginning to change our perception of large
forested landscapes in the tropics and have begun to record the impacts of large
disturbances (Chambers et al. 2007). However, remote-sensing time series in the
tropics are limited in their temporal reach and so provide little insight into historical
patterns of disturbance. Dendroecological reconstructions of large disturbances in
the past are commonplace in temperate forest regions, but, with the exception of our
reconstruction of the impacts of a stand-replacing disturbance in the early 1800s
on the dynamics of seasonal evergreen forest at HKK, have not been conducted in
tropical forests.

There is a growing body of research, however, particularly in temperate forests
(e.g., Amoroso et al. 2011; Trotsiuk et al. 2014), demonstrating that between
these two extremes of the disturbance gradient (high-frequency, low-intensity, and
small-scale vs. low-frequency, high-intensity, and large-scale) there are many other
types of disturbances that contribute to the structural and compositional diversity
of forests. In tropical forests, the paucity of information on intermediate-scale
disturbances is a major source of uncertainty in understanding regional forest
biomass dynamics and significantly limits our ability to represent forest dynamics
in earth systems models (Chambers et al. 2009). The research we present here, in
conjunction with our earlier work on the seasonal evergreen forests at HKK, is the
first to provide empirical evidence for the role of intermediate-scale disturbances of
mixed severity on historical forest dynamics across a tropical landscape.

Our dendroecological reconstructions of recruitment and release highlight the
importance of these intermediate-scale disturbances on forest dynamics across a
complex landscape mosaic of forest types in western Thailand. Our previous work
in the seasonal evergreen forest described the repeated occurrence of discrete
periods of widespread gap formation over the past 120 years. These pulses of
recruitment and release are consistent with the canopy mortality patterns created
by low-intensity wildfires like those that we observed during the 1997-98 ENSO
event (Baker et al. 2008). During that period the intense drought conditions, which
occurred across all of continental Southeast Asia, led to widespread reduction
or loss of foliage among evergreen trees within the HKK landscape. The more
open forest canopy led to greater insolation on the forest floor, which increased
temperatures and decreased relative humidity of leaf litter layer, thereby increasing
potential flammability. For the seasonal evergreen forests, the more open forest
canopy and drier forest floor meant that the fires that were restricted to the
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deciduous forests during non-ENSO years could burn into the understorey. While
these fires carry relatively little energy, even under extreme drought conditions,
they have two distinct impacts on the seasonal evergreen forest. First, they kill
the aboveground portion of most trees that are <2cm DBH. A large proportion
(>80%) of these individuals will resprout, but there are some species that are
significantly more aggressive resprouters than others (Bunyavejchewin and Baker,
unpublished data). Interspecific differences in post-fire resprouting ability may
confer an advantage on some species if fires become more frequent. Second, the
fires kill large canopy trees through smouldering debris piles composed of bark,
fallen lianas, and other coarse woody debris that has accumulated at the base of
individual trees. Our dendroecological reconstruction of recruitment and release
dynamics in the mixed deciduous forest plot suggests that the widespread, but
diffuse, canopy gap formation and subsequent recruitment that we documented in
the seasonal evergreen forest also occurs in this forest type. Direct observation soon
after the 1998 fires showed that the fire in the mixed deciduous forest created more
and larger gaps than in the seasonal evergreen forest (Baker and Bunyavejchewin
2009), providing widespread opportunities for establishment of new seedlings and
growth releases of individuals that survived the fires.

An obvious question is whether the pulses of recruitment from these widespread,
but low-intensity, disturbances have been synchronous across both the evergreen
and mixed deciduous forests and, if so, what might be driving these patterns. In
the seasonal evergreen forest peaks of recruitment and release occurred in the early
1880s, the late 1910s/early 1920s, early 1950s and the late 1960s/early 1970s; in
the mixed deciduous forest age peaks were centered on 1879, 1919, 1953, 1977,
and 1993. These dates suggest the occurrence of synchronous disturbances across
both forest types within the broader HKK landscape on at least three occasions in the
past 125 years. The 1998 fires highlighted the potential role of regional drought and
external climate forcing mechanisms such as ENSO in driving disturbances across
large spatial scales in continental southeast Asia. The observed synchronicity of
disturbance pulses implied by our regeneration and release data from the seasonal
evergreen and mixed deciduous forest plots at HKK suggest that extreme regional
climate events may drive landscape-scale forest dynamics by creating the necessary
conditions for disturbances (in this case fire) and the subsequent patterns of
recruitment and growth. To explore the potential role of regional climate drivers
on the observed timing of disturbance and recruitment across our study sites at
HKK, we compared the recruitment and release peaks to two palaeoclimate proxy
reconstructions, specifically (1) the Monsoon Asia Drought Atlas, which estimates
spatially gridded Palmer Drought Severity Index (PDSI) values across southeast
Asia (Cook et al. 2010), and (2) the El Nifio-Southern Oscillation (Li et al. 2013).

We found that three of the five periods of heightened recruitment and growth
were associated with extreme regional drought conditions as evidenced by both
PDSI and ENSO index values (Fig. 4.5). The 1879 peaks in recruitment in the mixed
deciduous forest and the early 1880s peak in the seasonal evergreen forest closely
follow the 1878 ENSO event, the most severe ENSO event in the past 200 years and
the last year of an intense regional drought (The Great Drought, Cook et al. 2010).
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Fig. 4.5 Interannual variability in Palmer Drought Severity Index (PDSI) from the Monsoon
Drought Atlas of Cook et al. (2010) and ENSO index values from Li et al. (2013). The values
of the ENSO index have been multiplied by —1 to align them with the PDSI data. In the figure
positive values are wet conditions and negative values are dry conditions. The grey boxes represent
periods of recruitment common to both the seasonal evergreen forest and mixed deciduous forest
study sites. Three of the four recruitment periods are associated with intense ENSO and drought
conditions—the early 1950s are the exception

The peaks in recruitment and releases in the late 1910s and early 1920s are also
associated with a severe ENSO and drought conditions from 1918 to 1920. The
pulse of recruitment in 1993 at the mixed deciduous plot is associated with several
years (1991-1993) of both intense ENSO and drought conditions and observed
records of fires in 1992 at HKK. The seasonal evergreen forest reconstruction did
not show evidence of recruitment in the early 1990s primarily because our sampling,
conducted in 1998-99, was limited to trees >10cm DBH, so any individuals
establishing at that time would not have been large enough to core. However,
the 1992 fires did burn into the northwestern margins of the plot, killing canopy
trees and initiating recruitment in the newly formed canopy gaps (Baker and
Bunyavejchewin, personal observations).

While these observations suggest a role for regional climate extremes in driving
local forest dynamics, we also had one period of recruitment that was synchronous
to both forests that was not associated with extreme climate and two peaks of
recruitment that were not synchronous between the seasonal evergreen and mixed
deciduous forests. The early 1950s peak, which is common in both plots and is
the largest of the recruitment peaks in the mixed deciduous forest plots, occurred
during a period of relatively moist regional conditions. The index values for both
ENSO and the PDSI during the 1950s indicate wetter than average conditions
across the region. Between the decade spanning 1948 and 1957, the period of
peak recruitment, the ENSO index and PDSI values are only associated with dry
conditions (i.e., positive and negative values, respectively) during a single year each
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(1952 for the ENSO index and 1949 for the PDSI). Vlam et al. (2014) showed that
for Afzelia xylocarpa recruitment in the area around the seasonal evergreen forest
was largely associated with relatively wet periods. Other species, particularly those
that occur in the more exposed mixed deciduous forest, may also depend on wetter
conditions for successful establishment and growth (Troup 1921).

The patterns of recruitment and releases between the two forest types in the 1960s
and 1970s differed from the others recorded in the tree-ring data. While the peak of
recruitment in the late 1960s and early 1970s that occurred in the seasonal evergreen
forest does not coincide with the peak of recruitment in the late 1970s in the mixed
deciduous forest, the seasonal evergreen forest trees did experience a large number
of extreme growth releases in the late 1970s. During this period there is no indication
of extreme ENSO conditions; however, the PDSI data suggest that moderate drought
conditions persisted for several years (1976—-1979) coincident with the observed
growth releases. The occurrence of growth releases without associated recruitment
in the seasonal evergreen forest suggests that the multi-year drought conditions may
have led to the mortality of some canopy trees. Gaps created by drought-induced
mortality typically occur more slowly and cause less dramatic changes to the light
conditions at the forest floor than those created by fire-induced mortality, where the
base of the tree is burned out and the tree collapses to the forest floor.

4.5.2 Landscape-Scale Dynamics in a Seasonal Tropical Forest

Dendroecological reconstructions of past disturbances, episodic recruitment, and
growth releases from the dominant forest types within a seasonal tropical landscape
in western Thailand reveal a complex history of disturbances acting at multiple
spatial scales and temporal frequencies, and influenced by a range of drivers,
both internal and external to these ecosystems. The landscape of the Huai Kha
Khaeng Wildlife Sanctuary has been impacted by catastrophic stand-replacing
disturbances (most likely windstorms), broad-scale, but low-intensity, fires that
cause widespread formation of small canopy gaps, and random gap formation
associated with canopy tree mortality. The complex temporal and spatial interactions
among the many disturbances over time have created a diverse mosaic of seasonal
tropical forests in various stages of development. Within both forest types these low-
intensity disturbances, whether widespread or random, have provided opportunities
for establishment of new individuals of many of the tree species that occur in
the community. These disturbances have not been sufficiently intense to overcome
the compositional inertia of either forest type. Over the past century both of the
forest types, despite repeated disturbances of varying intensity, have maintained
their fundamental character. Only the catastrophic disturbance of the early 1800s
appears to have led to a state change from one forest type to the other (Baker et al.
2005).

One important caveat to this picture of the landscape-scale dynamics within HKK
is that we have no historical data on the stand dynamics of deciduous dipterocarp
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forest, one of the three common forest types within the Sanctuary and the most
widespread forest type in continental Southeast Asia. At HKK the deciduous
dipterocarp forest accounts for approximately 5% of the landscape, although it
may have been more widespread in the past (Baker et al. 2005). None of the
four deciduous dipterocarp species that dominate the canopy of the deciduous
dipterocarp forest form annual growth rings, despite being deciduous for several
months each year during the dry season. Absent dendrochronological data on the
timing of establishment and patterns of growth release and canopy accession, we
have a very limited understanding of the historical dynamics of the deciduous
dipterocarp component of the landscape forest mosaic. A recent study in nearly
identical deciduous dipterocarp forests in Central Vietnam has highlighted the
role of historical variability in fire frequency as a potential factor limiting canopy
recruitment of seedlings and saplings (e.g., Nguyen and Baker 2016). Zimmer and
Baker (2009) demonstrated that prolonged fire-free intervals of sufficient length
were necessary for the establishment of tropical pines in northern Thailand in forest
systems that share many structural features with deciduous dipterocarp forests (i.e.,
open canopy, extremely low abundance of saplings, grassy understorey). Deciduous
dipterocarp species often occur together with the tropical pines in northern Thailand
suggesting that infrequent periods of benign climatic conditions in which fires are
relatively rare may be a necessary condition for successful recruitment of seedlings
into larger size classes and, ultimately, the canopy.

Understanding historical disturbance patterns—and their drivers and outcomes—
within tropical forest landscapes is critical to forecasting future community states
in response to external pressures such as increasing ignition sources and climate
change (Jackson et al. 2009). Of equal importance, developing a better empirical
understanding of past forest dynamics should contribute to better predictions of
potential future shifts in the relative abundance of the different forest types across
the landscapes of continental Southeast Asia.

Our results highlight the role of regional climate drivers such as the El Nifio-
Southern Oscillation in synchronising landscape-scale disturbances by creating
intense drought conditions that lead to widespread canopy loss and rapid drying
of the fine fuels on the forest floor. Given the relatively high human population
levels throughout continental southeast Asia, fire occurrence is rarely ignition
limited. Under normal climatic conditions the forest floor of the seasonal evergreen
forests is relatively cool and moist due to the shading of the evergreen forest
canopy, preventing egress of low-intensity fires from neighboring deciduous forest.
However, during intense droughts, which are often associated with ENSO events,
seasonal evergreen tree species can experience sufficient water stress to drop their
leaves, thereby opening up the forest canopy and drying the forest floor. This
provides the precursor fuel conditions required for the human-set fires originating
on the margins of large protected areas such as HKK and Thung Yai-Naresuan to
burn across the entire landscape, impacting all forest types over thousands of square
kilometres of forest (Fig. 4.6, Bunyavejchewin et al. 2011).

The complex history of landscape-scale disturbances is also directly relevant to
questions of community assembly and species coexistence in species-rich tropical
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Fig. 4.6 Landscape-scale fire dynamics during non-ENSO and severe ENSO conditions at the
Huai Kha Khaeng Wildlife Sanctuary in western Thailand. The dark green is seasonal evergreen
forest, the pale green is mixed deciduous forest, and the tan is deciduous dipterocarp forest. During
non-ENSO years, the fires come into the sanctuary from agricultural burning in the surrounding
buffer zone, but cannot penetrate into the cool, moist understorey of the seasonal evergreen forest.
During severe ENSO years partial or complete canopy loss from drought-induced deciduousness
in typically evergreen trees leads to drier conditions at the forest floor, allowing fires from adjacent
deciduous forest types to burn through the seasonal evergreen forest understorey

forest communities. To persist in a regional species pool, each species must be
able to regenerate successfully. This requires reproductively mature individuals
within the landscape and the appropriate environmental and ecological conditions
for successful regeneration. Most models of species coexistence in tropical forest
communities focus on equilibrating mechanisms such as Janzen-Connell dynamics
that prevent common species from eliminating less common species by conferring
an adaptive advantage to rarity (e.g., Hille Ris Lambers et al. 2002; Comita et al.
2010). Warner and Chesson (1985) proposed that species could coexist if the rarer
species is able to persist within a community long enough to take advantage of
infrequent opportunities for regeneration. While our results do not explicitly test for
the storage effect in these tropical forest communities, they provide the mechanism
by which individual species could benefit greatly from disturbances. While extreme
drought has been seen as a key environmental filter in moist tropical forests where it
greatly increases mortality of adult trees (e.g., Potts 2003; Slik 2004) and seedlings
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(e.g., Engelbrecht et al. 2007; Comita 2014), in the seasonally dry tropical forests
that we studied drought causes widespread fires, which generate landscape-scale
regeneration opportunities for many species. The widespread gap formation that
accompanies landscape-scale fires creates thousands of gaps in the forest canopy.
If a relatively rare species can persist long enough to take reproductive advantage
of one of these disturbance events (i.e., storing its reproductive output for the
appropriate conditions), it would potentially be able to establish across a wide range
of sites, allowing it to maintain a presence in the community for many more decades.
Importantly, the wide range of disturbance intensities—from catastrophic, stand-
replacing events to individual tree mortality—provides a diversity of environmental
conditions for regeneration that varies in time and space.

4.6 Conclusions

Our dendroecological research at HKK has shed important light on the complex
dynamics of seasonal tropical forests at the stand and landscape scales and has
generated new insights into fundamental ecological questions about forest dynamics
and species coexistence in species-rich tropical forests. Our reconstruction of the
stand history of a mixed deciduous forest in western Thailand revealed pulses of
widespread gap recruitment over the past 150 years. When combined with our
previous dendroecological research on the seasonal evergreen forest at HKK, these
data show complex patterns of disturbance within and across forest types. However,
there is also strong evidence for landscape-scale disturbances that impact multiple
forest types synchronously. Importantly, we found that several of the reconstructed
landscape-scale disturbances are associated with intense regional drought events
driven by ENSO variability in the Pacific Ocean. Further studies in similar forests
across continental southeast Asia would allow us to explore the spatial scale
at which regional climate drivers influence forest disturbance and regeneration
patterns. In addition, the interaction between the complex disturbance history of
the landscape, which generates environmental conditions necessary for recruitment,
and the wide range of reproductive phenologies, which generates the propagules
for recruitment, provides a potentially important mechanism for coexistence of the
many tree species that co-occur in these forests.

Dendroecological studies in continental southeast Asia have the potential to
answer a range of fundamental questions about the scale of disturbance and
dynamics in these remarkable forests. For instance, are the landscape-scale pulses
of disturbance and subsequent recruitment observed at HKK occurring across the
entire region? And, at what spatial scale are individual tree species able to take
advantage of the regeneration opportunities created by regional-scale disturbances?
Can regional-scale disturbances initiated by broad climate drivers such as ENSO
provide opportunities for range shifts in a changing climate? These and other
questions will benefit greatly from further dendroecological research in the seasonal
tropical landscapes of continental southeast Asia.
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Chapter 5
Low-Hanging DendroDynamic Fruits Regarding
Disturbance in Temperate, Mesic Forests

Neil Pederson, Amanda B. Young, Amanda B. Stan, Uyanga Ariya,
and Dario Martin-Benito

Abstract Temperate, mesic forests (TMFs) are generally viewed as being in a
shifting-mosaic or a kind of dynamic equilibrium at broad spatial scales. Gaining
insight to the potential dynamics of TMFs at large-scales is crucial because these
species-rich, highly productive forests are important drivers of regional water and
carbon cycles for approximately one billion people.

Here, we briefly review the disturbance dynamics of TMFs in eastern North
America, Central Europe, and Japan, as well as the temperate rainforests of
northwestern North America and western Eurasia. We find that current knowledge
effectively describes the relatively frequent disturbance processes from stand to
landscape scales. The few large-scale dendroecological networks in TMFs, however,
suggest that large, infrequent disturbances (LIDs), those at regional scales or
larger, are also important drivers of forest development. We also discuss the
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potential reasons why the spatiotemporal scales at which most ecological research
is conducted—centennial-scale investigations (or longer) at small spatial scales or
regional investigations (and larger) that only cover a few years to a decade or two—
might bias our perception of TMF dynamics.

Our review leads us to hypothesize that the dynamic equilibrium concept
in TMFs could be challenged by findings derived from broad-scale networks
containing centuries of forest dynamics at high temporal resolution. Dendroecology
is poised for this challenge. We provide dendroecological solutions to test the
hypothesis that LIDs are important for long-term TMF dynamics. Our review
also leads us to assert that the successional trajectories in TMFs are likely more
diverse than what is commonly considered. Constraining the potential number of
trajectories likely constrains ecological theory and forest management. To expand
these perceptions, we present a conceptual model to aid comprehension of the
potential n-dimensional developmental trajectories in diverse TMFs.

As we close in on a century of tree-ring research, new frontiers are being opened
through the development of new methods and techniques that enhance investigations
of temperate mesic forests. Applying these advances will help to address urgent
questions on macroecological dynamics of temperate, mesic forests as climate
change intensifies over the next century.

Keywords Disturbance ecology ¢ Macroecology ¢ Forest development ¢ Tree
rings * Dendrochronology ¢ Mesoscale

5.1 Introduction

Increasing temperatures, reduced soil moisture, and an increase in the frequency of
extreme climatic events over the next century are expected to significantly impact
the processes driving structure and function in temperate, mesic forests (Iverson
et al. 2008; Elkin et al. 2013; Seidl et al. 2014; see Duveneck et al. (2016) for
an alternate scenario). Such changes will have profound ecological and social
impacts. Temperate, mesic forests (TMFs) cover approximately 12 million km?
and provide ecosystem services to >1 billion people. Diverse composition, function,
and structure in TMFs create productive systems that are critical to regional carbon
and water cycles. The loss of key species or compositional shifts could have large
consequences to ecosystem functionality (Ellison et al. 2005; Nadrowski et al. 2010;
Gamfeldt et al. 2013). Uncertainties regarding the response of TMFs to climate are
large, in part, because high species diversity could lead to numerous developmental
trajectories.

TMFs are characterized by abundant precipitation and moderate temperatures,
although monthly ranges of both vary across regions (Fig. 5.1). Climate in TMF
regions leads to relatively high productivity, which can be a factor of the broad
array of intensive land-use in these regions (Kaplan et al. 2009; Munoz et al. 2014).
Importantly, TMFs are species rich or are hotspots of diversity outside topical zones.
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Fig. 5.1 Examples of dense, temperate mesic forests around the Northern Hemisphere. The inset
represents the structure of climate at the center point of each region except the rainforests of the
Pacific Northwest of North America (PNW), where data is from the southern end of the study area.
Clockwise from upper left: (1) Great Smoky Mountains, eastern U.S.A.; (2) Colchic Temperate
Rainforest, eastern end of the Black Sea; (3) rainforests of the PNW; (4) Central Europe; and (5)
Central Japan

Common genera of these regions include Abies, Acer, Betula, Fagus, Quercus,
Picea, and Pinus. Eastern Asian and eastern North American TMFs have the highest
diversity within the biome and are dominated by broadleaf species, including Carya,
Liriodendron, Magnolia, Nyssa, Tilia, and Ulmus (Latham and Ricklefs 1993). In
contrast, the TMFs in the Pacific Northwest of North America (PNW) are dominated
by conifers (Abies, Callitropsis, Pseudotsuga, Thuja, and Tsuga). The Colchic
Temperate Rainforest of western Eurasia, dominated by Fagus, Abies, Quercus,
and Picea, is comparatively less diverse but includes many Arcto-Tertiary relict
species and adds many mesophytic species in a region that is more broadly semi-
arid. Species diversity is important in TMFs as it might impart resistance to extreme
climatic events (Isbell et al. 2015) or reduce annual variations in photosynthetic
capacity (e.g. Morin and Chuine 2014; Musavi et al. 2017).

The current compositions of TMFs are influenced by the time since species pool
formation (e.g. Davis 1983), contingencies of past environmental conditions (means
and extremes) (Ordonez and Svenning 2016a, b), and centuries and millennia of
human land-use (Tinner and Lotter 2006; Schworer et al. 2015). Paleoecological
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studies have documented large-scale changes in temperate, mesic biome vegetation
in response to climate change at continental and interhemispheric scales (e.g. Sven-
ning 2003; Gajewski et al. 2006), suggesting that forecasts indicating significant
impacts by future climate change on TMFs are possible. Some of these changes have
impacted biodiversity. Since the Pleistocene, for example, glaciations in Europe
triggered successive extinctions of genera that persist in eastern Asia and eastern
North America, notably Liriodendron, Magnolia, and Carya (Latham and Ricklefs
1993). As a result, early-twenty-first century European forests have relatively low
diversity and are dominated by more drought and cold tolerant species than other
TMFs (Svenning 2003; Liebergesell et al. 2016). We posit that ecological research
conducted at the spatial scales of dynamics documented by paleoecological research
is needed to better understand the potential trajectories of temperate, mesic forests.

Our goals here are to: (1) review the main drivers of disturbance dynamics in four
TMF regions, (2) synthesize common disturbance dynamics, and (3) discuss new
dendroecological approaches and concepts for TMFs, such as the idea of a dynamic
equilibrium at larger scales. One underlying theme is to foster discussion about the
ecology of these dense, structurally complex, and diverse forests. We believe that
meso- to macroecological scale research using dendrochronological techniques will
aid ecological theory on long-term forest development and assist in the continued
improvement of vegetation models.

5.1.1 Temperate, Mesic Forest Development Theory

Temperate, mesic forests were often considered to be in a kind of a dynamic
equilibrium, or shifting-mosaic steady state, at large scales where the proportion
of the species is relatively constant and the landscape is covered by a full range
of successional stages, the “steady-state landscape or mosaic-cycle concept of
ecosystems” (Botkin et al. 1981; Remmert 1991; White et al. 1999). The concept
of a dynamic equilibrium appears to be especially applicable to TMFs because
asynchronous, but low-impact, tree mortality over space occurring at relatively
high frequency are important drivers of forest structure and function (Runkle 1982,
1985; Yamamoto 1992). Through this process, long-lived, shade-tolerant species
replace short-lived pioneer species that dominate recruitment after canopy gap
formation. A dynamic equilibrium is then achieved at large scales due to the
spatially-asynchronous, high-frequency nature of these events.

The concept of the shifting-mosaic has been challenged for decades (Sprugel
1991; White and Jentsch 2001; Jentsch et al. 2002). Changes in climate, for example,
can alter forest dynamics beyond known successional pathways by moving species
or processes beyond their resilience thresholds (White and Jentsch 2001), either
directly or through complex interactions with myriad disturbances agents. In this
context, the spatial and temporal scales of research are critical to describing and
understanding the ecological processes underlying forest development. The scales
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of research are also critical in the search for generalizations beyond one specific
ecosystem, i.e., “macroecology” (Brown 1995; Gaston and Blackburn 2008).

One unsettled question around the concept of a dynamic equilibrium is whether
disturbances create this equilibrium at larger scales (White et al. 1999). As a rule of
thumb, Shugart (1984) suggested that a landscape equilibrium could be achieved if
the landscape was 50 times larger than the average disturbance patch. A fundamental
limitation in addressing this question, however, is that many studies in TMFs are
conducted at stand to landscape scales or over short time-periods; most are likely
smaller than 50 times the average patch size. As a result, the prevailing scales of
research are more likely to reveal discrete events that highlight frequent, local, and
small-scale dynamics, but not likely to be sufficient to answer the question of a
dynamic equilibrium at large spatial scales.

Centennial- to millennial-scale paleoecological research indicates that large,
infrequent disturbances (LID) are known to be important for TMFs (Foster et al.
1998; Romme et al. 1998). But, by their own nature, LIDs are rare over time and
less-well documented than most disturbances in these systems. The occurrence and
impact of LIDs suggest there is a need for a conceptual model that further disrupts
the concept of a dynamic equilibrium as well as the expected forest development
trajectories based upon the prevailing scales of research.

5.1.2 Definitions

Additional definitions regarding the scale and intensity of disturbance in temper-
ate, mesic forests are needed before we move to region-specific reviews. Large,
infrequent disturbance are known to affect forests at regional or larger scales
(e.g., >50,000 ha) and are likely to disrupt quantitative equilibrium (Romme et al.
1998). Potential triggers of LIDs include intense, prolonged or repeated drought,
heatwaves, or hot droughts (Allen and Breshears 1998; Ciais et al. 2005; Michaelian
et al. 2011); increased fires linked to larger scale atmospheric teleconnections such
as ENSO (Swetnam and Betancourt 1990); and warming that synchronizes insect
outbreaks (Raffa et al. 2008).

A new term, megadisturbances, speaks to a potential increase in severity of
disturbance at scales larger than most disturbances observed during the twentieth
century (Millar and Stephenson 2015). A megadisturbance, then, would seem to
have the ability to drive temperate forests over their threshold or beyond their
resilience. Both LIDs and megadisturbances occur at large scales and can resonate
at broad spatial scales for centuries, creating ecological legacies. In contrast to
megadisturbances, however, LIDs can be of lower severity. For example, a strong
drought affecting large areas of TMFs and inducing an increased rate of tree
mortality, mainly impacting the most drought-vulnerable species, would constitute
a LID. If the return interval of this LID is shorter than the time required to reach
the hypothetical dynamic equilibrium, this equilibrium would not occur at very large
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spatial scales. LIDs and megadisturbances have been most frequently documented
and studied in semi-arid, dry, or cool regions. In TMF regions, documentation of
LIDs comes almost exclusively through sediment core analysis where temporal and
taxonomic resolution can be low. New approaches in dendroecology can enhance
current theory in the development of TMFs.

5.2 [Ecological and Dendroecological Case Studies

5.2.1 Eastern North American Broadleaf-dominated Forest

The dynamics of the diverse eastern North American TMFs, composed primarily
of Abies, Acer, Betula, Carya, Fagus, Liriodendron, Quercus, Pinus, Picea, and
Tsuga, are driven by a wide range of disturbances. The predominant agents of
natural disturbance include windstorms (hurricanes, tornadoes, derechos), fire,
drought-induced mortality, and the fine-scale dynamics of background mortality
(White 1979; Runkle 2000; Dietze and Moorcroft 2011; Vanderwel et al. 2013).
Windstorms have substantial and long-lasting impacts on forests, especially when
they lead to stand-replacing disturbances (Lorimer 1977; Canham and Loucks 1984;
Foster and Boose 1992; Everham and Brokaw 1996; see Peterson et al. (2016) for
a recent synthesis). Windstorms do not impact ecosystems equally. Topography,
stand structure, and composition influence the impact of windstorms (Canham et al.
2001; Woods 2004; Pearson 2010; Stueve et al. 2011; Fahey et al. 2015). Forests
on exposed sites, and some species in certain forest structures (large trees, pine
species) are generally more vulnerable to windstorms (Putz and Sharitz 1991; Foster
and Boose 1992; Canham et al. 2001). Windstorms with intermediate frequency,
magnitude, and intensity have a substantial cumulative impact—roughly 25,000 ha
of forest in the northern Great Lakes region experienced severe damage over a
25-year period (Stueve et al. 2011).

Dendroecological and sediment-core studies show that fire occurred regularly
in eastern North America (Guyette et al. 2002, 2006; Power et al. 2008; Clifford
and Booth 2015). Dendroecology studies have shown that fire strongly influences
regeneration, composition, and stand structure in conifer-dominated ecosystems
within the broadleaf forest matrix (Aldrich et al. 2010; Hessl et al. 2011; Flatley
et al. 2013), especially on dry, low productivity sites (Grissino-Mayer 2016).
Fire impacts in Quercus-dominated forests, however, are less resolved (Matlack
2015; Stambaugh et al. 2015). Fire in the Quercus-dominated forest often occurs
as surface fires that primarily kill small trees and crown fires are rare (Abrams
1992; Grissino-Mayer 2016). Because fires are larger and more frequent during
drought (Lynch and Hessl 2010; Lafon and Quiring 2012; Grissino-Mayer 2016),
the extreme 2016 drought in the Southern Appalachian Mountains highlights that
more intense fire can occur in extreme conditions (Akpan 2016). Although repli-
cation is relatively low, dendroecological research indicates that fire was relatively
frequent in Quercus-dominated forests during the late 1600s (Guyette et al. 2006)
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and increased as Europeans immigrated across the region (McEwan et al. 2007;
Grissino-Mayer 2016). Fire then declined early in the twentieth century, coinciding
with a decrease in Quercus and rise of mesophytic species in forest understories
(Nowacki and Abrams 2008; McEwan et al. 2011). An analysis of dendroclimatic
reconstructions of the Palmer Drought Severity Index (PDSI) for this region reveals
a long-term wetting trend, which could be one of many factors driving both the rise
of mesophytic species and a reduction in fire (McEwan et al. 2011). Continued fire
research in Quercus-dominated forests is needed to understand the full ecological
impact of fire in this region (Varner et al. 2016).

Dendroecology and a range of other paleo-proxies show that moisture availability
is an important driver of forest dynamics (Cook 1991; Clinton et al. 1993; Foster
et al. 2006; Choat et al. 2012; Martin-Benito and Pederson 2015; Booth et al.
2016; Charney et al. 2016). Drought was observed to kill trees during the first
part of the twentieth century across eastern North America (Millers et al. 1989).
In some areas, however, drought-induced mortality has not been recorded over the
last 30-50 years (Karnig and Lyford 1968; Stringer et al. 1989), which is consistent
with increased moisture availability in recent decades over much of this region
(Pederson et al. 2015). Recent tree mortality in the southeastern U.S. has been tied
to increased moisture stress (Haavik et al. 2015; Berdanier and Clark 2016). Given
these climate-forest dynamics, it is reasonable to surmise that a future increase
in drought frequency and severity could lead to higher mortality levels and favor
drought- and fire-adapted tree species like Quercus and Carya (Clark et al. 2016).

Dendroecology in old-growth forests has a long history in the eastern North
American TMF (Marshall 1927; Henry and Swan 1974; Lorimer 1980; Frelich and
Lorimer 1991; Abrams and Orwig 1996; Chokkalingam and White 2001; Orwig
et al. 2001; Fraver et al. 2009; Hart et al. 2012a). Many of these studies have
been conducted at small spatial scales (i.e., stand level) and generally support gap-
phase dynamics. Over the last decade, dendroecological research began to expand to
include larger areas up to subcontinental scales (Rentch 2003; D’ Amato and Orwig
2008; Pederson et al. 2014). Some of these studies support hypotheses of episodic
disturbance at large spatial scales (Oliver and Stephens 1977; Foster 1988; Cho and
Boerner 1995; Woods 2004) and show evidence of such events from sediment core
studies (Davis 1983; Grimm 1983; Webb 1988; Peteet et al. 1990; Shuman et al.
2002; Ordonez and Williams 2013; Clifford and Booth 2015). To refine large-scale
change in vegetation temporally and taxonomically in this region, dendroecological
studies should be conducted at broad spatial scales.

5.2.2 Temperate Rainforest of Northwestern North America

In the wetter portions of the coastal temperate region of the Pacific Northwest of
North America, from the Olympic Peninsula, Washington, U.S. to southeastern
Alaska, U.S., dense rainforests are composed primarily of Abies, Callitropsis,
Thuja, Psuedotsuga, and Tsuga, with some trees exceeding 60 m in height and
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having diameters up to 350 cm. Natural disturbance processes in this region are
strongly influenced by a climate with high annual rainfall and cool temperatures
(Fig. 5.1; Alaback 1991, Meidinger and Pojar 1991, DellaSala et al. 2011). Diverse
topography and site characteristics impact common disturbance agents, including
fire, wind, geomorphic events (i.e. mass wasting, avalanches), climatic events
(flooding, frost, drought), and mammal browsing (Dorner and Wong 2002; Franklin
et al. 2002; Wong et al. 2003; Alaback et al. 2013). Though often generalized, there
is substantial diversity in stand conditions, disturbance, and potential developmental
trajectories of forests in this region.

Stand-replacing fire and windthrow are infrequent disturbances restricted to
specific topographic settings in the wetter rainforests of the PNW. Fire mostly
occurs on south-facing slopes, with mean return intervals sometimes greater than
1000 years and some sites not burning for thousands of years (Lertzman et al.
2002; Gavin et al. 2003a, b, 2013; Hallett et al. 2003). Indigenous peoples are
hypothesized to have created spatial and temporal complexity by interrupting the
long intervals between fires with low-severity fires (Hoffman et al. 2016). When
stand-level windthrow occurs, it mostly takes place on exposed portions of the
landscape and not in protected valleys (Kramer et al. 2001; Harcombe et al. 2004;
Pearson 2010). During the long intervals between severe disturbance, fine-scale gap
dynamics lead to structurally complex forests (Lertzman et al. 1996; Daniels and
Gray 2006; Alaback et al. 2013). These disturbance dynamics account for most of
the structure of unmanaged, productive, upland forests throughout the region.

Dendroecology has improved our understanding of gap dynamics in coastal
temperate rainforests. In mid-elevation, old-growth stands on the South Coast of
British Columbia, Canada, Daniels and Klinka (1996) used dendroecology and
stem maps to estimate growth releases and delineate past canopy gaps. Findings
suggested that growth releases vary among shade-tolerant trees moving into the
canopy of these stands, implying different strategies among the study species that
might contribute to their coexistence (Daniels and Klinka 1996). Pursuing this
further, Stan and Daniels (2010a, b, 2014) found a suite of variables including,
tree diameter, growth rate prior to release, and distance from the gap center,
influenced the magnitude and duration of a release. Also combining stem maps
and dendroecology, Parish and Antos (2004, 2006) found that fine-scale gaps are
the dominant disturbance process among South Coast forests with very old, slow-
growing, stress-tolerant trees. These examples represent the few dendroecological
studies of gap dynamics in the region.

Projections of warmer and wetter conditions with a decrease in total precipitation
as snow are expected to result in a series of ecosystem-level effects throughout
the PNW by the end of the century (Wang et al. 2012; Shanley et al. 2015). The
decline of Callitropsis nootkatensis in southeastern Alaska is one climate-driven
phenomenon that has been altering ecosystems since the end of the Little Ice Age
(Hennon et al. 1990). In this case, warming temperatures and reduced snowpack
appears to have triggered a widespread death of this species (Hennon et al. 2012). If
warming expands this decline into more productive, upland forests, the fine-scale
processes that dominate stand dynamics could be greatly altered: progressive
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Callitropsis nootkatensis decline and mortality would likely create conditions for a
relatively synchronous canopy disturbance. Furthermore, an anticipated warmer and
drier summer climate (Wang et al. 2012) might increase the rate of tree mortality and
gap formation (van Mantgem et al. 2009). Undoubtedly, dendroecology can help us
understand the impacts of altered disturbance regimes on PNW forest communities
over time.

Special Highlight: The Colchic Temperate Rainforest of Western Asia
On the eastern Black Sea coast resides the Colchic temperate rainforest, a
dense forest with trees up to 45 m in height (DellaSala 2011). At lower
elevations, broadleaf forests are mainly comprised of Fagus orientalis and
a mix of species including Castanea sativa. Coniferous forests (i.e., Picea
orientalis and Abies nordmanniana) develop in somewhat dryer locations.
Abundant Rhododendron, Ilex, and Laurocerasus characterize the subcanopy
of these systems. The Colchic temperate rainforest contains one of the most
important relicts of the Arcto-Tertiary forests in western Eurasia (Connor et al.
2007).

Because precipitation is abundant (>2000 mm) and evenly distributed
throughout the year (Fig. 5.1), changes in natural vegetation are generally
thought to be gradual; humans are seen as the main triggers of abrupt change
(Connor et al. 2007). Precipitation, however, can vary significantly during
critical parts of the growing season (Martin-Benito et al. 2016). With this
insight on climatic variability, it is reasonable to hypothesize that extreme
climate could initiate abrupt changes in vegetation. Paleoecological research
shows evidence of these changes in the past (Connor et al. 2007), which make
the possibility of significant alteration in the ecology of these forests in the
future realistic. In light of modeling forecasts of a subtropical climate in this
region, the Colchic temperate rainforest could expand into areas with low
species diversity or low biomass and, as a result, increase the species diversity
of these adjacent areas.

5.2.3 European Broadleaf-Dominated Forest

In the mixed temperate forests of European, comprised principally of Acer, Fagus,
Picea, Pinus, Larix, and Quercus, windstorms and bark beetles (e.g., Ips typogra-
phus mainly affecting Picea abies) are the main disturbance agents at landscape
scales. Windstorms primarily drive successional dynamics through gap creation and
the loss of biomass (Pontailler et al. 1997; Ulanova 2000; Seidl et al. 2014). Bark
beetle disturbance could increase tree mortality if future abiotic stress weakens trees
and predisposes them to insect attacks (Seidl et al. 2014). Windthrow, however,
can also facilitate bark beetle infestations (Temperli et al. 2013). Disease-induced
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mortality events are significant disturbances, but they occur either at the species
level or in very specific situations (Robin and Heiniger 2001; Dobrowolska et al.
2011). Fire can have some of the strongest impacts through modification of
stand developmental trajectories to earlier successional stages or limiting species
composition, particularly at the southern border of the TMF or in the Southern Alps
(Ascoli et al. 2013; Maringer et al. 2016); fire is less frequent in the central broadleaf
forest (Niklasson et al. 2010). The most common types of disturbance observed in
European TMFs are low-intensity, but high-frequency processes that make up the
general background mortality rate.

Drought is increasingly considered an important disturbance agent at continental
scales (Ciais et al. 2005). Although drought mortality events are rare (though see
Siwkcki and Ufnalski 1998; Bréda et al. 2006), and mostly limited to the southern
edge of the biome (Camarero et al. 2011; Cailleret et al. 2014), they are reported
as far north as Norway (Solberg 2004). In contrast to prevailing expectations in
European forests, a dominant species, Fagus sylvatica, appears to be more drought-
sensitive at the core of its range than at its southern limit (Cavin and Jump 2017).
Climate projections suggest that drought will increase, making European TMFs
potentially more vulnerable to drought at large scales (Elkin et al. 2013; Temperli
et al. 2013) and exacerbating the impacts of other disturbance agents (Seidl et al.
2017).

Important to long-term development of European temperate forests are the
interactions among multiple disturbance agents. The combination of windthrow
or drought with an outbreak of bark beetles can result in a spatially-extensive
disturbance and, occasionally, extirpation (Temperli et al. 2013). Of all identified
natural disturbances in the region, drought might be the strongest factor facilitating
other agents (Siwkcki and Ufnalski 1998; Bréda et al. 2006). Forest decline often
follows interactions among multiple stressors that compound the impact of a
single disturbance agent (Manion 1981; Temperli et al. 2013). Some interactions
between disturbance agents could have a negative feedback or a long-term decline
in disturbance (Seidl et al. 2017). The combination of drought and bark beetle
outbreaks, for example, might lead to the disappearance of the beetle’s host
(Temperli et al. 2013).

Evidence suggests that synchronization of stand dynamics and forest develop-
ment across large scales could occur if severe droughts or heat waves (Ciais et al.
2005; Cook et al. 2014, 2015) exacerbate the impact of large windstorms, like
storm Vivian in 1990 and Lothar in 1999. Drought, for example, can induce growth
declines across species over wide areas. Paleoecological studies in central Europe
show that forest composition was affected in part by drought over the Holocene
(Tinner and Lotter 2001) and that the most drought sensitive species (e.g., Fagus
sylvatica or Abies alba) could become locally extinct a few decades after extreme
drought (Tinner and Lotter 2001; Camarero et al. 2011). Given that interactions
among multiple disturbance agents can increase the severity and spatial extent
of disturbance, we hypothesize that regional to continental-scale disturbances are
important, but poorly understood, processes of long-term forest development in the
region.
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To date, dendroecological research in Europe has provided little evidence of
regional to continental-scale disturbance and, in general, broadly documents gap-
dynamics as the main process affecting forests (e.g. Trotsiuk et al. 2012). The long
history of human land-use and small tracts of old-growth forest (Nagel et al. 2007)
might be the reason that many tree-ring studies have been conducted in second-
growth forests (Cherubini et al. 1996; Emborg et al. 2000; Rozas 2001, 2004;
Rozas et al. 2008) or at small spatial scales in old-growth forests (Piovesan et al.
2005; Splechtna et al. 2005; Nagel et al. 2007; Svoboda et al. 2012; Trotsiuk et al.
2016). Dendroecological research at broad spatial scales will help in testing the
hypothesis that regional to continental-scale disturbance is important in the long-
term development of TMFs in Europe.

5.2.4 Broadleaf-Dominated Forests of Japan

Typhoons and Sasa spp. (Bamboo) are important factors of TMF dynamics in Japan,
with typhoons creating canopy gaps and initiating tree regeneration. Japanese tem-
perate forests are divided into mid-elevation forests dominated by broadleaf species
(Castanopsis, Fagus, Quercus) and high-elevation forests of mixed broadleaf and
conifer species (Abies, Betula, Pinus, Picea). Many studies have attempted to
detect the occurrence of typhoon damage using ecological and dendroecological
techniques (e.g., Franklin et al. 1979; Kanzaki and Yoda 1986; Kubota and Hara
1995; Namikawa 1996), but interestingly, intense typhoons do not appear to alter
the rate of gap formation (Naka 1982; Kanzaki and Yoda 1986; Yamamoto 1996;
Ida 2000; Altman et al. 2016; Ariya et al. 2016). Synchronous regeneration
of trees has also been reported in this region over areas up to several square
kilometers (Numata 1970; Nakashizuka 1987). If synchronous recruitment occurs
at large scales and if severe typhoons do not change rates of gap formation, an
important question is, “What are the drivers of large-scale regeneration?” One
potential driver is the episodic dynamics of Sasa. Following blooming, culms die
synchronously and create space for tree establishment (Numata 1970; Nakashizuka
1987; Taylor et al. 2004). A series of successional trajectories are then possible:
trees fill the Sasa gap, Sasa regrows and “maintaining” its space, or there is a
change in species composition. A dense Sasa canopy can lead to the creation of
larger canopy gaps (Nakashizuka 1987). In this case, if gaps are not filled, canopy
edges are at a greater risk of wind damage, potentially leading to expanded gaps.
Therefore, interactions between Sasa dynamics and typhoon frequency could drive
synchronous regeneration dynamics.

High-elevation forests in central Japan offer an interesting opportunity for
dendroecological research in TMFs. Above the mixed subalpine forest, treeline
is composed of the broadleaf Befula ermanii. There has been little to no Betula
ermanii regeneration in the subalpine forests in recent decades (Kohyama 1984;
Yamamoto 1993, 1996). Betula ermanii has been observed to establish on mineral
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soil created by uprooted gapmakers (Kohyama 1984; Nakashizuka 1987) and on
elevated surfaces such as logs (Hiura et al. 1996) and in areas with continuous
disturbance at small-scales (Kubota and Hara 1995). But, while one study found
that 80% of dead Betula ermanii are uprooted, it seemed that the majority of these
trees were too small to produce much mineral soil (Kanzaki and Yoda 1986). Abies
can create important substrate for Betula ermanii regeneration in the form of logs,
but they have often been observed to have remain as standing snags (Kanzaki and
Yoda 1986; Ida 2000). The lack of Betula regeneration in these forests, despite
frequent disturbance, point to alternative modes and processes of forest succession
and development.

Dynamics of TMFs in Japan are also determined by interactions between
elevation and forest composition. Canopy gaps in mid-elevation forests occupy
13-24% of the landscape (Yamamoto 1996) while canopy gaps in mixed coniferous
subalpine forests occupy 4-20% of the landscape (Yamamoto 1996; Takahashi
1997; Narukawa and Yamamoto 2001). Curiously, gap sizes depend partly on
species composition in mid-elevation forests but not in high-elevation forests. In
mid-elevation forests dominated by Quercus and Castanopsis, gaps are typically
ten times larger than those in Fagus dominated forests (ca. 700 m? vs. 70 m?) (Naka
1982; Nakashizuka 1987; Hiura 1995; Ida 2000) while the average gap size in high-
elevation forests is 100 m? regardless of species. Differences in gap-size between
these forests appear independent of age and perhaps are related to the relatively-
larger crowns of broadleaf trees.

Dendroecology has provided substantial insight into recruitment dynamics in
mid-elevation TMFs in Japan. One study in a mid-elevation old-growth forest
dominated by Fagus found the recruitment and initial radial growth of three
species (Ariya et al. 2016) follows observed traits and behaviors of various tree
species (Yamamoto 1995; Yoshida and Kamitani 1998; Abe et al. 2005). Shade-
tolerant Fagus exhibits low radial-growth and recruits into the forest from advanced
regeneration. In contrast, wide rings early in the life of shade-intolerant Betula
grossa and Magnolia obovata indicate gap-origin trees. The coexistence of these
species in the canopy is likely the result of severe disturbances or large gaps,
although no severe disturbances were found after 1900 (Ariya et al. 2016).

Using multiple lines of evidence, dendroecology can likely help disentangle the
spatiotemporal interactions between typhoons and Sasa and aid in understanding the
puzzling issues of regeneration dynamics at high-elevations. For instance, shade-
tolerant Abies recruits through advanced regeneration at high-elevation, (Mori and
Komiyama 2008) while shade-intolerant Berula requires large gaps. Therefore,
dendroecological research can determine the timing of gap creation following
Betula recruitment (Yamamoto 1996) or the date of growth release in Abies (Abrams
et al. 1999). As dendroecology becomes more frequently utilized in deciphering the
ecology of TMFs in Japan, multiple lines of evidence from these studies can help
determine mechanisms of long-term development in the region.
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5.3 Synthesis of Temperate, Mesic Forest Literature

Constant, but low-impact and stochastic tree mortality ensures the perpetuity of
fine-scale dynamics in TMFs (White 1979; Yamamoto 1992; Rebertus and Veblen
1993; Lertzman et al. 1996). Whether through the low rate of asynchronous gap
dynamics (e.g., tree mortality of 1-3%/year in the eastern U.S. (Runkle 1998),
turnover times of 350-950 years in the PNW (Lertzman et al. 1996)), the often
asynchronous patterns of large-scale fire (Clark and Royall 1996, Parshall and
Foster 2002, Guyette et al. 2006; though see McMurry et al. 2007), or intense,
but spatially-limited windstorms (Everham and Brokaw 1996; Foster et al. 1998;
DellaSala 2011; Vanderwel et al. 2013), these disturbances generally do not match
the spatial scale or synchrony of disturbance anticipated by some model forecasts
due to the intensification of anthropogenic climate change. The mismatch might be
related to the prevalent scales of research and the rarity of extreme climate events
during the short periods of observation that dominate most studies.

Large, infrequent disturbances are a component of disturbance theory in TMFs
(Oliver and Larson 1990, Foster et al. 1998, White et al. 1999, Bormann and Likens
1994), and have been documented by paleoecology from regional to hemispheric
scales (Svenning 2003; Gajewski et al. 2006). Dendroecology in TMFs has provided
some evidence for LIDs, with a few studies suggesting they could be more frequent
than what is commonly expected (Pederson et al. 2014; Rodriguez-Catén et al. 2015;
Sanchez-Salguero et al. 2015). A lack of studies conducted at large spatial scales
might overemphasize the asynchrony of disturbance in TMFs, which can lead to
inaccuracies in forecasting long-term dynamics (sensu Wiens 1989).

Despite theory and despite evidence of LIDs, the preponderance of evidence for
disturbance in TMFs centers on frequent and fine-scale processes. While there are
many potential reasons for this, we focus on a few key factors. First, the small
scale of most dendroecological studies likely limits the potential to observe the
full spatial extent of past disturbance, though see (Rentch 2003; D’Amato and
Orwig 2008; Trotsiuk et al. 2014, 2016). Second, there is a miniscule amount
of remaining old-growth forest in TMFs, and the common longevity of trees
in these forests, from 300400 years (Di Filippo et al. 2015), likely limits the
discovery of LIDs. Finally, of the studies in contemporary forests conducted at
broad scales, most are time-limited to decades or less, which creates a mismatch
between the time scale of research and the slow processes of forest development.
Repeated surveys of old-growth forests, for example, have indicated: (1) a relatively
stable canopy with essentially no change in composition and the lack of a severe,
landscape-scale disturbance over three decades (e.g. Chapman and McEwan 2016)
or (2) only one severe landscape-scale disturbance event over the course of seven
decades (e.g. Woods 2004). A dendroecological investigation in the same forest
studied by Chapman and McEwan (2016) indicated that: (1) two pulses of Quercus
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recruitment occurred ca. 200 years apart and (2) long periods of suppression before
canopy accession (McEwan et al. 2014). Similarly, a dendroecological study in
a Pseudotsuga mengziesii stand in the PNW found three recruitment pulses 150-
200 years apart over 500 years (Winter et al. 2002). We know of no repeated surveys
that have observed processes where recruitment pulses effectively led to canopy
trees centuries after a disturbance. Thus, the development of dendroecological
networks in TMFs, like the fire-scar networks in the semi-arid US (Swetnam and
Betancourt 1990; Falk et al. 2011), can aid in understanding the dynamics of mesic
forests across spatial and temporal scales.

Finally, interactions between disturbances are important when considering forest
dynamics. Repeated drought, interactions with other disturbance agents (frost,
beetles), or heat-enhanced disturbance often elevate tree mortality (e.g. Long 1914;
Hursh and Haasis 1931; Pedersen 1998; Ciais et al. 2005; Seidl et al. 2014; Allen
et al. 2015; Haavik et al. 2015). Similarly, disturbances acting upon vegetation
“substrate” (forest structure, composition) interact with historical land-use. In
regions where protected forests are recovering from prior land-use (heavy cutting,
agricultural abandonment), the accumulation of large trees and biomass has the
potential to increase their vulnerability to disturbance and climatic extremes (e.g.
Bennett et al. 2015; Kauppi et al. 2015).

5.4 Advancement in Disturbance Theory with Basic
Dendroecological Techniques

New applications of well-established dendrochronological techniques have the
potential to significantly advance existing theory of forest development. Den-
drochronological crossdating provides the dating precision to analyze extreme
events that would otherwise be effectively muted, masked, or shifted in time (Black
et al. 2016). Crossdating, unfortunately, has not always been conducted in all tree-
ring studies, which is understandable given the known difficulty of dating some
species and particularly understory trees (e.g. Takaoka 1993; Lorimer et al. 1999;
Grundmann et al. 2008). Notably, some understory diffuse-porous trees, have weak
chronology interseries correlations (R < 0.50 with >20 series) and many locally-
absent rings (LARs; Table 5.1). For example, 80 Betula ermanii trees produced
242 LARs compared to only 8 LARs from 100 Abies mariesii trees in central
Japan (Young 2016). In the northeastern U.S., the number of LARs per radius in
diffuse porous species varied, ranging from 10-16 rings in Acer rubrum and up
to 18 LARs in one Betula alleghaniensis (Table 5.1). In one extreme case from
Turkey, 24 LARs were found in a Fagus orientalis over only 32 years of growth
(D. Martin Benito, unpublished data). For comparison, these rates of LARs in TMF
collections are much greater than rates in most International Tree-Ring Databank
collections (St George et al. 2013). Interestingly, we have found the rate of LARs
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Table 5.1 Rate of missing rings in and site-level correlations of dendroecological collections in
the northeastern U.S.

% Missing rings
% Missing rings (# | after 1970 (# Site-level interseries
measured rings) measured rings) correlations (Spearman)
Understory, Overstory
(size = # of series)
Species Understory| Overstory Understory Overstory| 0.3 0.4 0.5 0.6
Acer rubrum | 2.1% 09% | 4.1% 1.4% “ @ O
(19047) | (10303) |(8625) (4156)
Acer 6.3% 13%  102% | 0.7% O Y
saccharum -

4880) | (17937) |2261) | (6276)

Betula 2.7% 0.4% 4.2% 0.9% o] .
alleghaniensis

(5522) (1380) | (3099) (681)

Fagus 0.7% 04% | 0.9% 0.1% @O oo
grandifolia

(16656) | (114047) | (8069) (4125)
Interseries correlations are derived from populations with >20 series. Sample size is represented

by the size of each circle. Of the 18 populations, the range is 20-119 series with a median of 33.
Black circles = understory trees, grey circles = overstory trees

in Acer rubrum in the northeastern U.S. has increased since the 1970s (Fig. 5.2a),
which is a phenomenon that also appears in Betula ermanii trees in central Japan
(Young 2016). High-rates of LARs in TMFs underscores the difficulty, as well as
the necessity of crossdating all samples to the best of one’s ability.

Crossdating matters in reconstructing stand history. When we do not account for
LARs in Acer rubrum at the Harvard Forest in the U.S., it can appear that the 1938
hurricane was instrumental in recruitment of this species. When recruitment history
is based on crossdated samples, however, it becomes evident that a disturbance in
the 1920s triggered a spike in Acer rubrum recruitment (Fig. 5.2b). Similar findings
were made in Betula ermanii living in a mixed TMF in northern Hokkaido, Japan,
where the failure to account for LARs led to an incorrect reconstruction of age
structure (Takaoka 1993). Despite suggestions from some early studies in TMFs,
suppressed trees can be crossdated (Table 5.1). These and other dendrochronological
studies make clear the importance of crossdating understory and overstory trees to
better understand forest dynamics. Such work has revealed information not often
noted in silvics manuals, such as centuries-long understory persistence of Quercus
and other species, despite being classified as shade intolerant or mid-intolerant to
overstory competition (Black et al. 2008; Pederson 2010).

Advancements in forest ecology theory can also be made through the cautious
analysis of annually binned data. This kind of analysis increases the likelihood
of correctly attributing drivers of disturbance while at the same time potentially
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Fig. 5.2 The propensity of missing rings in Acer rubrum per year (a) and how it affects age
structure analysis of trees estimated to be <5 years from pith or at pith (b). Grey in (a) represents
the number of time series while the red line is the annual percentage of missing rings per time-
series present. Recruitment in (b) is annually binned. Peaks are identified using a probability
density function with a Guassian kernel with a smoothing bandwidth of one following the method
of Trotsiuk et al. (submitted). A significant shift in age structure is observed with undated trees
beginning in the mid- to late-1930s
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revealing episodic dynamics that could be obscured with decadal binning, as shown
in the Acer rubrum example above (Fig. 5.2b). Annual binning might not be
completely necessary, but the combination of crossdating and binning data at bins
smaller than decades can improve our understanding on the episodic (or not) nature
of forests.

Finally, dendroecological analysis of historic timbers can recover long-forgotten
forest dynamics (Trouet et al. 2017; de Graauw 2017). Such studies are potentially
powerful in documenting past LIDs or where human land-use reduced most of the
old-growth forest (Trouet et al. 2017). As TMF dendroecology follows the pioneer-
ing ecology of western U.S. forests at large spatial scales over hundreds of years
(e.g. Brubaker 1980; Swetnam and Betancourt 1990), evidence of synchronous
dynamics at large scales has increased (Pederson et al. 2014; Rodriguez-Catén et al.
2015; Sanchez-Salguero et al. 2015). These efforts need to continue. Precisely-dated
records have revealed patterns of disturbance that challenge long-held theories on
dynamic equilibriums in forested ecosystems.

5.5 A Temperate Mesic Forest Conundrum

We have noticed a bit of a conundrum in the concept of a dynamic equilibrium in
broadleaf-dominated TMFs—some early successional species often make up sub-
stantial portions of old forests. This phenomenon is well documented in coniferous
forests of the PNW where Pseudotsuga menziesii can live 400-700 years and in the
forests of southwest Japan where Cryptomeria japonica can live 2000-3000 years
(Veblen 1986; Suzuki and Tsukahara 1987). Increasingly, Liriodendron tulipifera
trees 350-510 years old, beyond the presumed maximum age for the species, are
being found in the southeastern U.S. (Pederson 2010). In central Japan, recent
studies in mid- and high-elevation forests are finding Betula spp. trees that are still
present in the canopy after 150-300+ years (Ariya et al. 2016; Young 2016). These
ages and age structures do not fully reflect the paradigm of broadleaf-dominated
TMFs. The presence of old, early-successional trees in TMFs show that they are
meaningful to their long-term structure, function, and development.

The reasons as to why early-successional species compose a significant amount
of old forest are not entirely clear. In general, longevity of shade-intolerant or
pioneer species is lower than that of shade-tolerant or later-successional species.
Despite often having relatively high rates of growth, some shade-intolerant species,
however, are being found to reach very old ages even in closed canopy forests (e.g. in
North America Betula lenta, Liriodendron tulipifera in the east or Pseudotsuga men-
ziesii in the west). As such, there is a signal starting to arise above the noise in TMFs
as well as in tropical forests (e.g. Baker et al. 2005; Baker and Bunyavejchewin
2017): recruitment pulses at large scales and early-successional species that occupy
the forest canopy for centuries is evidence that severe disturbance is another key
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process of forest development. Put another way, centuries of fine- and intermediate-
scale processes do not fully erase the legacies of LIDs or possible megadisturbances
in TMFs.

5.5.1 New Evidence of Large-scale Disturbance in Temperate
Mesic Forests

As the scale of dendroecological research in TMFs increases, there is more evidence
that large-scale events occurred within the life span of living trees. A synthesis of
tree recruitment dates from old-growth broadleaf-dominated forests in the eastern
U.S. makes evident of what appears to be a recruitment pulse in the mid- to late-
1600s over ca. 1.4 million km? (Pederson et al. 2014). An analysis of a collection
created during the early-1900s that targeted old cross-sections from stave (barrel)
mills (and similar sources) also finds a pulse of tree recruitment in the mid- to late-
1600s in the western portion of the eastern U.S. (Trouet et al. 2017). Additionally,
the age structure of dendroclimatological collections made during the late-1900s
of the oldest-looking trees reveals what appears to be the same 1600s recruitment
pulse. In fact, the age structure during the 1600s of the dendroclimatological
collection was not significantly different from the collection made in the early-1900s
(Trouet et al. 2017). These data provide more evidence of a large-scale disturbance
in the eastern U.S. during the mid- to late-1600s.

Here, we present a new synthesis of age structures in ten forests collected over
the last decade hinting at a similar recruitment event in the northeastern U.S. during
and soon after the 1780s. Data in this synthesis only includes cores that have the
pith of an individual or an inner ring that appears likely to be within a decade of
the pith. We present annual recruitment dates from 217 trees that were collected
through plot or targeted sampling. Recruitment dates of this synthesis ranges from
1571-1830 CE (Fig. 5.3a).

The first set of evidence that drew our attention to a possible recruitment event
during the 1780s comes from Wachusett Mountain in central New England and
includes the oldest-known Quercus rubra (Orwig et al. 2001). Dating to the 1660s,
the oldest Quercus rubra trees on Wachusett Mountain uphold the hypothesis of
subcontinental recruitment in the mid- to late-1600s. A second recruitment pulse of
Quercus rubra, however, is seen between 1770-1799. Upon recognizing a potential
regional-scale event, we synthesized recruitment dates from trees collected over an
area of ca. 22,000 km?. Together, these data indicate a significant increase in tree
recruitment across forest types and species starting around the 1780s. A moving t-
test technique of these data suggests an abrupt and significant increase in recruitment
in 1777 (p < 0.05). Following a trough in recruitment, another peak appears in the
late 1820s (Fig. 5.3b).

The synchrony of the ca. 1780s event in the northeastern U.S. appears stronger
among Quercus species (Fig. 5.3a). Quercus rubra recruited between 1770-1799 in
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Fig. 5.3 (a) Recruitment of trees at the forest level over ca. 22,000 km? of the Northeastern U.S.
from 1571-1830 based on inner pith dates (n = 217). Circles represent trees from plot sampling
while triangles represent trees collected through targeted sampling, either oldest-appearing trees or
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the three forests sampled via fixed plots and in three other forests where old trees
were targeted and cored. Quercus montana recruited in the 1780s in four forests
and 1790s in a fifth forest. In collections that included Quercus alba, recruitment
occurred between the early-1780s and mid-1790s in three forests. Most interesting
is the recruitment of Quercus in Pisgah State Park, New Hampshire. Inner rings of
the six Quercus alba trees with dates at or near pith fall between 1780 and 1787.
Of the eight Quercus rubra with dates at or near pith, seven fall between 1788 and
1793; the date of the eighth Quercus rubra is 1798. Quercus alba is estimated to
be about 2% of the forest (Daley et al. 1930; Foster 1988) and were sampled on
a narrow ridge with shallow soils while the Quercus rubra grew on slightly richer
sites away from the Quercus alba. These data suggest that Quercus in Pisgah State
Park recruited simultaneously during the 1780s despite differences in site type.
There are several caveats that need consideration regarding these data. First,
many of the forests have been heavily cut; only Gill Brook, the Harvard Tract in
Pisgah State Park, and Wachusett Mountain appear to be uncut forests. Palmghatt
Ravine was heavily cut in 1870s and the pulse of recruitment in the early-1800s at
Montgomery Place follows a real estate deal suggesting it was also heavily cut.
Second, a few non-Quercus species recruiting around this time are represented
by only 1-2 trees, making the timing of their recruitment dates potentially spu-
rious. Third, because most of these species can experience a decades or more of
suppression, there is likely significant uncertainty on true pith dates. As a result,
the pulse of recruitment in the 1780s looks synchronous when perhaps it was not
synchronous. Fourth, the replication of old trees across our network is small, so,
again, the appearance of a regional-scale pulse in old forests could also be spurious.
Finally, past cutting could have removed trees other than those that recruited in the
1780s and 1790s. It is difficult to see, however, how logging would remove trees
from other decades except the late-1700s cohort. A selection against trees from
outside the 1780s is possible if trees from other decades were roughly the same
size during logging due to the same general disturbance history and grew at the

Fig. 5.3 (continued) a collection of canopy trees that appear to represent the range of age classes
in the forest (Pederson 2010). (b) Regional summary of tree recruitment binned annually in blue
bars with peaks identified as in section ‘‘New Evidence of Large-scale Disturbance in Temperate
Mesic Forests’’, but with a smoothing bandwith of three. Circles represent data from fixed plots.
Triangles represent data where trees were targeted for age or other ecological attributes. Each
line represents a different forest or sampling type within a forest (Wach Wachusett Mountain,
MA; Utter Uttertown, NJ; Roos Rooster Hill, NY; ProM Prospect Mountain, NY; Pisg Harvard
Tract in Pisgah State Park, NH; Palm Palmaghatt Ravine, NY; NRP North Round Pond, NH;
Mont Montgomery Place, NY; Moho Mohonk Nature Preserve, NY; GEg Goose Egg State
Forest, NY; GB Gill Brook, NY. Species presented are: ACRU = Acer rubrum; ACSA = Acer
saccharum; BEAL = Betula alleghaniensis; BELE = Betula lenta; CAOV = Carya ovata;
FAGR = Fagus grandifolia; FRAM = Fraxinus americana; LITU = Liriodendron tulipifera;
PIRU = Picea rubens, PIST = Pinus strobus; QUAL = Quercus alba, QUMO = Quercus
montana; QURU = Quercus rubra; TSCA = Tsuga canadensis. Image lower left: a large Quercus
rubra at North Round Pond dating to the 1780s (see Daniel Bishop in orange vest for scale). Image
lower right: Oyunsanaa Byambasuren coring a Quercus alba at North Round Pond dating to the
1780s
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same rate. Given the many kinds of disturbance, life-history traits, and biodiversity
in these forests, however, it is hard to fathom how all trees but those in the 1780s
and 1790s were roughly the same size during logging and experienced to the same
general disturbance history. When we isolate the three forests that are likely uncut, a
small pulse in recruitment occurs starting at about 1780 (figure not shown). Because
of these considerations, we cannot yet exclude logging history as the reason for
the pulse of recruitment in the late-1700s or that this recruitment event is simply
spurious.

Regardless of the issues regarding the age-structure data, a synthesis of these
data indicates the late-1700s to be important for tree recruitment in our study region
(Fig. 5.3). Supporting this finding, research in northern Pennsylvania (Nowacki and
Abrams 1994) and the southeastern U.S. (Lorimer 1980; Hart et al. 2012b; Pederson
et al. 2014) suggest the post-1770s to be an important time in the dynamics in
eastern U.S. TMFs. Not only do these data indicate ecologically-synchronous peaks
in recruitment, but they indicate troughs in recruitment during the first half of the
1800s. Together, the peaks and valleys of recruitment could represent the multi-
layered disturbance history of these forests due to various types and intensities of
disturbance, from gap dynamics to, potentially, regional-scale disturbance. For now,
we consider the data in Fig. 5.3 as a hypothesis that requires a significant amount of
additional data collection and rigorous analysis to draw any kind of a conclusion.

5.6 The N-Dimensional, Forest Development Model

5.6.1 Theoretical Background

Despite the potential for a large number of trajectories through the tapestry of
diverse disturbances types and tree species, temperate, mesic forests have often
been considered to be in a shifting-mosaic or dynamic equilibrium for centuries
or millennia (e.g. Botkin et al. 1981; Canham and Loucks 1984; Remmert 1991;
Bormann and Likens 1994). As much theory for TMFs was developed in regions
less diverse than the southeastern U.S. or temperate east Asia (e.g. Cowles 1899;
Forcier 1975) and through the study of chronosequences, it is not too surprising
that dynamic equilibrium came to the forefront in the theory of forest development.
This and our limited understanding of how multiple drivers of disturbance interact
with other factors and with past disturbances (e.g. tree-weakening droughts with
bark beetles, fires with bark beetles, or windthrow-caused gaps with drought)
might reinforce somewhat predictable changes over time and a limited number
of successional trajectories. Forecasts, however, suggest the potential ecological
impact of climate change could be so severe that future forests might become non-
analogue communities (Williams and Jackson 2007).
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Here we introduce the N-dimensional, Forest Development model (nFD), a
conceptual model to aid in comprehending the potential trajectories of forest
development, i.e. what could have been and what might be. Looking back in time,
we can only detect the trajectory upon which systems have developed and not
the potential pathways or contingencies for that system. This view could limit
comprehension of contemporary TMFs. Although our knowledge of past structure
and composition can make the short-term trajectory seem predictable (Oliver and
Larson 1990), our observations arise mostly from a limited range of environmental
conditions at any one site. Past, unobserved environmental conditions limit our
understanding of the forest under conditions outside of the historical range (e.g.,
atmospheric CO, concentrations, temperature or precipitation and any possible
interaction between them). Our objective with nFD is to visually illustrate expanded
dimensions of potential forest succession, from small-scale dynamics to non-linear
responses, with the intent to aid long-term management and ecological research that
is not channeled by what has been realized in extant forests or those of the past.

Before describing nFD, several thoughts accompany our model. Most conceptual
models frequently portray forest succession as linear, although theory contains
nonlinear trajectories, or display a limited number of pathways (e.g. Holling 1986;
Perera et al. 2007). While certainly not the intention, these conceptual models
can often direct us towards expected destinations that unfortunately places diverse
ecosystems like TMFs into a small number of narrow channels of development over
time. If we continue that line of thinking, only imagining a single pathway with little
to no other trajectories from the present into the future, it might lead us into a futile
battle to direct ecosystem development towards conditions for which we only have
tangible evidence of and not the full spectrum of possibilities for that system.

Our model has five main influences (Hutchinson 1944; Billings 1952; Holling
1986; Lavigne 1996, 1997; Jackson 2006). Hutchinson (1944) and Billings (1952)
map out the myriad forces affecting plants and ecosystems. We extrapolate the
multitude of forces for TMFs because of the high number of canopy species,
interactions between this diversity, the many potential impacts of disturbance, and
the historical contingencies of these interactions among the diversity in growth
patterns and life history types. In addition to the diversity of these forces, repeated
disturbance events drive TMF ecosystems indicating the order of drivers and the
variation in severity or duration of drivers likely matters, too (Sippel et al. 2016).
A repeated combination of a particular order or severity could conceivably push
species-diverse systems in an n-dimensional set of pathways. In this light, while
the North Atlantic Food Web (Lavigne 1996, 1997) and Billings’ model (Billings
1952) likely overestimate the importance of some relationships, they do help us
comprehend the idea that diverse ecosystems can branch in multiple directions
through time.

Borrowing from the “Radical Gleasonian™ concept of Jackson (2006) and alter-
native stable states framework (Beisner et al. 2003), ecosystems in nFD experience
rather predictable sets of disturbance—frequent, gap dynamics and other low-
intensity processes. A LID or a series of extreme events that culminate in rare and
catastrophic events, Black Swan events (Taleb 2007), however, have the potential
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to create the substrate (structure, composition) upon which the aforementioned
predicable disturbances act. The sequence, intensity, duration, and return interval
between extreme events are highly stochastic and individualistic and, in forests with
a dozen or more canopy species, have the capacity to either (1) incur little to no
change if diversity begets resistance (Isbell et al. 2015), (2) move these systems
linearly or non-linearly in one of the many n-dimensional sets of pathways, or (3)
for Black Swans, potentially eliminate all but one trajectory for forest development.

Because humans and ecosystems are connected through space and time, his-
torical events in forests leave legacies that impact and interact with future events.
Considering current knowledge of these forests—their structure, composition, and
disturbance regime—it may be possible to project the general trajectory of these
systems due to predictable species-specific responses to disturbance and compe-
tition. This ability to correctly project the development of these systems, however,
most likely decreases as conditions move away from the conditions under which
observations and model development and validation have been performed. In no
way do we mean to imply chaos regarding the potential trajectories of forest
development. Composition, site type, and other factors will constrain the potential
pathways. We wish to portray the directions and dimensions that forests can develop
into or from so a more fluid and dynamic concept of forest ecosystems can be
imagined.

5.6.2 Working the N-Dimensional, Forest Development Model

Each trajectory (pathway) in nFD represents a forest and each “ball” represents
a disturbance (Fig. 5.4). When a forest is significantly altered by disturbance, the
trajectory changes color. If the system is structurally altered, but not compositionally
altered, a stasis in color represents cyclic succession (Forcier 1975). The common
disturbance regime of temperate, mesic forests, of frequent, low-intensity, asyn-
chronous, and small-scale disturbance, is represented by the mortal coils on each
pathway (Fig. 5.4). That is, the curves in each trajectory, the mortal coils, represent
death of canopy trees due to regular background processes. A disturbance with
multiple colors represents potential trajectories. We limit the number of trajectories
for clarity, but not for theory (as do most models).

For brevity, we describe two trajectories. The first trajectory precedes the blue
disturbance labeled ‘T’, which is the current point in Time. The first trajectory
represents the paleoecological history of our study system. Starting at the top
(#1 on Fig. 5.4), the dark-yellow trajectory symbolizes a system dominated by
Quercus pollen. There is some change in composition over time as the trajectory
changes from brown to pink. A severe fire (the pink disturbance) firmly shifts the
pollen into a Quercus-Pinus mixed system. The Quercus-Pinus mixed system then
bends sharply as an unknown factor alters the pollen composition slightly more
towards Pinus (purple), then back to the mixed Quercus-Pinus composition (pink).
An unknown driver abruptly brings Carya into the mix (brick red trajectory). A
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Fig. 5.4 The N-dimensional, Forest Development model. Potential forest development occurs on
each trajectory (pathway). Disturbance is represented by a ball on the trajectory. The disturbance
with ‘T’ represents the current forest. The trajectory starting with (/) is paleoecological history. The
trajectory leading to (2) represents the future. Significant alteration in forest composition changes
the color of the trajectory. Background disturbances that kill trees, but do not significantly alter
TMFs, are represented by the mortal coils (curves) on each pathway. A disturbance with multiple
colors represents potential trajectories. We limit the number of trajectories for clarity. The dimmed
trajectories are paths not traveled. See text for more details
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sharp bend and then the combination of two disturbances (moderate fire and a
severe windstorm) and another unknown factor eventually reduces the amount of
Pinus significantly enough that the trajectory becomes blue. Concurrent with the
bluing of the trajectory is a long-term wetting trend. Note: as we look back in
time, we have fewer details on all the drivers changing the system than we might
when observing changes in today’s forest. Similarly, we are not able to discern the
potential trajectories looking back in time that the forests did not take.

To the right of “T” is our second trajectory. Along this trajectory are the potential
future scenarios of forest development. As the wetting trend of prior centuries
continues, today’s forest (T) is hit with a moderate windstorm, moving it along
the green trajectory and a Quercus-Carya forest with mesophytic species in the
understory (Nowacki and Abrams 2008; McEwan et al. 2011). The mesophytic
species persist and continue to grow, but they are still in the understory (not altering
the forest type). A disparity in functional traits, competitive abilities, and response
to external drivers broaden the potential number of trajectories of this forest.

Moving further into the image, the trajectory oscillates as it experiences a series
of intermediate disturbances, either the loss of an agent (fire), loss of foundational
species (passenger pigeon, American chestnut), cultural impacts (fire suppression,
increased road building), climate variations or shifts, or, more likely, a combination
of these factors (McEwan et al. 2011). The trajectory bends sharply and becomes
partially translucent. This represents a fire that is intense enough to reduce density
and delay recovery post-disturbance that does not significantly alter composition (#2
on Fig. 5.4). The straightness of the trajectory following the point #2 symbolizes
a forest with increased resistance to disturbance. One real-world example of this
concept is the impact of the 1938 Hurricane on the Lyford Plot at the Harvard
Forest. While the 1938 Hurricane knocked down 80% of the old-growth forest
in the Harvard Tract of Pisgah State Park and altered its trajectory from a forest
dominated by Pinus strobus to Tsuga canadensis (Foster 1988), the small trees in
the Lyford Plot seem to have had some resistance to the hurricane (Rowlands 1941),
thereby causing little to no change in its trajectory.

Back to the nDF exercise, the forest is then hit by a small, but intense disturbance
that has the potential to move it in five directions. Only one potential developmental
trajectory represents a significant departure from the current state, the dark red
wedge, indicating that a significant change is less likely to occur. The other
directions are pathways that are either closely related to the current composition
of the forest (light green wedge), related to the last significant shift in forest
composition (the blue wedge), represent where the forest cycles “back onto itself”
(the dark green wedge), or a shift that is a mix of the blue and green forest states
where a substantial component is fast-growing drought-deciduous Liriodendron
tulipifera (yellow wedge).

Traveling along the yellow trajectory, the forest experiences a lower rate of
background disturbance (#3 on Fig. 5.4) and is symbolized by having fewer
mortal coils. Soon, the forest is hit with a LID or a combination of ecologically-
simultaneous disturbances (drought, fire, ice storm, invasive species) that has the
potential to shift the forest into five (or more) states. The current community



122 N. Pederson et al.

assembly and developmental momentum constrains this forest to four closely related
types (light green, blue, light grey, and yellow, where it cycles back onto itself).
Before the development of a robust root system in the Liriodendron tulipifera,
however, the forest experiences a frost that follows a megadrought (10 years of
minor to extreme drought conditions), killing most of the canopy while favoring
fire, Quercus, and Carya to send the forest along the red trajectory.

The Quercus-Carya dominated forest develops, flexing with the frequent mortal
coils of low-intensity disturbance. While Quercus and Carya dominate the forest,
there is still a substantial mixture of more mesophytic species. A wetter climate
develops during this phase and a severe windstorm knocks down 25% of the
Quercus-Carya canopy. The climatic shift allows the potential for suppressed, but
fast-growing mesophytic species to rapidly move into the canopy as resources are
relinquished by the dead and dying Quercus and Carya trees. A second LID or a
combination of simultaneous disturbances hits the less resilient forest. Its resiliency
is related to a canopy dominated by large Quercus trees; large trees are thought to be
more vulnerable to rapid environmental change (Bennett et al. 2015; Kauppi et al.
2015). This disturbance can shift it into five (or more) states with four matching prior
forest types (pink, red (cycling back onto itself), mint green, yellow, and brown, a
significantly different state). The second LID is strong, but community assembly
pushes onto a trajectory closely related to its current state, the pink phase (#4 on
Fig. 5.4). So it goes.

Note: all along the future trajectories, we see the potential trajectories of each
forest that were not taken (dimmed trajectories and disturbances) and limited space
in this chapter precludes a fuller description of forest composition and alternative
pathways in these diverse forests. We describe forest transitions that are closely
related to the state at the time of disturbance, which are more likely to occur. Given
the diversity of these forests, a greater range of forest types should be seen as
possible.

5.6.3 Management Implications

As the forest trajectories described demonstrate, nFD creates a flexible framework
for long-term forest management across local conditions and environmental change.
Long-term management requires a great understanding of these systems, careful
observation, and a flexible and patience philosophy that balances ecology and
economics. Infusing management plans with this management ethic can sustain
forests. Leon Neel et al. (2010) implied this when thinking about the ecological
management of forests:
“ ... the natural world is resilient. An ecosystem, whatever condition it is in, is not a fixed,

stable thing, and it cannot be preserved or managed as such. It is changing all the time.”—
Leon Neel
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5.7 Conclusion

Our review of disturbance dynamics in the diverse and culturally important tem-
perate, mesic forests of North America, Central Europe, and Japan indicates that
constant, but low-impact and stochastic tree mortality is the best understood aspect
of the dynamics in these systems. It seems likely that the common scales of
dendroecological research reinforces this principle and, as a result, limits our
understanding of other forest dynamics at large spatial scales. These common scales
of research also likely limit our understanding of how multiple disturbance factors,
especially the rare events of an extreme nature, interact with each other and past
disturbances and forest conditions.

We believe that by expanding the common scales of dendroecological research
we can better understand the flavors of disturbance and how various blends of
disturbance shape temperate, mesic forests from decades to centuries. Greater
insight into the complex interactions of disturbance in diverse systems will likely
lead to an expansion of developmental theory in these forests. Our hypothesis
is based on the few large-scale dendroecological studies in temperate, mesic
forests that reveal a somewhat unexpected persistence of early-successional species
in old forests, synchronous regional-scale canopy disturbance, punctuated, but
infrequent tree recruitment at the stand- to landscape-scales, and, buried in fading
records, evidence of recruitment (and the inferred synchronous opening of canopies)
200-350 years ago at regional to possibly subcontinental-scale. These findings
suggest to us that the legacy of large, infrequent disturbance is not erased by
centuries of fine- and intermediate-scale disturbance processes and integral to the
development of temperate, mesic forests.

Dendroecology can open new frontiers in the ecology of temperate, mesic
forests by conducting research at regional- to subcontinental-scales across a vari-
ety of regions that fully utilize basic dendrochronological methods and careful
investigations of forest dynamics that takes advantage of dendrochronology’s
primary strength—annual temporal resolution. The fruits of such labors will be the
reconstruction of centuries of more temporally precise and more complex histories
of forest disturbance. These fruits can then be melded into sustainable long-term
management plans based on the resilience and recovery of these forests in response
to disturbance.
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Chapter 6

Integrating Dendroecology with Other
Disciplines Improves Understanding
of Upper and Latitudinal Treelines

Andrea H. Lloyd, Patrick F. Sullivan, and Andrew G. Bunn

Abstract Despite a consistent global relationship between the position of alpine
and arctic treeline and temperature, fine-scale variability in treeline response to
climate is widespread. In this chapter, we describe two advances in the appli-
cation of dendroecology to treeline environments. First, we show that obtaining
detailed, spatially explicit measurements of the environment can provide a more
complete picture of how tree growth responds to climate. Substantial topoclimatic
and environmental heterogeneity can occur at a very fine scale, a few tens
of meters, at treeline. Unlike traditional approaches that aggregate tree growth
across relatively broad areas, applying the approaches of landscape ecology and
quantifying this heterogeneity can allow dendroecologists to better understand fine-
scale, within-population variation in climate response. Second, the integration of
dendroecological approaches with physiological ecology and soil biogeochemi-
cal studies can provide a more holistic understanding of tree growth, one that
approaches trees as not merely being the sum of their rings, but as complex
organisms whose growth integrates the impact of multiple limiting factors filtered
through distinct physiological processes. In regions with cold soils, for example,
we show that nutrient limitation can strongly mediate the response of tree growth
to climate warming. Together, these approaches allow us to understand the causes
of fine-scale variation in treeline response to warming, reconcile that variation with
global-scale correlations between treeline and temperature, and better predict future
responses of treeline ecosystems to warming.
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6.1 Introduction

6.1.1 Causes of Treeline

The treeline ecotone, which we will define here as the zone extending from
subalpine or subarctic forests to the elevational or poleward limit of trees (e.g.,
Holtmeier and Broll 2005), presents an ecological paradox. At a global scale,
the location of treeline exhibits a remarkably consistent correlation with broad-
scale features of climate, occurring within an exceptionally narrow range of air
and ground temperatures. Mean root-zone temperatures in treeline ecosystems, for
example, vary less than 2.5 °C globally, from 5.4 to 7.8 °C (Korner and Paulsen
2004). This uniformity suggests a shared constraint on tree growth and, indeed,
treeline position globally can be accurately predicted from thermal parameters
(Paulsen and Korner 2014). Consistent with the hypothesis that thermal conditions
are a primary determinant of treeline position, the position of treeline varies globally
over time in a manner that is roughly, although imperfectly, correlated with climate
variation over long time scales (e.g., Kullman 1995; Lloyd and Graumlich 1997;
MacDonald et al. 2000). A number of hypotheses have been proposed to explain
these patterns in space and time, including direct effects of temperature on growth
(e.g., Korner 1998), direct effects of temperature on tissue dieback (e.g., Slatyer and
Noble 1992; Harsch and Bader 2011), and the indirect effects of climate on nutrient
uptake (e.g., Sveinbjornsson et al. 2002).

Despite this highly consistent pattern of correlation with temperature, treeline
structure and dynamics prove to be extraordinarily variable and complex at finer
(regional to local) scales. For example, although there is ample evidence that
temperature plays a crucial role in determining the position, structure, and function
of treeline forests globally, treelines in some climatic regions are limited by
both temperature and moisture (e.g., Lloyd and Graumlich 1997) or primarily
by moisture (e.g., Lavergne et al. 2015; Liang et al. 2014; Wang et al. 2015).
Complexity at local to regional scales can also be seen in the spatial configuration
of treelines, which varies from very abrupt to very diffuse (Harsch and Bader 2011),
in the spatial variability in the response of treeline to climate (e.g., Harsch et al.
2009), and in patterns of treeline tree growth response to climate that vary across
space and time (e.g., Lloyd and Fastie 2002; Wilmking et al. 2004; Driscoll et al.
2005; Lloyd et al. 2011; Shrestha et al. 2015). Some of the variation among treeline
sites can be attributed to the prevalence of non-climatic controls—land-use change
(Ameztegui et al. 2016) or edaphic factors (Holtmeier and Broll 2005; Suarez et al.
1999), for example. But much of the fine-scale variability, including variability in
growth response to climate over time, remains unexplained. Recent reviews have
emphasized the scale-dependence of controls over treeline dynamics (Case and
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Duncan 2014; Holtmeier and Broll 2005; Malanson et al. 2007, 2011) and the
variability in climatic controls and hence climate response among different types of
treeline ecotone (e.g., Harsch and Bader 2011) in an effort to better categorize and
understand sources of variability in treeline dynamics and structure, but a single,
unified understanding of the mechanisms by which declining temperature restricts
the growth of trees has remained elusive.

The importance of arriving at a clear mechanistic understanding of treeline is
heightened by the apparent sensitivity of treeline ecosystems to climate change, and
hence the likelihood of an advance of treeline into adjacent tundra communities.
Advances of treeline have been detected at a number of sites, but treeline advance
is far from ubiquitous (e.g., Harsch et al. 2009), and there is important variability
in the rate of response (MacDonald et al. 1998, 2000; Lloyd 2005). Accurate
predictions of future patterns of change at treeline are important for anticipating
conservation consequences (e.g., associated with the decline of species endemic
to tundra habitats) and ecosystem level feedbacks (e.g., associated with reduced
surface albedo; Chapin et al. 2005), and depend critically on a sufficiently robust
functional understanding of the relationship between treeline dynamics and climate.

6.1.2 Dendroecology at Treeline

Dendroecological approaches have made important contributions to our understand-
ing of treeline, providing crucial information on the decadal, centennial, and even
millennial-scale dynamics that are important in ecosystems dominated by long-
lived species. The earliest applications of dendrochronology to treeline focused on
questions about climatic controls over the growth of adult trees (e.g., Giddings
1943). Although such studies have tended to confirm that growth at treeline is
limited by temperature, tree rings have been instrumental in demonstrating the
complexities of growth limitation. In the boreal forest, for example, tree-ring studies
have demonstrated that warming may be associated with reduced tree growth, even
at the very margins of the treeline ecotone (e.g., Wilmking et al. 2004; Lloyd and
Bunn 2007; D’ Arrigo et al. 2008). More recently, tree rings have been used as the
basis for reconstructions of population age structures and patterns of recruitment
and mortality that have contributed to our understanding of the dynamics of
treeline ecosystems. Such demographic studies have been an important tool for
reconstructing changes in the position of treeline over decadal to (rarely) millennial
time scales (e.g., Lloyd and Graumlich 1997; MacDonald et al. 1998; Lloyd 2005;
Batllori and Gutierrez 2008). Providing greater spatial and temporal resolution than
other paleoecological proxies, reconstructions of treeline dynamics have revealed—
in the aggregate—complex and spatially variable patterns of change.

In this chapter, we propose two key advances in the application of dendroecology
to the task of achieving a robust functional understanding of treeline. First, we
propose that dendroecological studies can more accurately describe the spatial
and temporal variability in treeline dynamics by sampling in a manner that
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does not assume homogeneity within any individual treeline site. Second, we
propose that hybrid studies, which combine dendroecological approaches with the
methods of physiological ecology and/or biogeochemistry, are a promising way
forward in developing a functional, mechanistic understanding of treeline. Part
of the challenge of achieving a robust functional understanding of treeline is the
relatively slow pace at which treeline ecosystems change in response to shifts in
the environment. This slow rate of change presents challenges to efforts to conduct
controlled experiments, for example. The longer temporal perspective afforded by
dendroecological approaches is critical, but the correlational foundation of tree-ring
studies is limiting: the application of physiological methods, in combination with
tree-ring studies, will likely provide the best of both worlds.

6.2 Case Study 1: A Topoclimatic Approach
to Understanding Treeline

Traditionally, dendroclimatologists and dendroecologists have approached the con-
cept of what constitutes a study site, and which trees are included in the sampling
of any particular site, quite differently from one another. Indeed, the International
Tree Ring Data Bank typically lists a single latitude and longitude for each ring-
width file no matter the number of trees or area sampled. A dendroclimatologist
often has an eye for the oldest trees (e.g., Kaufmann 1996; Stahle 1996; Stahle
and Chaney 1994; Swetnam and Brown 1992; Huckaby et al. 2003) at a given
location in order to extract the longest possible record. A dendroecologist, on the
other hand, is more likely to lay out transects or delineate plots and sample trees that
are more representative of the entire population in order to increase replicability or
to make inference about a larger area. The advantage of the first approach is that
a long record can be obtained, which can be crucial both for adequate calibration
and verification of tree-ring response to climate and for developing a suitably long
record for climate reconstructions. Sampling only the oldest trees also allows a
dendroclimatologist to obtain a large sample over a reasonably large area, in which
case small-scale variability (e.g., from topography) in growth may be drowned out
by the large sample size. The advantage of the second approach is that stratified
sampling methods can be used and more nuanced and complicated experimental
designs can be employed: the fine-scale variability in growth across space that a
dendroclimatologist might endeavor to eliminate with a large, widespread sample
can become a useful part of the study design. We argue that if we explicitly consider
spatial heterogeneity as a driver of tree growth in areas of complex topography we
can marry these two approaches as a way of leveraging climate gradients over short
geographic distances.

Ancient bristlecone pine (Pinus longaeva D.K. Bailey; Fig. 6.1a) is the charis-
matic tree species long of interest to dendrochronology because the trees are
extremely long lived, with the potential to reach nearly 5000 years old, and the ring
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Fig. 6.1 The two case studies presented here address two distinct treeline ecosystems, shown here.
(a) Bristlecone pine (Pinus longaeva) at treeline in the Snake Range, Nevada. (b) White spruce
(Picea glauca) treeline along the Agashashok River in northwestern Alaska

widths vary with climate (see canonical works such as Currey 1965; Ferguson 1968;
Lamarche 1969; Lamarche and Stockton 1974). Although the records are of interest
to dendroclimatologists because of their sheer length, bristlecone pine presents a
challenge because the growth signal can be a mixture of different limiting variables
with some trees responding to energy (temperature) limitation and some reflecting
soil moisture limitations that, in turn, are driven by temperature in combination
with precipitation. This variability in limiting factors can occur even among trees
growing on the same mountain slope (Bunn et al. 2011; Salzer et al. 2009, 2013,
2014).

‘We present here a case study, based on unpublished (Bruening 2016; Tran 2016)
and published (Salzer et al. 2009, 2014; Bunn et al. 2011) results, of 240 bristlecone
pine samples growing within 100 vertical meters of treeline over an area of about
4 km? at Mount Washington in the Snake Range of the Great Basin (Nevada,
USA, 38.91° N, 114.31° W, treeline elevation 3400 m.a.s.l.). This data set is well
replicated to 500 CE with median segment length of 350 years and a median first-
order autocorrelation of 0.69.

At this location and others like it, bristlecone pine at the lower forest border
shows moisture limitations to growth (Lamarche 1974b; Hughes and Funkhouser
1998, 2003) while the upper forest trees are more typically considered as
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temperature limited (LaMarche 1974a, b; Lamarche and Stockton 1974; Salzer
et al. 2009, 2013). However, even at the upper forest border, complex mountain
topography can reverse this general pattern: in some topographic settings, trees
growing near the treeline show growth patterns more similar to those found in
trees at the lower forest border than the upper forest border (Salzer et al. 2009,
2014; Bunn et al. 2011). Previous work at bristlecone pine treeline has found that
topographic setting can mediate growing season temperatures by several degrees C
at a spatial scale of tens of meters and that, in turn, can affect tree growth (Bruening
2016; Tran 2016). If individual trees at a single site—say, a particular mountain
slope—can be limited by different factors because of topoclimate, aggregating those
trees into a single site chronology might well confound contrasting growth signals.

A field campaign at Mount Washington modeled topoclimate using dozens of
temperature sensors arrayed across topographic gradients and resulted in temper-
ature data interpolated to 10-m resolution as a function of topography (described
by Bruening 2016). Inspired by Paulsen and Korner (2014), Bruening (2016) and
Tran (2016) found that treeline position and growth patterns can be modeled well
by topoclimate variables including the length of growing season (in days) and
seasonal mean air temperature. The length of the growing season is a sum of days
with daily mean temperature above 0.9 °C, and seasonal mean temperature is an
average of the daily mean temperatures for the days included in the growing season
length calculations (Paulsen and Korner 2014). For the area considered in this study,
entirely within 100 m of treeline, there was a median seasonal mean temperature of
8.2 °C (range: 7.4-9.0 °C) and a median growing season length of 164 days (range:
143-188 days).

A hierarchical cluster analysis of the ring-width data in this case study indicated
two dominant growth signals. The difference in cluster membership was most
cleanly modeled by seasonal mean temperature, with trees growing in topoclimate
settings colder than 8 °C displaying a qualitatively and quantitatively different
pattern than trees growing in topoclimate settings with seasonal mean temperature
warmer than 8 °C. Because of a robust sample depth (n = 240 trees) and the lack
of typical “juvenile” growth patterns, we followed Salzer et al. (2009) and used raw
ring widths for the chronologies. Mean value chronologies of average ring widths
are shown in Fig. 6.2 for all samples (Fig. 6.2a) as well as trees in the colder settings
with seasonal mean temperature less than 8 °C (Fig. 6.2b) and warmer settings with
samples in settings with seasonal mean temperature greater than 8 °C (Fig. 6.2¢).

In a qualitative sense, the “cold” (b) and “warm” (c) chronologies are mixtures
of the ensemble (a) indicated by similar features among all three chronologies.
In particular, low growth episodes such as the 1450s tend to occur in common,
while growth patterns during warm periods like those near 1150 CE and after 1900
differ. The “cold” chronology, in those periods, shows increased growth while the
“warm” chronology does not. However, the temporal frequency at which tree growth
variation is concentrated differs between the two chronologies. Wavelet spectra for
the “cold” chronology indicate that variation in this chronology is concentrated at
lower frequencies—multi-decadal to centennial—while the warmer chronology is
more likely to vary at higher frequencies. Correspondingly, the range of variability
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Fig. 6.2 Raw ring width chronologies and continuous wavelet spectra are sown for all 240 samples
(a) as well as the 128 samples in topoclimate settings with seasonal mean temperatures <8 °C
(b) and the 112 samples in topoclimate settings with seasonal mean temperatures >8 °C (¢) The
wavelet powers are scaled by quantile (0—10%, 10-20%, etc.) and period is in years
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is much more pronounced in the “cold” chronology as well. Correlations with
climate also differ, not surprisingly. When compared to the reconstructed Palmer
Drought Severity Index (PDSI; from the North American Drought Atlas, Cook and
Krusic 2004) and temperatures (from the ECHO-G ERIK2 model; Legutke and Voss
1999, Stevens et al. 2008), the “cold” chronology correlates better with temperature
(rremp = 0.50) than PDSI (rpps; = 0.04) while the warm chronology correlates
weakly with both (rremp = 0.34, rppst = 0.24).

The implications of these findings are significant for dendroecology. All 240
bristlecone pine samples described here were collected within 100 m of treeline
and the two most distant samples were less than 4 km apart. In most senses, these
data would constitute a single site, and with 240 samples a dendroclimatologist
might well think of this as a single collection with a deep sample depth and a single
climate signal. Indeed, the composite chronology would pass, at least as well as the
differentiated chronologies, most of the usual statistical measures that are used to
validate chronologies: all three of the chronologies have high interseries correlations
(>0.56) and high Expressed Population Signal (>0.85). And yet, while there are
points in time—cold periods, for example—in which the composite chronology is
likely quite internally consistent, the aggregation of trees occupying very different
micro-sites obscures the complete story of climatic controls over growth.

This case study shows that when we explicitly consider in our sampling and
analysis the ways in which climate is mediated by topography, including direct
measurement of that relationship through the deployment of temperature sensors
on site, relatively simple criteria like distance to treeline cannot be considered as
the best way to differentiate the bounds for a collection. If instead we apply the
tools of landscape ecology and explicitly sample according to environmental and
topoclimatic heterogeneity, we are able to obtain a more nuanced representation
of climatic controls over tree growth, and hence more accurate paleoclimatic or
ecological inferences.

6.3 Integrating Physiological and/or Biogeochemical
Measurements in Dendroecological Studies at Treeline

As the previous case study demonstrates, proper consideration of fine-scale, topocli-
matic heterogeneity can improve inferences about climatic controls over treeline tree
growth. Correlational studies are still, however, inherently limited in their ability to
identify the causal relationships that explain variability in tree growth responses
to climate variation. To address these limitations, a number of recent studies have
combined physiological, soil biogeochemical, and/or microclimate measurements
with traditional dendroecological methods (e.g., Saurer et al. 2004; Pefiuelas et al.
2011; Sullivan et al. 2015; Brownlee et al. 2016). Results of these hybrid studies
have helped to improve understanding of mechanisms of tree growth responses to
rising atmospheric CO, concentration and associated changes in climate. In this
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Table 6.1 Potential variables for inclusion in a dendroecology study that incorporates physiolog-
ical, biogeochemical and microenvironment measurements

Measurement Type Scale Resolution

8!3C in alpha-cellulose Integrative Tree Seasonal-decadal
8'80 in alpha-cellulose Integrative Tree Seasonal-decadal
Foliar gas exchange Point Tree Minutes
Remotely sensed leaf area Point Stand Seasonal-annual
Foliar nutrition Integrative Tree Weekly-annual
Sap flux Continuous Tree Hourly

Xylem water potential Continuous Tree Hourly

Eddy covariance Continuous Stand Hourly

Soil nutrient availability Integrative Tree Annual

Air temperature Continuous Tree-stand Hourly

Relative humidity Continuous Tree-stand Hourly
Precipitation Continuous Stand Hourly
Photosynthetically active radiation Continuous Tree-stand Hourly

Soil temperature Continuous Tree Hourly

Soil moisture Continuous Tree Hourly

Slope Point Tree-stand NA

Aspect Point Tree-stand NA
Topographic position Point Tree-stand NA

Stand density Point Tree-stand Annual-decadal
Basal area Point Tree-stand Annual-decadal
Ground cover type/depth Point Tree-stand Annual-decadal
Litter depth Point Tree-stand Annual-decadal
Moss depth Point Tree-stand Annual-decadal
Organic soil depth Point Tree-stand Annual-decadal

Resolution defines the typical temporal resolution of measurements of this variable

section, we review three types of measurements that have been fruitfully combined
with tree-ring measurements at treeline (Table 6.1), and discuss the methodological
implications of conducting a hybrid study.

6.3.1 Overview of Hybrid Approaches
6.3.1.1 Stable Isotopes in Dendroecology

The most common method of integrating physiological measurements into dendro-
ecological studies is to examine the stable isotopic composition of alpha-cellulose
extracted from the annual rings. It is important to extract cellulose, rather than
measuring the isotopic composition of the whole wood, because the compo-
nents of wood (e.g., alpha-cellulose, hemicellulose, lignin) have different isotopic
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compositions and their relative abundance may vary over time in the annual rings
(Wilson and Grinsted 1977). The stable isotopes of carbon and oxygen are the most
common isotopes of interest.

Carbon isotope discrimination (A!*C), which is approximately the difference
between §'3C of the plant tissue and 8'3C of atmospheric CO,, has been related
to the ratio of leaf intercellular to atmospheric CO, concentration (C;/C,) as follows
(Farquhar et al. 1982):

APC =a+ (b-a)" (Ci/Cy).

where a (4.4%o0) is fractionation associated with diffusion of CO, through the
stomata and b (27%o) is fractionation that results from carboxylation. C;/C, is
reflective of the balance between photosynthesis and stomatal conductance and
provides insights into water use efficiency (WUE) over the lifespan of the tree. The
information that can be gleaned from ABC is limited, however, in the sense that
an increase in A'3C could reflect an increase in stomatal conductance or a decrease
in assimilation, while a decrease in A'3C could result from a decrease in stomatal
conductance or an increase in assimilation. In the context of rising atmospheric
CO, concentration, stable A'>C over time generally indicates stomatal closure to
maintain constant C;/C,, which is associated with increasing C; and increasing WUE
(Ehleringer and Cerling 1995).

One potential method of overcoming the limitations of A'3C is to measure §'%0
in tree-ring alpha-cellulose. The enzyme carbonic anhydrase catalyzes the near
complete exchange of '80/'°0 between H,O and CO, prior to photosynthesis,
leading to photosynthate that carries the isotopic fingerprint of the H,O with
which it was formed (DeNiro and Epstein 1979). The isotopic composition of
leaf water is determined by the isotopic composition of the source water and by
evaporation during transpiration. Source water §'80 varies with temperature during
precipitation (e.g., summer rain is enriched, while winter snow is depleted), storm
track, evaporation from the soil and depth of water uptake from the soil (e.g.,
Dawson and Ehleringer 1991). Meanwhile, leaf water enrichment varies with the
leaf to atmosphere vapor pressure difference, 8'%0 of atmospheric water vapor,
leaf structure, and transpiration (Craig and Gordon 1965; Farquhar and Lloyd
1993). Under some circumstances (Roden and Siegwolf 2012), 8'%0 may be a
useful tool to aid interpretation of A'*C in tree-ring alpha-cellulose. For example,
enrichment of 8'80 over time in tree-ring alpha-cellulose could be indicative of
increasing evaporative demand and might suggest that a corresponding decline in
ABC is indicative of drought-induced stomatal closure, rather than an increase in
assimilation (Scheidegger et al. 2000). However, enrichment of 8180 over time
in tree-ring a-cellulose could also reflect increasing use of summer rain rather
than winter snow, with no change in moisture availability (Saurer et al. 2002).
The complexity of the controls on 8'80 in tree-ring cellulose and the difficulty of
acquiring historical estimates of source water §'80 have limited most studies to
using 8'30 in tree-ring alpha-cellulose as a general indicator of relative changes in
aridity (e.g., Saurer et al. 2008).
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In treeline environments, stable isotopes have provided greater clarity on the
mechanisms underlying the deterioration of historically strong positive correlations
between temperature and tree growth (e.g., D’ Arrigo et al. 2008). This phenomenon,
known as “divergence”, is potentially attributable to a number of factors (reviewed
in D’ Arrigo et al. 2008), including methodological issues related to the method by
which tree ring series are detrended (e.g., Esper and Frank 2009; Briffa and Melvin
2011; Sullivan et al. 2016). To the extent that divergence reflects real changes in the
relationship between growth and climate, however, it casts doubt on predictions that
climate warming will lead to widespread, sustained increases in growth of treeline
trees. Because changes in temperature and water availability are often confounded
at any single site, it is challenging, if not impossible, to differentiate their effects
using correlative analyses alone. For instance, a “divergent” growth trend could be
attributable to either the direct effects of above optimal temperatures or greater
evapotranspiration/reduced water availability. Stable isotopes in tree-ring alpha-
cellulose have been used in a limited number of studies to examine whether or
not divergent growth of treeline trees is associated with drought-induced stomatal
closure. A study of larch in northern Siberia showed that warm and dry conditions
during June and July were associated with reduced growth and lower carbon isotope
discrimination (Sidorova et al. 2009). Meanwhile, a study of white spruce near
the arctic treeline in Alaska showed that divergence was not associated with a
change in A'3C (Brownlee et al. 2016). In this case, divergent trees exhibited lower
photosynthesis and lower WUE than trees that increased growth during a period
of strong climate warming, suggesting that divergence is probably not associated
with increasing water deficit in this case. Incorporating stable isotope measurements
into future studies of divergence at high latitudes would be a valuable step toward
improving understanding of variation in the causes of divergence across trees, sites,
regions, and species.

6.3.1.2 Incorporating Gas Exchange Measurements in Dendroecology

While stable isotopes in tree-ring alpha-cellulose integrate physiological conditions
throughout each growing season over the lifespan of the tree, they rarely allow for
isolation of individual physiological variables, such as photosynthesis (assimilation)
and stomatal conductance. Measurements of gas exchange at the scale of the leaf,
canopy, and ecosystem may aid interpretation of inter-annual variability in tree
growth. In general, the number of physiological variables that can be measured or
accurately estimated decreases as the scale of measurement increases. The widest
range of physiological information can be obtained at the leaf- or shoot-level, where
climate-controlled gas exchange cuvettes enable accurate estimation of variables
such as photosynthesis, stomatal conductance, evapotranspiration, respiration and
chlorophyll fluorescence (e.g., LI-COR Environmental, Lincoln, NE, USA). Cuvette
measurements also allow for examination of the form of physiological responses
to changing light, CO, concentration, temperature and humidity. One of the most
useful measurements of gas exchange that can be made at the scale of the whole tree
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canopy is sap flux density, which can be used to estimate both whole tree canopy
transpiration and canopy stomatal conductance (Granier 1987). One of the great
benefits of sap flux measurements is that they are automated and can be made at sub-
hourly intervals over long periods of time. Similarly, automated sensors for xylem
water potential have recently become available and would be a valuable compliment
to a suite of sap flux sensors (ICT International, Armidale, NSW, Australia).

In recent years, an extensive network of eddy covariance (EC) towers has been
established in forested ecosystems around the globe. The EC method provides sub-
hourly ecosystem-scale estimates of net ecosystem production, which are commonly
broken down into the component fluxes: gross primary productivity and ecosystem
respiration. All three of these variables may be useful in explaining the cause(s)
of inter-annual variability in the tree-ring record, yet surprisingly few studies have
taken advantage of this valuable resource (Rocha et al. 2006; Babst et al. 2014).
As EC records continue to grow in length, we anticipate that combining tree-ring
and long-term ecosystem-scale gas exchange measurements will lead to valuable
insights regarding climate effects on forest ecophysiology and wood production.
Unfortunately, because trees often reach their upper elevation and northern limits
in complex topography, there are few EC towers currently operating at treeline.
Overcoming this limitation to ecosystem-scale gas exchange measurements in
complex terrain could open the door to valuable insights into the causes and
consequences of changes in treeline.

6.3.1.3 Integrating Soil Biogeochemistry and Dendroecology

Soil nutrient availability is generally thought to be the most important limiting
factor for forest productivity at the global scale (Vitousek and Horwath 1991;
LeBauer and Treseder 2008). Nitrogen (N) and phosphorus (P) are the most
common limiting nutrients, largely because of their importance in the light and
light-independent reactions of photosynthesis. Nutrients may limit tree growth as
a result of parent material type, soil age and/or soil microclimate effects on root,
microbial and/or mycorrhizal activity. Ecosystems with cold and/or wet soils, such
as the northern limits of the boreal forest, may be particularly prone to nutrient
limitation (Sveinbjornsson et al. 1992, Schulze et al. 1994, Loomis et al. 2006,
McNown and Sullivan 2013).

One of the simplest methods of assessing tree and/or plot nutrient availability
is to examine nutrient concentrations and element ratios in foliar tissue (Aerts and
Chapin 2000). Foliar nutrient concentrations are not perfect indicators of nutrient
acquisition. For instance, the rapid growth of trees on relatively fertile sites may
dilute foliar nutrient concentrations. It is also important to recognize that foliar
nutrient concentrations (e.g., mg of nutrient per g of dry foliage) are affected by
changes in both the numerator and the denominator. Thus, changes in the content of
other foliar components can change nutrient concentrations (mg/g) in the absence
of changes in nutrient content (mg/leaf). For this reason, it is important to record
the surface area or the number of leaves analyzed, so data may also be expressed
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on a per leaf or per m? basis. Despite these potential shortcomings, foliar nutrient
concentrations have proven to be excellent predictors of tree growth across vast
areas near the northern limits of the boreal forest (Ellison 2015).

While foliar nutrient concentrations represent an imperfect measure of soil
nutrient availability, a relatively straightforward and more direct measurement of
soil nutrient availability involves the use of ion exchange resin membranes (Qian
and Schoenau 2002). Ion exchange membranes are typically installed in the soil
as soon as possible after thaw and recovered just before soils freeze in the fall.
As ions are released from soil organic matter or microbial biomass, they become
adsorbed to membranes, where they accumulate over time and, in theory, provide a
time-integrative measure of soil nutrient availability over the course of the growing
season. Drawbacks to ion exchange membranes include the possibility that some
ions may become desorbed over time (Giblin et al. 1994), the difficulty of installing
membranes well below the surface without disturbing the soil and the fact that many
trees acquire a large percentage of their nutrient requirement through mycorrhizae
(Aerts and Chapin 2000), which is a flux of nutrients that would not be captured by
exchange membranes.

6.3.1.4 Methodological Considerations in Hybrid Studies

There are a number of methodological considerations when designing a hybrid
study arising from differences among approaches in the scale, effort, and cost of
analysis. We highlight four factors here: the number of trees to sample, the timing of
sampling, the question of where within a tree to sample, and the selection of which
trees to sample. In a dendroecological study, a large number of trees can typically be
sampled comparatively quickly at relatively low cost. The cost and effort of isotopic,
gas exchange, and biogeochemical analyses is generally greater. In isotopic studies,
for example, the high cost of analysis necessitates consideration of how many trees
to analyze for how many years, whether to pool samples across years or across trees
and whether to separate earlywood and latewood. The best approach will depend on
the objectives of the study. With that said, the very small numbers of trees sampled in
early isotope dendroclimatology studies (e.g., Leavitt and Long 1984) will probably
not be a good fit for most dendroecology studies, which often have at least a
secondary focus on variation across trees and study sites. At treeline, for example,
the focus on understanding the spatially complex patterns of change both within
and among sites requires a fairly large sample of trees, which might necessitate
pooling samples in some fashion to reduce the overall cost of the analysis. Nested
approaches to sampling—in which more intensive measurements are made on a
subset of trees sampled for dendroecological purposes—may therefore be necessary
in many hybrid studies.

Hybrid studies benefit from coordinating diverse measurements on the same
trees—measuring gas exchange, for example, on all or some of the trees that were
cored. In such cases, it is best to make the physiological or soil biogeochemical
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measurements over several growing seasons prior to collecting increment cores for
the tree-ring measurements. This ensures that injury from coring will not affect the
gas exchange measurements and that inter-annual variability in the physiological or
soil biogeochemical measurements can be directly related to the tree-ring record.

Issues arise in hybrid studies in terms of where on a tree sampling is conducted.
At least some of the trees sampled for tree-ring work are likely to be large old trees,
with most of their canopy above heights that are convenient to make gas exchange
measurements. Trees are well known to exhibit vertical gradients in leaf- or shoot-
level physiology (e.g., Schulze et al. 1977). Thus, to ensure data are representative
of the whole canopy, it is best to make measurements at multiple heights and depths
within the canopy. Resources like the Wind River Canopy Crane are extremely
valuable in this context, but they are also rare, particularly at treeline. In some
species and for certain gas exchange variables, it may be possible to make gas
exchange measurements on very recently detached foliage sampled using a pole
saw or pruner. This challenge highlights the value of sap flux measurements, which
are typically made at breast height, but provide data that integrate the whole tree
canopy, regardless of tree size.

Finally, perhaps the greatest methodological question of all in dendrochronology,
which becomes even more acute in hybrid studies, is the issue of which trees
to sample at a given site. Dendroecologists most often aim for a sample that is
representative of the tree population in terms of the distribution of sizes/ages and
likely sensitivities to climate (Sullivan and Csank 2016). One approach to improve
the likelihood that sampled trees are representative of the site is to first inventory
and map trees, then randomly select trees from the map for sampling (Nehrbass-
Ahles et al. 2014). Alternatively, a stratified random sampling design, reflecting
important topographic or environmental heterogeneity, could produce an unbiased
sample of trees for this kind of study. If a sufficient number of trees are selected
for measurement, this approach should ensure that trees of different sizes/ages are
selected, in proportion to their abundance at the site. This approach would also
facilitate scaling the data up from the level of the tree to that of the site, which
would be a great advantage if the study were conducted within the footprint of an
EC tower, a satellite pixel, or if a goal of the study is to examine changes in stand
productivity over time. Cost and labor will likely dictate that only a subset of the
trees selected for increment core sampling can be monitored for gas exchange, soil
biogeochemistry and/or tree microclimate. These trees could be randomly selected
from those identified for increment core sampling and then checked against the
larger random sample to ensure that trees in each size class are going to be sampled
in proportion to their abundance.

Regardless of the suite of measurements selected (Table 6.1), we anticipate
that studies integrating physiological and/or soil biogeochemical measurements
into more traditional tree-ring studies will make valuable contributions to our
understanding of factors limiting growth of trees at treeline and in forests around
the globe. In the case study that follows, we provide an example of how a hybrid
study can provide important insights into patterns of and controls over tree growth
at treeline.
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6.4 Case Study 2: Integrating Physiological, Biogeochemical,
and Dendroecological Methods to Study the Growth
of Treeline Trees

The integration of physiological, biogeochemical, and dendroecological methods
has proven useful in recent studies near the Arctic treeline in northwest Alaska
(Fig. 6.1b), which is a region where white spruce growth has generally increased and
many treelines have advanced into the tundra in recent decades (Suarez et al. 1999).
The central aim of research in this region has been to improve understanding of the
causes of variation in growth rate and growth response to climate across habitats.
This line of inquiry was motivated by several earlier studies that showed contrasting
growth responses to twentieth century climate warming over small spatial scales at
treeline in Alaska (Lloyd and Fastie 2002; Wilmking et al. 2004). In a comparison
of three habitats (terrace, forest, and treeline) with similar aboveground climates,
but strongly different soil conditions, McNown and Sullivan (2013) combined
measurements of soil nutrient availability with weekly measurements of foliar
nutrition and needle gas exchange. Across these three habitats, relatively warm soils
of the terrace give way to intermediate soil conditions in the forest and finally to
the cold soils, underlain by discontinuous permafrost, at treeline. Results showed
limited evidence of drought-induced stomatal closure, limited seasonality in light-
saturated photosynthesis, and strong declines in soil nutrient availability, foliar
nutrient concentrations, and photosynthesis along the gradient from the terrace to
treeline habitats. Sullivan et al. (2015) extended the study to include examination
of seasonal variation in growth of all major organs (branch extension, xylem
production, and fine root growth), along with historical growth preserved in the
tree-ring record. These analyses revealed the surprising finding that seasonal peaks
in growth of all organs preceded the warmest times of the season, both above- and
below-ground. This pattern, which was particularly pronounced at treeline, suggests
that treeline trees were not taking advantage of the full thermal growing season and
points to a limiting factor other than temperature.

That limiting factor appears to be nutrient availability. Examination of the tree-
ring record showed that trees growing on the terrace, where soil nutrient availability
is relatively high, showed strong positive growth responses to twentieth century
climate warming. Meanwhile, trees growing in the forest and at treeline, where
soil nutrient availability is lower, showed progressively smaller positive growth
responses (Fig. 6.3). Temperature effects on growth of treeline trees may therefore
be mediated by soil nutrient availability at these study sites. Despite a common
pattern of warming across the three habitats, significant increases in growth occurred
only at the terrace site, where microbial activity in the comparatively warmer
soils may have been sufficiently stimulated to alleviate nutrient limitation. Factors
like soil biogeochemistry, which can mediate the effect of warming, complicate
our ability to explain historical and predict future growth trends and highlight
the importance of study designs that situate dendroecological responses within a
broader understanding of physiological and ecosystem-level dynamics.
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6.5 Conclusions

These two case studies, drawn from very different treeline ecosystems, indicate
that fine-scale environmental variability, properly quantified and incorporated into
sampling design and data analysis, can yield key insights into treeline dynamics and
shed light on the surprisingly complex responses of treeline ecosystems to climate
warming. Both case studies employ dendroecology within a broader ecological con-
text, integrating dendroecological approaches with those from landscape ecology,
physiological ecology, and ecosystem ecology to yield a functional understanding
of treeline ecosystems and treeline tree growth. In both cases, fine-scale spatial
complexity in controls over tree growth challenges traditional dendroecological
approaches; the insights gleaned from application of landscape, physiological, and
ecosystem ecological approaches allowed that complexity to be used, however, as
the basis for important insights about treeline dynamics.

We draw two important conclusions, which are perhaps best understood as
recommendations for future studies, from these examples (Fig. 6.4). First, detailed,
spatially explicit measurements of environmental variability—including topogra-
phy, microclimate, and soil physical and biogeochemical properties—are a neces-
sity, allowing researchers to understand the underlying environmental gradients
to which trees are responding. As our case study on bristlecone pine in the
Great Basin demonstrates, substantial topoclimatic heterogeneity can occur on a
very fine spatial scale, and this becomes a significant factor explaining patterns
of tree growth (Fig. 6.4a). In northwestern Alaska, substantial variation in soil
microclimate and hence soil nutrient availability occurs on a relatively fine spatial
scale and this, too, is a critical factor driving divergent patterns of tree growth
(Fig. 6.4b). Absent information about fine-scale topoclimatic and/or soil biophysical
parameters, the tree-ring records from these sites would either obscure relevant
variability by grouping trees from divergent microclimates together, as shown in the
Great Basin, or would yield a puzzling difference in response between topographic
locations, as shown near the Agashashok River in northwestern Alaska. In both
examples, quantifying the local-scale, within-site variability provides a critical
basis for understanding why a uniform regional driver, rising air temperature,
produces different responses within a site, with one subpopulation of trees in
each instance responding with significantly increased growth to the warming and
another subpopulation showing little or no response. Armed with finely resolved
environmental data, we see that these differences reflect fine-scale variation in
limiting factors, with the response to warming in some trees limited by low moisture
availability and in others by access to soil nutrients. The case studies presented
here, and the differences between them, also hint at broader global patterns in
treeline response to warming. In the Great Basin, which is located at the warm end
of the continuum of global treeline climates (Korner and Paulsen 2004), response
to temperature is mediated by moisture availability, and the most responsive trees
occur in the cooler microsites, where moisture limitation is lowest. In northwestern
Alaska, located at the cool end of the continuum of global treeline climates, the most
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Fig. 6.4 (a) Quantifying fine-scale variation in topo-climate can allow better differentiation of
within-population variation in response to temperature and, as a result, more robust inferences
about the nature of climatic controls over tree growth Trees occupying warm topoclimates near
treeline show a less pronounced response to warming (e.g., Fig. 6.2c) than those occupying
cool topoclimates near treeline (e.g., Fig. 6.2b). (b) Hybrid studies that pair dendroecology with
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responsive trees occur in the warmer microsites, where soil nutrient availability is
greater. Although two study sites is an insufficient sample size from which to draw
broad conclusions, this difference in how temperature effects are mediated across
the landscape is a promising direction for future research.

Second, the integration of dendroecology with other ecological approaches
allows us to understand trees not simply as the sum of their rings, but as complex
organisms whose overall growth reflects the impact of multiple limiting factors
filtered through a number of simultaneously occurring physiological processes.
The widespread observation that limited growth of treeline trees is associated with
low temperatures is, in the end, supported by both of the case studies described
here. However, by expanding our inquiry beyond wood production to incorporate
other physiological processes, we arrive at a more nuanced understanding of how
temperature affects trees—understanding, in the case of northwestern Alaska, that
the most significant impact of temperature may be indirect, expressed through soil
microbial processes. Distinct soil microclimates in that area mediate the effect of
temperature (Fig. 6.4b). Because soil microbial activity shows a non-linear response
to rising temperature (Lloyd and Taylor 1994), a given amount of warming may
result in greater stimulation of microbial activity in warm sites compared with cool
sites (compare filled and unfilled points at each temperature range in Fig. 6.4b,
inset). In sites with relatively warm soils and high nutrient availability, trees are
able to capitalize on rising air temperatures with greater growth. Trees in these sites
show a significant increase in ring-width over time (e.g., Fig. 6.3, Terrace sites).
In sites with relatively cool soils, in contrast, rising air temperature is insufficient
to stimulate microbial activity. Growth remains nutrient limited, and ring-width
does not increase over time (e.g., Fig. 6.3, Treeline sites). Information on soils and
tree physiological parameters are crucial in revealing that the differences in growth
response to warming reflect variation across the landscape in soil conditions and
microbial activity which, in turn, mediate tree response to climate warming.

The high degree of local and regional scale variability in how treeline trees
and treeline forests respond to regional warming has been challenging to reconcile
with global-scale evidence that suggests temperature limitation is a key driver of
global treeline dynamics. The case studies presented here suggest that the causes of
local- and regional-scale variability in treeline dynamics can be understood through
greater attention to quantifying fine-scale variation in environment (topoclimate,
soil biophysical parameters) and by integrating dendroecological approaches with
plant physiological measurements to more fully understand the limitations on plant
growth. As we have shown, variation within any single site in response to climate

‘Fig. 6.4 (continued) measurements of tree physiology and soil biogeochemistry can reveal
limiting factors that mediate tree response to a regional-scale driver such as air temperature, and
thus allow more robust explanations for differences in growth response to that broader-scale change
Trees occupying habitats with cool soils remain nutrient-limited as climate warms, while those
in habitats with warmer soils experience an increase in nutrient availability and thus increased
growth Inset: Microbial activity increases exponentially with rising soil temperature, so a rise in
soil temperatures has a comparatively greater effect in habitats with warm soils than those with
cool soils
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warming does not necessarily contradict broad-scale correlations with temperature
but, instead, can be a consequence of fine-scale variation in thermal environment or
in factors mediating response to temperature.
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Chapter 7
Dendroecological Applications to Coarse Woody
Debris Dynamics

Shawn Fraver, Tuomas Aakala, and Anthony W. D’Amato

Abstract Coarse woody debris plays a crucial role in forest ecosystems. The
current amount of woody debris on a given site represents a balance between
additions (tree mortality) and depletions (wood decomposition, combustion, trans-
port). Understanding woody debris dynamics has recently gained much attention,
primarily because of the need to improve forest carbon accounting and modelling.
Woody debris itself also holds great potential for use in dendrochronological studies,
including those aimed at revealing forest stand dynamics. As such, tree-ring data
from woody debris is at times used to make inferences about past stand dynamics;
however, at other times tree-ring data from samples in close proximity to woody
debris are used to make inferences about the dynamics of woody debris itself. Our
case study provides an example of the latter application by addressing woody debris
dynamics in three old-growth Picea rubens stands in Maine, USA. Our findings
show striking fluctuations in woody debris mass over a 100-year period (1900—
2000), with pulses in woody debris inputs corresponding to reconstructed forest
disturbances. These fluctuations highlight the need to characterize woody debris
dynamics for refining modelling efforts and developing restoration prescriptions
in ecosystems with disturbance regimes dominated by gap- and meso-scale distur-
bances.
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7.1 Introduction

Coarse woody debris (here dead standing or downed trees >10 cm diameter) plays
a crucial role in forest ecosystems, where it influences biological diversity, nutrient
cycling, soil development, geomorphological processes, and the spread and severity
of wildfire (Harmon et al. 1986; Schoennagel et al. 2004; Stokland et al. 2012;
Ruiz-Villanueva et al. 2016). The current amount of woody debris on a given
site represents a balance between additions (tree mortality) and depletions (wood
decomposition, combustion, transport). Understanding woody debris dynamics has
recently gained much attention given the growing need to improve forest carbon
accounting and modelling (Kurz et al. 2009; Woodall et al. 2015), to model changes
in habitat suitability for deadwood-dependent species (Tikkanen et al. 2007), and to
assess the longevity of forest fuels (He et al. 2004).

Another important—but often overlooked—attribute of woody debris is its
potential use for dendroecological purposes. When applied to forest dynamics,
tree-ring data from woody debris is used to make inferences about past stand
dynamics; however, at other times tree-ring data from samples in close proximity
to woody debris, often combined with samples from debris itself, are used to make
inferences about the dynamics of woody debris. We review both applications in this
chapter. Our case study below provides an example of the latter application. We
focus the following discussion on terrestrial systems, acknowledging that a large
body of literature addresses samples obtained from riverine or lake environments
(e.g., Guyette et al. 2008; Jones et al. 2011; Gennaretti et al. 2014).

7.2 Dendroecological Data Obtained from Coarse Woody
Debris

Samples collected from dead stems are used for many of the same purposes as using
live-tree samples in dendroecological studies: obtaining tree recruitment dates,
growth patterns, disturbance histories, and mortality dates. Benefits of sampling
woody debris include extending the temporal coverage of tree-ring series, or
bolstering sample sizes obtained from living trees. Also, when larger samples
(i.e., stem cross-sections or partial cross-sections) are needed in sensitive areas such
as nature reserves, woody debris sampling can be used instead of sampling live trees,
as it causes less aesthetic and ecological disturbance. Obtaining samples from well-
preserved dead trees is commonly employed in other dendrochronological fields; in
fact, it is the hallmark of long-term climate reconstructions (Lara and Villalba 1993;
Linderholm et al. 2010; Cook and Kairiukstis 2013; Edvardsson et al. 2016), fire
history reconstructions from fire scars (Niklasson and Granstrdom 2000; Swetnam
and Betancourt 2010), and archeological studies involving wood dating (Speer
2010). Similarly, preserved subfossil wood can extend chronologies back in time
to assess past geomorphic events (Stoffel and Corona 2014; Radoane et al. 2015),
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tree-line and species distribution changes (Pregitzer et al. 2000; Nicolussi et al.
2005), and lake level changes (Gunnarson 2001). One particularly interesting recent
use of subfossil wood is to assess anthropogenic changes to forests by comparing
average tree longevities, as well as tree sizes, between ancient and modern samples
(Lindbladh et al. 2013). Despite these diverse applications, the use of samples from
partially decayed woody debris, particularly decaying logs on the forest floor, has
received far less attention, despite the potential applications in dendroecological
studies.

One common task in various dendroecological studies of forest dynamics is to
estimate mortality years, based on the crossdated outermost rings in samples (either
cores, wedges, or cross-sections) taken from the dead trees. This information is
used to reconstruct the timing of past beetle outbreaks (Mast and Veblen 1994;
Khakimulina et al. 2016), to date the arrival of non-native pests (Siegert et al. 2014),
to evaluate spatial patterns in tree mortality (Aakala et al. 2007; Bigler et al. 2007),
to determine tree growth rates prior to death (Cherubini et al. 2002; Linnenpdi et
al. 2008; Amoroso et al. 2015), to date past canopy disturbances (Henry and Swan
1974; Caron et al. 2009), to test the relationship between tree mortality pulses and
past droughts (Bigler et al. 2007; Aakala et al. 2011), and to determine the time
needed for a fallen log to become a suitable substrate for seedling establishment
(i.e., a nurse log; Zielonka 2006). Crossdating the mortality year can also improve
the temporal resolution in permanent sample plots with census intervals longer than
a year (Mast and Veblen 1994; Jones and Daniels 2012); such information is crucial
when attributing forest dynamics to specific causes such as climatic variability.
Considering recent changes in tree mortality reported from different parts of the
world (e.g., van Mantgem et al. 2009; Allen et al. 2010), annually-resolved time
series of tree mortality dates are becoming increasingly important.

However, crossdating and interpretation of the outermost rings on dead samples
creates challenges, as pointed out by nearly every dendrochronological study
employing this method. Assigning the year of death is especially challenging when
the tree had experienced slow growth prior to death, which may be common in late-
successional or old-growth forests (Fraver et al. 2008). That is, during periods of
stress or senescence prior to death, annual rings may not form, particularly lower
on the stem where samples are typically obtained. These missing outer rings can be
quite numerous on poor vigor trees: Cherubini et al. (2002) report 31 such missing
rings in Pinus mugo, and we have identified 36 in Picea abies (unpublished work
from Sweden). As a further example from our own work from Finland, in a sample
of recently fallen or broken Picea abies trees with green foliage still attached, we
crossdated the outermost ring from cores and recorded the number of missing rings
in the end of the series. While most appeared to have zero or only a few missing
rings, some had 17 missing rings (Fig. 7.1). Further, in many cases where the stem
appears to be sound, outermost rings may have been lost to weathering (Jemison
1937; Aakala et al. 2007), thereby precluding an accurate estimate of year of death.
Finally, uprooted trees that are assumed to be dead may in fact continue to produce
annual rings for several years after they fall (Shorohova and Kapitsa 2014), further
confounding the dating.
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Fig. 7.1 The frequency of missing rings at the end of tree-ring series, from recently fallen Picea
abies trees in old-growth forests in northwestern Finland and the Murmansk Oblast in northwestern
Russia. Missing rings at the end of the series confound the assessment of mortality years. The
dashed line represents a negative exponential fit to the data (data from Linnenpid et al. 2008)

Samples are often collected from woody debris to estimate tree establishment
or germination dates. For shade-intolerant species in particular, these dates may
suggest the occurrence of past disturbances that fostered tree establishment. The
use of woody debris for this purpose can bolster the information obtained from
living trees regarding establishment dates, particularly for the earlier periods (Fraver
et al. 2008), or may provide information unavailable from living trees (Henry and
Swan 1974). We have found this application very useful in our studies of stand
dynamics, where we have included samples carefully collected from seemingly
well-decayed woody debris on the forest floor (Fraver et al. 2008; Fraver and Palik
2012). However, we point out that the date of the innermost ring (from these or
any samples), unless obtained from the true root collar, underestimates the time
since germination (emergence of the hypocotyl; Telewski 1993). The discrepancy
between the innermost ring, even when obtained near the apparent root collar, and
the germination date can be substantial, at times exceeding 26 years (Niklasson
2002) or 35 years (Parent et al. 2002). Several authors have suggested methods
for reducing this discrepancy, based on coring height above root collar and early
growth rates (Villalba and Veblen 1997; Fraver et al. 2011) or by presenting age
structures in terms of recruitment as opposed to establishment dates (Fraver and
White 2005a; D’ Amato and Orwig 2008). The latter approach is more useful for
shade-tolerant trees that can persist in the understory for decades awaiting canopy
opening. For these trees, the year of establishment is often less informative from the
forest-dynamics point of view.
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Growth patterns evident in samples from woody debris, along with those of living
trees, have been used to make inferences about past forest disturbance. Evidence is
derived from growth releases, that is, abrupt and sustained increases in radial growth
that suggest the loss of a formerly overtopping canopy (Black and Abrams 2003;
Fraver and White 2005b). Henry and Swans’ (1974) classic paper exemplifies the
utility of examining growth releases in woody debris samples, along with those of
living trees, to reconstruct more than three centuries of disturbance history of an
old-growth mixed Tsuga canadensis-Pinus strobus stand in New Hampshire, USA.
Their methods also include estimated mortality and recruitment dates from woody
debris. Despite the somewhat rudimentary dendroecological methods by today’s
standards, their paper remains a ‘must-read’ for those interested stand dynamics.
More recently, Winter et al. (2002) applied the growth-release method to snag
samples to date canopy disturbances in an old-growth Pseudotsuga menziesii forest
in Washington, USA. Caron et al. (2009) used the method applied to cross-sections
from snags and downed woody debris to date canopy gap formation in a Picea
abies forest of northwestern Finland. Although the growth-release method is very
commonly used with samples from living trees, it appears to be underutilized with
regard to woody debris samples, particularly well-decayed pieces.

Finally, we note that as debris advances through the decay process, it becomes
increasingly unsuitable for dendroecological purposes. Decay rates vary consider-
ably among species and across regional climatic gradients (Russell et al. 2014).
However, at a local scale many factors interact to determine decay rates, which
together create considerable variability. One of the more influential factors, albeit
challenging to quantify, is the abundance and composition of the fungal community
(Lindner et al. 2011; Bradford et al. 2014). The fungal community also influences
the suitability of woody debris for dendrochronological purposes by determining if
brown- vs. white-rot is present. Brown-rot fungi primarily decompose cellulose and
hemicellulose (leaving lignin), often preserving the ring structure even in highly
decomposed wood, allowing it to be used if carefully collected and prepared. In
contrast, white rot fungi decompose cellulose, hemicellulose, and lignin, resulting
in wood structure unsuitable for dendrochronological purposes. Other biotic factors
include (1) species-specific chemical and anatomical traits (Cornwell et al. 2009);
(2) anomalous anatomical features, such as reaction wood (Blanchette et al. 1994)
or resin-rich, fire-affected wood (Verrall 1938) which is quite decay-resistant, a
fact well known to the dendrochronologist working with fire scars; (3) tree growth
rates prior to death, as slow-growing conifers tend to decay more slowly (Edman
et al. 2006); (4) the position of the stem relative to the forest floor, as ground
contact hastens decay (Neasset 1999); (5) stem size because larger stems typically
decay more slowly (Beets et al. 2008); and (6) overgrowth of logs by ground-
layer vegetation, which retards decomposition (Hagemann et al. 2010). Because
snags typically remain drier than downed woody debris (Lambert et al. 1980), they
generally decay more slowly (Storaunet and Rolstad 2002; Vanderwel et al. 2006;
Aakala 2010), given that the activity of wood-decay fungi slows dramatically when
wood dries below mass moisture contents of 25-30% (Panshin and de Zeeuw 1980).



164 S. Fraver et al.

7.3 Dendroecological Methods Applied to Coarse Woody
Debris Dynamics

One of the most valuable applications of dendroecology in the context of woody
debris is quantifying the dynamics of the woody debris itself. Methods may include
analyses of growth releases, reaction wood, impact scars, or mortality dates of
samples taken adjacent to woody debris—which in many cases is itself too decayed
for sampling—to make inferences about woody debris input and decay rates.
Such information is invaluable for elucidating the factors affecting woody debris
condition for a given forest type and/or developmental stage, given the integral
link between disturbance history and the nature and abundance of woody debris
(D’ Amato et al. 2008; Harmon 2009).

Authors have used dendroecological methods to determine when particular logs
entered the woody debris pool. Several early studies are worth highlighting in this
regard. For example, Dynesius and Jonsson (1991) applied growth releases, impact
scar dates, and reaction wood formation on samples adjacent to uprooted trees to
determine the date of the uprootings in Picea abies forests of northern Sweden,
concluding that estimates are dramatically improved through the simultaneous use
of these and other methods. Daniels et al. (1997) combined sampling of the logs
themselves (to determine mortality dates) with samples taken from adjacent trees
(to assess growth releases, scars, and reaction wood) to determine how long ago
woody debris pieces from Thuja plicata had died, with results showing some pieces
had died nearly 300 years before.

A number of dendroecological studies have emphasized the distinction between
time since tree death and time since tree fall. This distinction has important
implications for modelling snag longevity, as well as decomposition studies based
on chronosequences, because decomposition progresses slowly during the standing
dead phase, then increases after falling and coming in contact with the forest floor
(Storaunet and Rolstad 2002; Aakala 2010). Storaunet and Rolstad (2002) used
outermost rings on fallen Picea abies trees to estimate the year of death, followed by
dating the impact scars and reaction wood formation on neighboring trees damaged
by the fall. They report a remarkable difference between the two events, with a
range of 0-91 years (mean 22 years). As the fall of standing dead trees is usually
the result of structural degradation near the stem base, fall rates are to a large
extent determined by decay progression at the base and are thus governed by the
same factors controlling wood decay in general (see above). It follows then that the
amount of time a snag stands before falling is likewise highly variable even within
a forest type or tree species.

Times since death or fall are often obtained to determine wood decay rates
using a chronosequence, that is, a set of logs with various mortality dates spanning
long time periods. Dendroecological methods lend themselves quite well to such
chronosequences, because they provide annually resolved mortality and/or tree-
fall dates that mark the starting point of the chronosequence. Though similar data
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could potentially be obtained from long-term permanent plots, such data is seldom
annually resolved, plots are few in number, and even the longest-established plots
have limited longevity relative to the potential of dendroecology. As above, time
since death or fall when used specifically for constructing chronosequences may
be obtained by crossdating the outermost ring in well-preserved samples (Brown
et al. 1998; Holeksa et al. 2008; Aakala 2010, 2011), dating impact scars caused
when the tree in question fell against a neighbor (Means et al. 1985; Yatskov
et al. 2003; Shorohova and Kapitsa 2014), aging post-disturbance regeneration
(Carmona et al. 2002), dating growth releases evident in adjacent trees (Shorohova
and Kapitsa 2014), and dating the onset of reaction wood of saplings displaced
by the fallen tree (Fraver et al. 2013). From each piece of woody debris forming
the chronosequence, a sample of wood is collected and returned to the lab for
density or mass determination. By combining data from samples spanning a range
of years, decay rates can thus be estimated. The metric most commonly evaluated
in decay-rate studies is wood density, not mass or volume (Laiho and Prescott 2004;
Rock et al. 2008), simply because initial wood densities can be obtained from the
literature, while initial masses or volumes are rarely known. However, we argue
that mass loss, not density reduction, is more useful for most purposes, including
modelling forest carbon. Because mass is obtained by multiplying density by
volume, Fraver et al. (2013) demonstrated that density reduction could be combined
with volume reduction (changes in log shape, via gradual collapse over time) in
a chronosequence to arrive at mass-loss equations. This concept was elaborated
by Russell et al. (2014) and linked with repeated forest inventory data to produce
woody debris mass-loss equations for all common tree species in the eastern United
States.

Several authors have combined dendroecological analyses with decay-class
transition models to obtain decay rates and to characterize woody debris dynamics
over time. Decay classes are subjectively assigned to each sampled woody debris
piece during field inventories using visual and tactile characteristics, and are meant
to describe the general stage of decay (Sollins 1982). By knowing the mortality
year as well as the decay class for each sample, one can estimate the time spent in
each progressive class and thus develop depletion curves that depict the probability
of samples persisting over time. Aakala et al. (2008) employed this approach to
model snag longevity (time remaining standing before fall) in conifer forests of
Quebec. They found distinct differences in longevities for the two species under
study, with approximately a 10-year difference in the ‘half-lives’ of Picea mariana
and Abies balsamea. Aakala (2010) later expanded this approach to include the
progression through snag as well as woody debris decay classes for Picea abies
forests in northern Europe, showing a latitudinal gradient in residence times for
both snags and woody debris. Using time-since-death data from both snags and
downed debris (but without relying on decay-class transition models), Angers et
al. (2010) developed species-specific ‘survival’ curves for snags, which depict the
probability of snags remaining standing as time since death progresses. Their study
nicely shows distinct curves for the four species studied.
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Such studies also allow assessment of the utility of using decay class, which is
easy to obtain, as a surrogate for time since death or time since fall, which is labor
intensive to determine. As it turns out, studies have repeatedly demonstrated the
relationship to be weak at best (Daniels et al. 1997; Storaunet and Rolstad 2002;
Lombeardi et al. 2008; Aakala 2010). The poor relationship results primarily from
the enormous variability in decay rates (as above), as well as the subjectivity in
assigning decay classes (Larjavaara and Muller-Landau 2010). Nevertheless, even
without dendroecological data, repeated measurements of permanent plots, even
at lengthy (e.g., 5 year) intervals, allow the calculation of transition probabilities
from one decay class to the next, which in turn can be used estimate woody debris
depletion curves (Kruys et al. 2002; Vanderwel et al. 2006) and residence times
(Russell et al. 2014). A major weakness in using the chronosequence approach,
whether applying decay rates or decay-class transitions, is that slow decaying
woody debris pieces have a higher probability of being sampled, thereby potentially
overestimating woody debris longevity. Kruys et al. (2002) demonstrated how, using
a Horwitz-Thompson estimator, this effect can be taken into account, but this source
of uncertainty is rarely considered.

Once woody debris input rates and decay rates have been determined, we can
consider combining them to show how woody debris abundance changes through
time, given that the amount of woody debris present on a site at any time represents a
balance between additions and depletions. Woody debris mass or volume on a given
site is often assumed to follow a U-shape pattern (high—low—relatively high) through
recovery following disturbance. The pattern results from high initial disturbance-
caused inputs (‘legacy wood,” sensu Harmon 2009), followed by a nadir where
the initial input has decayed but the recovering stand has not yet reached a stage
in which mortality is contributing substantially to the woody debris pool. This
intermediate stage is followed by increased mortality in the developing stand, adding
significantly to the pool (‘de novo wood,” sensu Harmon 2009). This conceptual
model has proliferated in the literature since its introduction by Harmon et al.
(1986), in part because it so nicely demonstrates the balance between inputs from
disturbance and losses from decay. Nevertheless, it best represents forest types or
regions where stand-replacing disturbances are a common feature of the prevailing
disturbance regime. In many unmanaged forests such disturbances are rare, with
return intervals four to five times the average longevity of late-successional canopy
species (Lorimer and White 2003). In such regions, natural disturbances occur
relatively frequently and cause only partial canopy tree mortality (see regional
reviews by Seymour et al. 2002, Kuuluvainen and Aakala 2011, Pederson et al.
2017), resulting in somewhat continuous to episodic woody debris inputs at lower
levels relative to those of the stand-replacing model. Despite the prevalence of
partial disturbance regimes, where de novo wood is the primary woody debris input
for centuries to millennia, few attempts have been made to characterize temporal
patterns of woody debris abundance over time, particularly using empirical data,
under these conditions (but see Janisch and Harmon 2002, Aakala 2011, D’ Amato
et al. 2017). Our case study below is one of the few attempts to do so.
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7.4 Obtaining and Preparing Woody Debris Samples:
Practical Matters

Much of our work has taken place in protected areas where destructive sampling,
such as collecting radial cross-sections from woody debris, is prohibited primarily
for aesthetic reasons. In these settings, it is necessary to use a large-diameter
increment borer (such as the Haglof 12-mm diameter increment borer) for sample
collection (Fig. 7.2). Though the bit diameter is only 2.3 times larger than the
standard 5.15-mm bit, it collects 5.4 times the volume of material for a given
core length. This extra volume dramatically increases the likelihood of obtaining a
usable sample of what is often punky, gallery-ridden, or otherwise partially decayed
material. Straws of this size are available for field storage of these cores; however,
we find it more convenient to place them in sleeves made of rigid Rite in the Rain™
paper, stapled and labeled as needed.

When using a 12-mm borer on samples where the year of death (outermost ring)
is not of interest or unobtainable due to rot, we find it beneficial to first drill a
shallow pilot hole (ca. 0.5-1 cm deep into sound wood) with a hand brace and a

7 -

Fig. 7.2 (a, b) Extracting large diameter (12 mm) increment cores from decayed Pinus strobus
logs windthrown in a 1938 hurricane (Pisgah Tract, New Hampshire, USA). (¢) Decayed cross-
section before (upper) and after (lower) stabilization by glue emulsion. (d) Decayed cross-section
after glue-mounting, sanding, and polishing. (e) Examples of large-diameter (12 mm) increment
cores mounted and prepared for crossdating
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standard 12-mm (or 0.5-inch) auger bit. The pilot hole greatly facilitates starting
the increment borer, which can be a challenge due to its two-thread construction.
The pilot-hole approach is especially handy when sample trees are case hardened,
a condition in which differential drying between the stem interior and exterior
produces an outer shell that is unusually hard to penetrate. When outermost rings
are needed and available, it may be useful to first remove bark, if present, and cover
the area to be cored with adhesive tape to help maintain the surface material intact.

Wooden mounts for 12-mm increment cores are commercially available in the
USA; however, these can easily be made on a table saw. We make ours using ca.
2.5 cm wide conifer stock, cutting a 12 mm (width) x 5 mm (depth) dado, which
leaves adequate space for glue. Cores can be glued into the dado and held in place
with masking tape or binder clips until glue dries.

Where the collection of cross-sections from dead trees is permitted, we recom-
mend doing so. As in many dendrochronological studies, we stabilize cross-sections
with plastic wrap and/or duct tape in the field to secure them during transport to
the laboratory. For very decayed or otherwise fragile stems, wrapping duct tape
around the stem prior to cutting the sample makes it possible to obtain useable
samples. Once air-dried, relatively sound cross-sections can be mounted to a board
for security using hot glue (Angers et al. 2010). When cross-sections are punky,
friable, or otherwise at risk of falling apart, we have had success in the laboratory
by first submerging them for several days in a solution of seven parts of water to
one part inexpensive water-soluble school/craft glue (for a detailed description,
see Krusic and Hornbeck 1989). Once removed from solution and thoroughly
dried, samples can often be machined and sanded to produce a surface suitable for
dendrochronological purposes. A commercial wood hardening agent can be used
for this same purpose (Pedersen and McCune 2002). Others have had success with
freezing moist wood samples and preparing the surface while still frozen with a
scalpel or by sanding to reveal ring boundaries (Herman et al. 1972; Storaunet and
Rolstad 2002).

We collect samples, whether cores or cross-sections, from a height along stem
similar to that at which samples forming the dating chronology were obtained. For
our purposes this is often breast height, although some research requires samples
lower on the stem (ca. 20-30 cm above the forest floor). Because growth patterns
vary within the stem (Kerhoulas and Kane 2012), samples taken from different
heights can confound crossdating. As a guide, for downed woody debris we extract
cores no higher than 2 m above the base.

7.5 Case Study: Downed Woody Debris Fluctuations
Through Time in Old-Growth Picea rubens Stands

In this case study, we illustrate how dendroecological data can be used to represent
fluctuations in de novo downed woody debris mass (the right-hand side of the
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U-shape model, see above) in a late-developmental-stage forest far removed from
stand-replacing disturbances, yet having experienced repeated partial canopy losses
over extended time periods. This approach has rarely been attempted using empirical
data (but see Aakala 2011, D’ Amato et al. 2017). Indeed, the challenges of doing so
are formidable, as it requires that we (1) estimate woody debris mass that would
have been present at the starting point of the temporal sequence, (2) estimate
annual woody debris inputs over the time period in question using dendroecological
approaches, and (3) assign a suitable mass-loss function to allow the gradual decay
of those inputs, each explained below. Our objective is to reconstruct woody debris
mass fluctuations through time for a forest type in which dynamics are driven
by gap- and meso-scale disturbances. We recognize is not possible to reconstruct
a definitive record of woody debris mass over time, given the variation and
uncertainties surrounding each of these three challenges. Instead, we illustrate how
dendroecological data allows reasonable estimates of the temporal dynamics of
coarse woody debris.

7.5.1 Methods

We here capitalize on existing detailed dendroecological, structural, and spatial data
to reconstruct woody debris abundance over a 100-year period, from 1900 to 2000,
in three old-growth red spruce (Picea rubens) stands located in a 2000-ha old-
growth reserve in northern Maine, USA. These data were initially collected (in 2000
and 2001) to reconstruct the spatial and temporal aspects of canopy disturbance for
this forest type. For that purpose, one 50 x 50 m plot was established in each stand;
for details see Fraver and White (2005a). Data sets resulting from that work include
(1) tree-ring series from all living trees (>10 cm diameter) and dead trees, when not
precluded by decay, (2) diameters, heights, and spatial locations (X, Y coordinates)
of all trees and saplings, (3) mapped locations of current (2000) canopy gaps, and
(4) complete inventory of all coarse woody debris, recording end diameters, lengths,
species, decay classes (as above) and spatial locations of intact pieces. Results from
that previous work reveal periodic pulses of moderate-severity disturbance by wind
storms and insect outbreaks interposed upon a background of scattered fine-scale
canopy disturbances (Fraver and White 2005a; Fig. 7.3).

From these same data, we estimated the timing and volume of woody debris
inputs on an annual basis; however, this required two distinct approaches depending
on the timing of tree death. For the earlier decades (1900 to ca. 1980), we relied
on growth releases in surviving trees as evidence of the timing and location of past
canopy gaps using methods and thresholds described in Fraver and White (2005b).
To estimate the volume of woody debris added during each canopy gap disturbance,
we assumed the size of the tree that ultimately filled the canopy gap (based on
our 2000 inventory) approximated the size of the tree that fell and formed the gap
(i.e., gap makers), as justified and outlined in Lorimer and Frelich (1989). That
is, diameters of current gap-filling trees served as surrogates for those of the gap
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Fig. 7.3 Disturbance chronologies for three old-growth Picea rubens stands, showing peaks and
hiatuses in canopy disturbance. Sample depth refers to the number of canopy trees used in the
chronology. Figure modified from Fraver and White (2005a); printed with permission from Journal
of Vegetation Science

makers. When combined with regional allometric equations (Honer 1965; Li et al.
2012), the current diameters allowed us to estimate stem volumes of gap makers,
that is, volumes of coarse woody debris added. For modelling purpose we chose to
convert our volume estimates to mass, given the availability of mass-loss equations
(Russell et al. 2015) and the absence of volume-loss equations. Volumes were thus
converted to dry mass using specific gravities presented in Miles and Smith (2009).
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The growth-release method, however, cannot be applied to recent decades
because the requisite post-disturbance time period is insufficient for assessing
growth response. For recent decades (ca. 1980-2000), we relied on multiple lines of
dendroecological, spatial, and structural evidence to estimate the timing of woody
debris inputs. These methods include (1) crossdated outermost rings of cored woody
debris, (2) onset of compression wood in living trees displaced from vertical by
the disturbance, (3) increased height growth recorded on mapped saplings, (4) the
vertical arrangement of stacked fallen logs (most recent above previously fallen),
and (5) the location of woody debris relative to current canopy gaps. Taken together,
these methods allowed us to date the input of individual pieces of woody debris
for these recent decades. Their volumes were calculated using the conic-paraboloid
formula (Fraver et al. 2007), based on end diameters and length recorded on each in
2001. As above, woody debris volumes were converted to dry mass for modelling
purposes using specific gravities presented in Miles and Smith (2009).

These methods produced estimated annual woody debris mass inputs for each
year between 1900 and 2000. The mass of these inputs was then subjected to a
decay function, also calculated annually, assuming mass loss followed a negative
exponential decline, using species-specific mass-loss k-constants (Russell et al.
2015). For the earlier decades, we assumed woody debris inputs were entirely Picea
rubens and used the associated k-constant. For recent decades, where species was
known, we used species-specific k-constants. We note that the negative exponential
rate loss, despite its widespread acceptance, may not best describe mass loss
(Freschet et al. 2012; Fraver et al. 2013); however, these were the only mass-loss
equations available.

The final challenge in creating the temporal sequence was to estimate the woody
debris mass that was present in 1900, the starting point of our sequence. To this end,
we relied on the growth-release method to estimate woody debris input rates for the
60-year period prior to 1900, and applied our volume estimations, mass conversions,
and mass-loss rates (as above) to these inputs. We chose a 60-year period because
decaying Picea rubens has an average residence time of ca. 60 years (Russell et
al. 2015), meaning that woody debris generated in 1840 would have been largely
decayed by 1900, which represents a stable starting point.

7.5.2 Results and Discussion

Our temporal sequences represent woody debris mass fluctuations under a non-
stand-replacing disturbance regime. The sequences from all three sites show striking
variability in woody debris mass through the 100-year period (Fig. 7.4). Mass
ranged from ca. 10-31 Mg/ha on plot ABS; from 14-46 Mg/ha on plot AD30,
and from 17-42 Mg/ha on plot C20. These values roughly correspond to woody
debris volumes of 39-116, 52-173, and 65-158 m3/ha, respectively, based on
Picea rubens densities averaged across decay classes (Harmon et al. 2008). The
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Fig. 7.4 Fluctuations in downed woody debris mass for a 100-year period in three old-growth
Picea rubens forest stands. Peaks in debris input correspond to past disturbances, also recon-
structed from tree-ring data. The small circles in 2001 depict the debris volume calculated from
a field inventory conducted in that year. The “skewed” shape of the curves nicely illustrates the

fast-in-slow-out nature of woody debris dynamics

common patterns among the plots are consistent with documented landscape-wide
disturbances (Fig. 7.3). For example, two spruce budworm outbreaks in the late
1910s and early 1980s and a 1983 wind storm caused pulses in woody debris input
evident on all three plots. The relatively low woody debris masses from roughly the
1960s through the early 1980s reflect decades of relative quiescence evident on all
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three plots. Nevertheless, individual plots also show unique patterns (Fig. 7.3), the
result of past disturbances that have differentially affected the plots, as described
in Fraver and White (2005a). For example, the broad peak in woody debris mass
spanning the 1930s through the 1950s on plot ABS5 reflects the peaks in canopy
disturbance at that time. The high initial mass on plot AD30 reflects the residual
mass from a disturbance peak in the 1880s. The relatively high initial mass and an
early broad peak on plot C20 reflect moderate rates of disturbance that began in the
1860s and persisted through the 1920s. The unique signature of disturbance history
on woody debris mass for each plot highlights the potential pitfalls of using metrics
such as canopy tree age to model patterns in woody debris abundance in these and
other systems (cf. Tyrrell and Crow 1994a, b).

We acknowledge the uncertainty in our reconstructed temporal sequences.
Uncertainty enters in at each step in our reconstruction, from estimating the initial
(1900) woody debris mass, estimating input mass from growth-release and other
data, and using mass-loss decay functions to gradually deplete input mass. In
addition, we have not accounted for snag-fall contributions to the woody debris pool,
because the slow death of trees that remain standing is not captured by the growth-
release method, which assumes the sudden loss (not slow demise) of canopy trees
to which formerly suppressed individuals respond. Despite these uncertainties and
limitations, the endpoints of the modelled temporal sequences (year 2000) closely
approximate the masses calculated from 2001 woody debris inventory (Fig. 7.4),
suggesting that the sequences developed using dendroecological data reasonably
represent past fluctuations.

Together, our reconstructed temporal patterns depict what we believe to be
typical fluctuations for this forest type, and perhaps representative of other forest
types that experience partial canopy loss over extended periods. Aakala’s (2011)
simulations based on empirical data show somewhat similar fluctuations and
ranges, although based on woody debris volume, in Picea abies forests of boreal
Finland and Russia. Similarly, Jonsson et al. (2011) showed fluctuations, with broad
landscape-level similarity in woody debris input (without including decay) among
Picea abies stands in Sweden; however, individual stands had input patterns unique
to their own disturbance histories.

Given the large number of studies that document disturbance regimes character-
ized by partial canopy loss (regional reviews by Seymour et al. 2002, Kuuluvainen
and Aakala 2011), it seems likely that the type of woody debris fluctuations shown
here would be found in many other forest types worldwide. Our empirical results
shed light on the patterns underlying the right-hand portion of the popular U-shaped
model of woody debris abundance over time. Specifically, they depict a continuously
fluctuating pattern that may persists for centuries to millennia in these systems until
an infrequent stand-replacing disturbance reverts this pattern to a U-shaped trend.
In addition, these results, as well as those presented in Aakala (2011) and D’ Amato
et al. (2017), call into question the assumption that old-growth stands reach an
equilibrium with respect to woody debris abundance (e.g., Tyrrell and Crow 1994b).
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These fluctuations in woody debris abundance have a number of important
ecological implications. First, they regulate population dynamics of saproxylic (i.e.,
deadwood-dependent) organisms by creating a ‘boom-or-bust’ situation regarding
available substrate. The periods of low abundance, particularly in isolated stands,
may create a risk of extirpation for red-listed saproxylics that depend on a rather
continuous supply of woody debris of particular tree species or decay classes (Jons-
son et al. 2011; Stokland et al. 2012). In addition, forest management approaches for
conserving these organisms need to account for these dynamics by creating woody
debris at each harvest entry to maintain suitable substrates in various stages of decay
over time (D’ Amato et al. 2015). Fluctuations also have important implications and
create significant challenges for modelling carbon dynamics in forest types typified
by partial disturbance regimes. Finally, when viewed from the perspective of fuel
loads, these fluctuations show how fuels and associated fire risks can vary through
time, even more so when we consider that combustion properties change through
decay (Hyde et al. 2011).

In summary, our case study exemplifies the application of detailed dendroe-
cological data, combined with spatial data, to better understand the dynamics of
coarse woody debris. It also highlights the challenges involved in doing so, even
with high-quality data. Our temporal sequences demonstrate the fluctuations and
ranges of woody debris masses in old-growth Picea rubens stands; however, we
suspect other forest types subject to non-stand replacing disturbance regimes may
show these same types of fluctuations. These fluctuations highlight the need to
characterize fine-scale woody debris dynamics to guide modeling and restoration
efforts for ecosystems with disturbance regimes dominated by gap- and meso-scale
disturbances.

7.6 Future Directions

Given the critical role coarse woody debris plays in forest ecosystems—carbon
storage, nutrient cycling, soil development, and maintenance of biodiversity—it
is imperative that we understand how its abundance changes through time. In
particular, the recent need to better characterize the forest carbon cycle in the
context of climate change further highlights the importance of understanding these
temporal changes. The field of dendroecology lends itself perfectly to coarse woody
debris dynamics because it provides annual resolution that can be applied to
woody debris additions (i.e., tree mortality or tree-fall dates) as well as decay rates
(using chronosequences or decay-class transition models). Nevertheless, several of
the limitations addressed throughout this chapter, as well as findings from recent
studies, highlight knowledge gaps and hence directions for future research, each
addressed briefly below.
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7.6.1 Disturbance Agents and Woody Debris Dynamics

The manner in which trees are killed (i.e., the disturbance agent) strongly influences
woody debris dynamics, particularly the length of time trees remain in the snag
phase (potentially decades for fire-killed trees, yet instantaneous transition to
downed woody debris for windthrow), as well as the decay rates of downed woody
debris. Thus the disturbance agents themselves create considerable uncertainty
in our estimates of snag and downed woody debris longevities; however, little
work has specifically addressed this gap in our understanding. Carefully designed
dendrochronology studies including a range of disturbance agents and forest types
could dramatically improve our predictions of long-term woody debris dynamics.

7.6.2 ‘Buried’ Woody Debris

Recent work suggests that under certain conditions downed woody debris accumu-
lates gradually as it becomes buried by litter and overgrown by ground vegetation
(Moroni et al. 2015). Once buried, its decomposition appears to slow markedly
(Arsenault et al. 2007; Hagemann et al. 2010). Under such conditions, the volume
of this partially buried wood can exceed the volume of all other live and deadwood
volumes combined (Moroni et al. 2015). Clearly, work is needed to quantify both
the abundance (mass, volume) and decay rates of this often-overlooked feature. Its
purported low decay rates suggest buried wood may provide material suitable for
dendrochronological studies aimed at quantifying mass loss over time. Results of
such work would improve carbon accounting and modelling, and they may clarify
our interpretation of ecosystem processes where this missing carbon pool may have
been overlooked.

7.6.3 Tropical Woody Debris Dynamics

As dendrochronology capabilities continue to improve in the tropics (Pumijumnong
2013), so do opportunities to quantify woody debris dynamics in these regions.
Currently, our knowledge of woody debris dynamics from the tropics is quite poor
relative to the temperate and boreal regions (Russell et al. 2015; Magnusson et al.
2016), despite the importance of tropical forests in the global carbon cycle and
global biodiversity.



176 S. Fraver et al.
7.6.4 Model Improvements

Most existing gap-dynamics, carbon-accounting, and terrestrial ecosystem models
treat woody debris and woody debris dynamics somewhat superficially. Many of
these models currently rely on calibration from forest inventory data, which span
several decades at most, are rarely annually resolved, and are disproportionately
from second-growth or managed stands. This lack of temporal depth and annual
resolution means that ecological processes are poorly represented and insufficiently
constrained, making the models reliant on assumptions that can be difficult to justify
and creating considerable uncertainty in predictions. Improving the predictive
confidence of these models requires the use of dendroecological data, which when
applied to this purpose may span a century or more (as in the case study above) and
can provide annual resolution. High-quality data such as these allow us to better
estimate woody debris dynamics—including inherent year-to-year variability—
which is essential for improving the predictive confidence of ecosystem-dynamics
models.
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Chapter 8

Deciphering the Complexity of Historical Fire
Regimes: Diversity Among Forests of Western
North America

Lori D. Daniels, Larissa L. Yocom Kent, Rosemary L. Sherriff,
and Emily K. Heyerdahl

Abstract Wildfire is a key disturbance agent in forests worldwide, but recent
large and costly fires have raised urgent questions about how different current fire
regimes are from those of the past. Dendroecological reconstructions of historical
fire frequency, severity, spatial variability, and extent, corroborated by other lines
of evidence, are essential in addressing these questions. Existing methods can
infer the severity of individual fires and stand-level fire regimes. However, novel
research designs combining evidence of stand-level fire severity with fire extent are
now being used to reconstruct spatial variability in historical fire regimes and to
quantify the relative abundance of fire severity classes across landscapes, thereby
facilitating comparison with modern fire regimes. Here we review how these new
approaches build on traditional analyses of fire scars and forest age structures
by presenting four case studies from the western United States and Canada.
Collectively they demonstrate the importance of ecosystem-specific research that
can guide management aiming to safeguard human, cultural and biological values
in fire-prone forests and enhance forest resilience to the cumulative effects of global
environmental change. Dendroecological reconstructions, combined with multiple
lines of corroborating evidence, are key for achieving this goal.
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8.1 Introduction

Wildfire is a key agent of ecological disturbance in forests worldwide (Bowman
et al. 2009). In western North America, fire drives vegetation dynamics, underlies
many ecological patterns, and explains ecosystem heterogeneity at a range of
spatio-temporal scales (Turner 2010). Subtle changes to fire regimes in western
forests can have major impacts on forest composition, structure, biodiversity and
productivity (Turner 2010). Changes to fire frequency and severity driven by land
use and fire suppression, exacerbated by climate change, have the potential to
exceed the historical range of variation of environmental conditions in which species
evolved and ecosystems have functioned (Landres et al. 1999; Swetnam et al.
1999). Thus, understanding historical fire regimes and their drivers can help identify
vulnerable ecosystems in which active management can enhance forest resilience to
the cumulative impacts of environmental change (Stephens et al. 2013). Equally
important, ecosystem-specific knowledge can identify forests in which fire regimes
have not departed from the historical range of variation, and where management
investments are not needed or may compromise ecosystem function or services
(Schoennagel and Nelson 2011; Stephens and Fulé 2005; Odion et al. 2014).

Dendroecological research has been instrumental for reconstructing historical
fire regimes and quantifying their key attributes. A fire regime is the pattern
of the temporal (seasonality, frequency and predictability) and spatial (location,
extent and spatial complexity) occurrences of fire, the magnitude (type, intensity
and severity) of fire effects, and interactions of fire with other disturbance agents
(Agee 1993; Turner 2010). Describing fire regime attributes requires accurate
documentation of individual fires. To extend modern fire records back decades or
centuries, reconstructions of past fires can be achieved by dendroecological analyses
corroborated by multiple lines of evidence (Swetnam et al. 1999). This research
framework has facilitated significant advances in our understanding of fire regimes
over recent decades, shifting the focus from fire frequency to more nuanced analyses
of fire severity, extent and spatial complexity.

In this review, we show how contemporary research focused on mixed-severity
fire regimes builds on traditional analyses of fire scars and forest age structures.
Novel research designs facilitating analyses across spatial scales and analytical
methods for quantifying fire severity and spatial variability allow more nuanced
characterization of the spatio-temporal variation in fire regimes. We present four
case studies illustrating a variety of research approaches and the complexity of
historical fire regimes across forest types in the western United States and Canada.
Collectively, they demonstrate the importance of ecosystem-specific research to
guide management that aims to safeguard human, cultural and biological values
in fire-prone forests and enhance forest resilience to the cumulative effects of global
environmental change.
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8.2 Fire Regime Reconstructions

Traditionally, fire history research focused on two contrasting fire regime types
simplified as high- versus low-frequency. The research methods, including den-
drochronological evidence, used to reconstruct fire frequency of these contrasting
regimes reflect the differences in impacts and physical evidence left by presumably
surface versus crown fires.

8.2.1 High-frequency, Low-severity Fire Regimes

High-frequency fire regimes are characterized by relatively low-severity surface
fires that burn at short intervals, causing low levels of canopy tree mortality (e.g.,
stand-maintaining fires; Schoennagel et al. 2004). Fire scars on individual live trees,
stumps, snags or logs provide point-specific, direct evidence of low-severity fire that
damages, but does not kill the tree (Swetnam and Baisan 1996, Swetnam et al. 1999,
Yocom Kent 2014; Table 8.1; Fig. 8.1). Scars caused by fire are differentiated from
other disturbances (e.g. bark beetles, animals, tree falls or cultural modification by
humans) based on their triangular shape at the base of the tree and the presence
of charred bark, healing lobes or exposed wood on the face of the scar (McBride
1983; Smith and Sutherland 2001). When properly crossdated, scars provide the
exact year of fire occurrence and often season can be determined from the position
of the scar within an annual growth ring (Dieterich and Swetnam 1984; Caprio and
Swetnam 1995). The presence of resin ducts or micro rings provides secondary
dendroecological evidence to corroborate fire scar dates (Brown and Swetnam 1994;
Smith et al. 2016). Often large and presumably old trees with multiple scar lobes
are targeted to maximize the fire record (Swetnam and Baisan 1996; Swetnam et al.
1999). Fire-scar records from individual trees can include multiple fires over several
centuries, depending on the lifespan of the species, rates of wood decomposition,
and occurrence of subsequent fires that consume fire-scarred trees (Swetnam and
Baisan 1996; Swetnam et al. 1999).

At the site level, sampling multiple fire-scarred trees serves several purposes
(Swetnam and Baisan 1996, Swetnam et al. 1999; Fig. 8.1). Replicate samples
corroborate fire dates among trees and differentiate spreading fires that scar multiple
trees from small isolated fires that scar single trees, although not all burned trees
form a scar. Composite fire-scar records from multiple trees are used to calculate
site-level fire frequency metrics, such as mean, median, minimum and maximum
intervals and time since last fire. Because fire frequency metrics are sensitive to
number of samples and the area sampled (Falk et al. 2007), consistency among
sites reduces potential bias (Amoroso et al. 2011). Alternately, many fire history
studies report fire intervals for the subset of years in which fires scarred at least
two trees or at least 10% or 25% of recorder trees (Swetnam and Baisan 1996).
Trees are considered recorders after an initial scar exposes the cambium and
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Table 8.1 Comparison of fire scars and forest demography (tree age, growth and death data) for
reconstructing past fires and interpreting historical fire regimes

Criterion

Advantages

Disadvantages

Amount of
uncertainty

Direct/indirect

evidence

Assumptions

Length of
reconstruction

Spatial
resolution

Temporal
resolution

Reconstruction
of fire regime
attributes

Fire scars

Crossdated samples precise to year
(and sometimes season) of fire;
most utility for reconstructing low-
and mixed-severity fire regimes

Time period limited by oldest wood;
older scars lost in subsequent fires;
limited to forest types where trees
form scars; not all fires scar trees;
research and sampling designs can
introduce bias; mean intervals vary
with sample size and area sampled
None at the point of a scarred tree;
uncertainty about fire extent
between scarred trees

Direct at point of a scarred tree;
indirect when inferring spread
between scarred trees

Multiple fire-scarred trees in a study
site in the same year are the result
of a spreading surface fire, not
individual fires at each tree
Decades to centuries depending on
species and forest types; limited by
loss in subsequent fires or decay
Individual tree to stand or landscape
depending on research design

Precise to year of fire, sometimes to
season

Direct evidence of fire type,
severity, seasonality and frequency;
indirect evidence of fire size

Adapted from Yocom Kent 2014

Forest demography

Most utility for reconstructing
mixed- and high-severity fire
regimes; corroborating evidence for
low-severity fires or confirming fire
as the agent of disturbance

Reconstructions are strongest for
the period following the last mixed-
or high-severity fire; older evidence
lost in subsequent fires; fire dates
not precise due to post-fire
regeneration lags; fine-scale fires
difficult to reconstruct

Causal agent and fire dates
uncertain unless accompanied by
fire scar

Direct for year of death of
fire-killed trees; indirect when
inferring fire from even-aged cohort
or growth releases

Even-aged cohorts, tree releases or
deaths caused by fire and not
another disturbance agent

Decades to centuries depending on
species and forest types; limited by
loss in subsequent fires or decay
Stand to landscape depending on
research design; small fires difficult
to detect

Precise for year of death of
fire-killed trees; not precise for tree
ages or post-fire cohorts unless
corroborated by a fire scar

Direct or indirect evidence of fire
type and severity; indirect evidence
of frequency and size; no evidence
of seasonality

increases susceptibility to subsequent fires (Romme 1980). The resulting “filtered”
fire interval statistics are relatively immune to changes in sample size or area in some
ecosystems (Van Horne and Fulé 2006; Farris et al. 2013), allowing comparison
among sites or studies with differing sampling designs (Kitzberger et al. 2007; Falk
et al. 2011), but not necessarily for all ecosystems or fire regime types (Stretch et al.

2016).
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Fig. 8.1 Examples of fire scar, tree growth and forest demography evidence used to reconstruct
fire history at tree, site and study area scales (Graphics by R.D. Chavardes)

8.2.2 Low-frequency, High-severity Fire Regimes

In contrast, low-frequency fire regimes are characterized by high-intensity crown
fires burning at long intervals causing high levels of tree mortality (e.g., high-
severity or stand-replacing fires; Schoennagel et al. 2004). These fires result in
forest patches with relatively distinct boundaries that are distinguishable on air



190 L.D. Daniels et al.

photographs and in the field. Forest polygons are mapped and sampled for forest
age, with the assumption that even-aged patches of forest were initiated by high-
severity fire. Age sampling is often combined with analysis of fire scars formed
at polygon boundaries to refine these estimates to an annual level (Johnson and
Gutsell 1994; Sibold et al. 2006). Landscape-scale fire history is represented by a
stand-origin map (e.g., time since the last stand-replacing fire; Heinselman 1973)
or a time-since-fire map (e.g., time since last fire of any severity; Johnson and Van
Wagner 1985). Patch sizes and ages are summarized as cumulative time-since-fire
(survival) distributions from which the fire cycle, the number of years required to
burn an area equal to the study area, is calculated by fitting negative exponential or
Weibull models (Van Wagner 1978).

Even-aged cohorts that include the oldest trees in the stand indicate past high-
severity disturbances that created openings large enough for many trees to establish
simultaneously (Heinselman 1973). Cohorts are indirect evidence of fire because
the ages assigned to trees in a cohort are less precise than crossdated fire scars
due to lags in tree establishment following disturbance, errors inherent to tree age
estimates, and the facilitation of tree establishment by disturbances other than fire or
during periods of suitable climate (Yocom Kent 2014; Table 8.1). The importance of
these considerations also varies by species composition and environment. Therefore,
tree age estimates need to be as accurate as possible (Table 8.2), sample sizes must

Table 8.2 Critical assessment of the accuracy of tree age estimates from increment cores

Attribute Source of error and dendroecological method to increase accuracy

Outer-ring date of | Outer ring dates of living trees may not equal the year of sampling due to
living trees competition, disturbance or environmental stress. Crossdating cores from
living trees verifies the calendar year of the outer ring (Cherubini
et al. 2002, Amoroso and Daniels 2010, Jones and Daniels 2012)

Outer-ring date of | Outer ring dates of dead trees are unknown. Crossdating estimates the
dead trees outer ring date and year of death (Daniels et al. 1997); but, inaccuracies
may result from wood decay and erosion (Jones and Daniels 2012)

Inner-ring date False or missing rings cause inaccurate calendar years to be assigned to
rings causing errors in estimated year of establishment and tree age
(outer-ring date—inner-ring date +1). Crossdating ensures an accurate
date is assigned to the inner ring when determining tree age (Fritts and
Swetnam 1989)

Pith date Cores may not intercept the pith, even after multiple cores are extracted
from a tree. The number of missing rings can be estimated from visual
assessments (Applequist 1958) or geometric measurements of curved
inner rings (Duncan 1989) or from the length of the core relative to the
average tree radius inside the bark at coring height (Norton et al. 1987)

Establishment Cores extracted above the root-shoot interface overestimate the

date establishment date and underestimate age. Species-specific regressions of
age-on-height correct for the number of years to coring height (Villalba
and Veblen 1997; Wong and Lertzman 2001). Height growth rates may
vary with resource availability at the time of establishment, requiring
different corrections for trees with fast (wide rings) and slow (narrow
rings) initial growth
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be sufficient to detect cohorts, and corroborating evidence should support inferences
of past high-severity fires. Optimal sample sizes vary among forest types and age.
For example, sampling >10 of the largest trees in even-aged post-fire lodgepole pine
forests is likely to detect the oldest tree to estimate the fire year, but samples sizes
of >15 large trees are needed in uneven-aged mixed-conifer forests (Kipfmueller
and Baker 1998). Multiple lines of evidence differentiate post-fire cohorts from
those initiated by insects, pathogens, wind or periods of suitable climate (Ehle and
Baker 2003; Brown and Wu 2005; Sherriff and Veblen 2006). Dendroecological
evidence corroborating high-severity fire includes (Sibold et al. 2006; Margolis et al.
2007, 2011): (a) a cohort comprised of fire- and shade-intolerant, fast-growing trees
indicating establishment in open conditions, (b) fire scars on the boundary of even-
aged stands concurrent with cohort initiation, (c) year of death of fire-killed trees
(e.g. small or thin-barked trees, trees with charred bark) immediately preceding the
cohort, although such evidence decays rapidly in many mesic forests, and (d) few
or no remnant trees older than the cohort.

8.2.3 Mixed-Severity Fire Regimes

It is now widely recognized that classifying fire regimes as either high- or low-
frequency oversimplifies the inherent variability in fires across a diversity of forests
(Perry et al. 2011). The term “mixed-severity fire regime” describes the complex
patterns and effects of heterogeneous fires across a range of spatial and temporal
scales (Agee 1998; Lertzman et al. 1998; Schoennagel et al. 2004). Variable
intensity within individual fires results in patches with low, moderate and high levels
of tree mortality (Agee 1993). Within a fire, thin-barked species, small regenerating
trees, and even large trees with thick bark are killed if exposed to torching, crowning
or surface fire for sufficient duration to damage the cambium. Post-fire cohorts
may colonize the resulting gaps, so forests are uneven-aged with multiple cohorts
and remnant trees that survive fire, some of which form single to multiple fire
scars. Successive fires at one location may burn with a range of severities resulting
in compositionally and structurally diverse stands with complex dynamics (e.g.,
Heyerdahl et al. 2012; Marcoux et al. 2015). At the landscape scale, fires burn with
a range of severities simultaneously and through time yielding heterogeneous patch
sizes, shapes and spatial patterns (Hessburg et al. 2007; Halofsky et al. 2011; Perry
et al. 2011).

Given the complexities of mixed-severity fire regimes, they are particularly
challenging to characterize and reconstruct. Unlike high- and low-severity regimes,
there is no a priori assumption about the impacts of individual fires. Instead,
physical evidence is required to infer the severity, as well as the timing, of each fire.
Scaling up from individual fires, the severity of successive fires at a site indicates fire
history through time and comparing multiple sites across a landscape characterizes
the historical fire regime. To simultaneously characterize the timing and severity of
individual fires and spatio-temporal variations among sites requires multiple types
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Table 8.3 Example criteria for classifying fire severity across spatio-temporal scales

Spatial scale

Individual
fires

Individual
sites

Study area

Temporal scale
(source)

Contemporary
(Agee 1993)

Reconstructed
(Sherriff and
Veblen 2006)

Reconstructed
through time
(Sherriff and
Veblen 2006)

Reconstructed
through time

(Heyerdahl et al.

2012)

Reconstructed
through time at
individual sites
(Marcoux et al.
2015)

Criteria for severity classes

Low

<20% basal area
of live trees killed

>80% of living
trees are remnants
and <20%
established
post-fire; fire
scar(s) present
Low

MFI < 30 years;
trees with
multiple fire scars;
low-severity fires
only

>1 fire scar
year(s); no
cohorts

>81%
low-severity and
<20% mixed- or
high-severity

Moderate
21-70% basal
area of live trees
killed

<80% of living
trees are
remnants and
21-80%
established
post-fire

Mixed

MEFI > 30 years;
low-, moderate-
or high-severity
fires through time

>1 fire scar
year(s) and >1
cohort OR
post-fire cohort
with remnant
trees

<80% low
severity and
21-80% mixed-
or high-severity

High
>70% basal area
of live trees killed

<20% of living
trees are
remnants and
>80% established
post-fire

High

MFI >30 years;
moderate- or
high- severity
fires through time

no fire scars; 1
post-fire cohort;
no remnants

<20%
low-severity and
>81% mixed-or
high-severity

of dendroecological evidence. The methods typically used to reconstruct high- or
low-severity fires are best used in combination. In concert with fire scars, living and
dead trees are sampled to represent tree population age structures and to identify
cohorts, remnant survivors of past fires, and fire-killed trees (Ehle and Baker 2003;
Baker et al. 2007). Independent, corroborating evidence is also sought (Swetnam
et al. 1999; Baker et al. 2007).

Classifying the severity of historical fires has proven to be difficult in all
but the most homogeneous systems. The severity of contemporary fires is often
measured as the mortality rates of overstory trees (e.g. Agee 1993; Table 8.3).
When reconstructing fire history, pre-fire forest densities are unknown (Schoennagel
et al. 2011); therefore, severity is inferred from fire scars, forest demography and
other corroborating evidence. Sherriff and Veblen (2006) introduced a method
to classify the severity of individual fires as low, moderate or high based on
the proportion of remnant trees (e.g. trees that established before fire) and those
establishing in the 40 years after fire (Table 8.3; Case Study 1). Of these two
metrics, remnant trees provide a more direct measure of fire severity than post-fire
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establishment, as tree colonization rates vary (e.g. <20 to >40 years; Amoroso
et al. 2011, Chavardes and Daniels 2016) due to the availability of local seed
sources and dispersion rates, availability of suitable microsites and variation in
climate facilitating germination and survival (Sherriff and Veblen 2006). Both pre-
fire remnant trees and post-fire tree establishment have uncertainties for evaluating
fire severity and are not a perfect complement, but when used in conjunction with
fire-scar dates, they represent a robust way to reconstruct historical fire severity
in montane forests. Other corroborating evidence includes the presence and spatial
distribution of fire scars, tree mortality synchronous with a fire date, and presence
of resin ducts, micro-rings and radial-growth suppressions or releases in remnant
trees (Brown and Swetnam 1994; Sherriff and Veblen 2006; Smith et al. 2016).
The classification of historical fire severity works best for recent fires (Yocom
Kent et al. 2015; Chavardes and Daniels 2016). Estimating the effect of fires
that burned prior to a moderate- or high-severity fire is less reliable because of
loss of evidence during subsequent fires, mortality and decay of older trees with
time (Sherriff and Veblen 2006). To overcome this limitation, Tepley and Veblen
(2015) recently introduced a metric to quantify variation in fire severity through
time. In their models, tree density through time is a function of the cumulative
number of fires that have burned at a site. The severity of an individual fire is a
relative measure of the change in tree density before and after the n'" fire at the
site compared to landscape-level mean tree densities associated with the n'" fire at
that site.

There is no standard definition for low-, mixed- or high-severity fire regimes and
different authors have classified them using different criteria. For example, at the
site level, Sherriff and Veblen (2006) classified the predominant fire regime based
on fire frequency, the severity class of individual fires and their cumulative effects
over time (Table 8.3; Case Study 1). Similarly, Heyerdahl et al. (2012) classified
site-level fire severity through time, but they did not attempt to classify individual
fires within the sites (Table 8.3; Case Studies 2 and 3). In their approach, all site-
level evidence was assessed simultaneously. Fire scars and remnant trees indicated
past low- and moderate-severity fires. Post-fire cohorts indicated past moderate- and
high-severity fires. Cohorts were identified based on the proportion of sampled trees
within a defined establishment period (e.g., >25% of sampled trees established in a
30-year period) and were considered a post-fire cohort if trees were absent from the
age classes immediately preceding a cohort (e.g., a moderate- or high-severity fire
had killed young, small trees). Combinations of scars, remnant trees and cohorts
were used to classify sites as having a low-, mixed- or high-severity fire history
through time.

The relative abundance and distribution of forests with low-, mixed- or high-
severity fire histories has emerged as a critical factor in determining if fire regimes
have been altered during the twentieth century. Networks of research sites are used
to reconstruct and classify fire regimes at landscape to regional scales (Falk et
al. 2011; Table 8.3; Case Studies 1 and 2). Stratifying study areas according to
biophysical attributes, then comparing fire regime attributes across strata is one way
to quantify spatial variability and test for drivers of that variation (Heyerdahl et al.
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2001; Taylor and Skinner 2003; Sherriff and Veblen 2007). Representative sampling
allows inferences to be extrapolated from the site-level data to the study area
(Sherriff et al. 2014; Marcoux et al. 2013, 2015). Current classification systems for
fire regimes lack quantitative criteria to differentiate low-, mixed- and high-severity
regimes (Brown et al. 2008; Perry et al. 2011); however, universal criteria may not
be ecologically meaningful or relevant for management on all landscapes. Since
fire regimes vary along a continuum rather than forming discrete classes, research
on the relative importance of fires of different severities may more effectively
guide spatial and temporal strategies to achieve management and conservation
goals.

Most research on historical low- and mixed-severity fire regimes has focused
on magnitude and temporal attributes, rather than spatial attributes. Combining
dendroecological evidence with spatial analysis has yielded new ways to reconstruct
severity within a fire and quantify the spatial extent of past fires. Research designs
that include sample plots distributed on a systematic grid are conducive to such
spatial analyses (Heyerdahl et al. 2001). Simulation modeling can also be used
to infer spatial attributes of fire (e.g., Brown et al. 2008, Case Study 3). Such
models can be corroborated by dendroecological evidence, lending confidence to
their use in extrapolating fire behavior across landscapes and into the future to infer
changes in fire regimes through time and to test the relative importance of fuels
and weather as drivers of fire severity (Heyerdahl et al. 2014). Another quantitative
approach for estimating spatial fire regime attributes is the spatial mean fire interval
method (Hessl et al. 2007; Kernan and Hessl 2010). This method uses the fire
evidence (e.g., fire-scar dates or tree ages representing stand-replacing fires; Yocom
Kent et al. 2015, Greene and Daniels 2017; Case Study 4) at individual sample
plots in a geographic information system (GIS) and inverse distance weighting to
interpolate between plots and estimate the boundaries and size of individual fires
(Hessl et al. 2007; Kernan and Hessl 2010; Swetnam et al. 2011). Similarities
between reconstructions of fire extent and corresponding documentary fire records
demonstrates the efficacy of this approach (Farris et al. 2010). The spatial extent
of multiple fires through time is composited in a spatial mean fire interval map, to
estimate point-specific fire frequencies and landscape-level fire rotation (Kernan and
Hessl 2010). These maps enable qualitative and quantitative analysis of relationships
between fire and topography (Kernan and Hessl 2010; O’Connor et al. 2014).

8.3 Mixed-Severity Fire Regimes Reconstructed Using
Dendroecology

Below, we present four case studies from across the western United States and
Canada to illustrate how dendroecological evidence is used to decipher the com-
plexity of historical fire regimes (Fig. 8.2). We focus on mixed-severity fire in these
case studies because it requires the use of various methods and multiple lines of
evidence to reconstruct fire regimes. The first two case studies show how detailed
reconstructions of past fire frequency and severity at representative sites can be used
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Fig. 8.2 Four case studies on mixed-severity fire regimes represent research in the Canadian
Cordillera, central Oregon, Colorado Front Range and Grand Canyon in Arizona (Graphics by
D. Snow and R.D. Chavardes)

to illustrate landscape-scale variation in fire regimes. The latter two case studies
demonstrate a suite of methods to quantify spatio-temporal variation in fire severity
within a landscape.
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8.3.1 Montane Forests of the Colorado Front Range

In ponderosa pine and mixed-conifer forests of the Colorado Front Range of the
Rocky Mountains, fire-scar records and tree age structures from unlogged forests
were used to evaluate the historical fire regime (e.g., before 1920) and determine
the parts of the landscape characterized by predominantly low-severity or mixed-
severity (including moderate- or high-severity) fires (Figs. 8.2 and 8.3a). The 232
sites compiled from multiple studies (Veblen et al. 2000; Sherriff and Veblen 2006,
2007; Schoennagel et al. 2011; Gartner et al. 2012; Sherriff et al. 2014) were
representative of the relative proportion of the dominant forest types in the study
area, allowing inferences from site-level data to 564,413 ha of montane forest
(Sherriff et al. 2014; an example of fire-scar dates and the last fire-cohort date at each
site are compiled for 92 sites in Fig. 8.3a). In the study region, the lower montane
zone (c. 18002200 m) comprises primarily pure ponderosa pine (Pinus ponderosa
Lawson & C. Lawson) on south-facing slopes and a mixture of ponderosa pine and
Douglas-fir (Pseudotsuga mencziesii var. glauca (Beissn.) Franco) on north-facing
slopes. The upper montane zone (c. 2200-3000 m) is comprised of ponderosa pine
stands on south-facing slopes and denser stands of ponderosa pine and Douglas-
fir on north-facing slopes along with lodgepole pine (Pinus contorta Douglas ex
Loudon var. latifolia Engelm. ex S. Watson), aspen (Populus tremuloides Michx)
and dispersed limber pine (Pinus flexilis James) trees at higher elevations.

At each site, fire scars (number of fire-scarred trees and fire scars per tree, and
fire dates), forest structure, and tree age structure were systematically sampled to
identify the fire-severity regime. In total, 7680 tree cores and 1262 fire-scar samples
were used to delineate fire dates and severity across all sites. There was evidence
of 322 spreading fires that scarred >2 trees between 1597 and 1995. Only 22% of
spreading fires were unique to one site; all other fires were recorded at >2 sites.
The severity of spreading fires at each site was classified based on their influence on
forest structure. Along with the dates of spreading fires, the percentage of remnant
versus post-fire tree establishment was used to classify individual fires as low,
moderate or high severity (Table 8.3). Based on the fire-severity classifications,
a predominant fire regime at each site was assigned based on the cumulative fire
effects over time (Table 8.3).

In the lower montane forests in the Colorado Front Range, a decline in fire
frequency over the past 100 years led to substantial increases in stand density.
These forests were characterized mainly by frequent low-severity fires that burned at
average intervals <30 years and maintained open forests by killing mostly juvenile
trees, resulting in low densities of mature trees. The cessation of these fires coincides
with increased stand densities. This pattern also occurred at some higher elevations
on less steep sites where montane grasslands most likely occurred. Overall this
change to the fire regime and forest structure represents a relatively small proportion
of the montane forest of the Colorado Front Range as only 27.8% of the study area
is mapped with the historical low-severity fire regime (Sherriff et al. 2014).
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Fig. 8.3 Research designs and fire records for the four case studies on mixed-severity fire regimes
in (a) Colorado (564,413 ha), (b) Alberta (2400 ha), (¢) Oregon (783 ha), and (d) Arizona
(1400 ha). In the maps, solid circles are sites/plots with cohorts only, solid triangles have cohorts
and fire scars, open triangles have fire scars only, and x indicates no scars or cohorts



198 L.D. Daniels et al.

The majority (72.2%) of the 564,413 ha study area historically was dominated
by a mixed-severity fire regime, with the average interval between fires typically
>30 years. In the upper montane forests, stand structures were shaped primarily
by moderate-severity (46.5% of sites) and high-severity (45.7% of sites) fires; only
7.8% of sites recorded predominantly low-severity fires. Evidence of mixed-severity
fires occurred in all dominant forest types, including stands in which >80% of
the canopy trees were ponderosa pine or lodgepole pine, as well as mixed-conifer
stands. Fire effects varied from non-stand-replacing to canopy-replacing fires within
sites and across broad landscapes, with severity often related to topographic
variability. Although the ability to interpret the spatial extent of historical fires is
limited by the sampling unit size (up to 232 ha), subsequent fire events, and sample
depth, the evidence indicates mixed-severity fires occurred in patches up to 200 ha or
more, with c. 50 ha of high-severity fires at some sites. Fire years of 1654, 1786, and
1859-1860 were particularly extensive with 36%, 43%, and 48% of the available
recorder sites (with >2 fire-scarred trees) recording each fire year, respectively.
These fires were recorded at multiple sites that extended over 9 km (1654), 7.5 km
(1786), and up to 30 km (1859-1860) away from one another.

Consistent site- to landscape-scale evidence indicates historical mixed-severity
fire regimes varied with elevation in the Colorado Front Range. Although frequent,
low-severity fires dominated in lower montane forests, the majority of the study
area was in the upper montane zone where moderate- and high-severity fires shaped
current forest age structures. Reconstructions of stand structures and fire history
are most effective when supported by diverse evidence, gathered independently,
that converges to the same overall interpretations. In the Colorado Front Range,
tree-ring evidence, historical landscape photographs, Forest Reserve Reports, and
General Land Office surveys converge to the same conclusions demonstrating that
the historical fire regime of ponderosa pine and mixed-conifer forests included low-
severity fires as well as high-severity fires (e.g., Veblen and Lorenz 1986, 1991; Mast
et al. 1998; Baker et al. 2007; Schoennagel et al. 2011; Williams and Baker 2012;
Sherriff et al. 2014). Combined evidence indicates an historical fire regime of more
frequent, low-severity fires at low elevation (<2260 m) that supports a convergence
of management goals of ecological restoration and fire hazard mitigation in those
habitats. In contrast, at higher elevations mixed-severity fires were predominant
historically and continue to be so today.

8.3.2 Montane Forests of the Canadian Cordillera

Dendroecological evidence shows that fires of a range of severities historically
burned in the Canadian Cordillera, despite the northerly latitude and continental
climate (Fig. 8.2). Landscape studies conducted west of the Rockies in southeastern
British Columbia (Marcoux et al. 2013, 2015; Greene and Daniels 2017) and east
of the Rockies in Jasper National Park, Alberta (Chavardés and Daniels 2016)
form a 500 km south-north gradient. Collectively, 102 sites in mesic mixed-conifer
montane and lower subalpine forests were selected using a stratified-random
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research design to represent the environmental gradients in each landscape. Fire-
scarred trees sampled in 1-ha plots provided evidence of low-to-moderate-severity
fires. Forest composition, size- and age-structure were sampled at the center of
fire-scar plots using an n-tree design. The resulting evidence indicated historical
fires (1439-1966) burned at a wide range of frequencies and severities at site and
landscape scales. Even-aged cohorts determined from stand age-structure analyses
and an absence of fire scars or remnant trees provided evidence of high-severity fires
at 43 of 102 sites. Crossdated, annually-resolved fire records were used to quantify
return intervals of low-to-moderate severity fires at the other 59 sites. In southeastern
British Columbia (n = 73 sites), fire-scars were most common on thick-barked
western larch (Larix occidentalis Nutt.), Douglas-fir and ponderosa pine; in Jasper
(n = 29) fire scars were most common on lodgepole pine and Douglas-fir.

Crossdated fire scars combined with age structure analyses allowed detailed site-
level reconstructions of fire history and forest dynamics through time (Table 8.3).
In southeast British Columbia, 37 fire years between 1600 and 2009 were identified
based on fire scars (n = 31) or cohorts only (n = 6; Marcoux et al. 2013, 2015).
Eleven of 20 sites included fire scars and cohorts indicating mixed-severity fire
histories. These sites last burned between 1910 and 1953, yielding times since
fire of 56-99 years (at time of sampling) which exceeded the maximum recorded
fire return intervals at five sites and the mean interval at all sites. The remaining
sites had cohorts only, indicating high-severity fires burned <150 years ago at four
sites or >270 years ago at five sites. In this landscape, tree species composition
varied with disturbance history. Mixed-severity sites were dominated by Douglas-
fir and western larch that regenerated after frequent low- or moderate-severity fires
indicated by scars. Periodic moderate-severity fires generated even-aged cohorts
with surviving remnant trees. At higher-elevations, severe fires <150 years ago
generated cohorts dominated by lodgepole pine and high-severity sites that last
burned >270 years ago were dominated by subalpine fir (Abies lasiocarpa (Hook.)
Nutt.). Tree size attributes did not distinguish mixed- from high-severity sites.
Across fire history classes, canopy tree densities were 70-500 ha™'. Subcanopy
trees were up to 5600 ha™! having established then persisted following the last fire
at most sites. In this landscape, selective harvesting and fire suppression during the
twentieth century have reduced fire frequency in montane forests and homogenized
contemporary forest structures across elevations.

In Jasper, 13 fire years between 1646 and 1905 were identified based on fire
scars (Chavardes and Daniels 2016; Fig. 8.3b). All 29 sites had at least one post-
fire cohort (Fig. 8.3b). At 18 of 29 sites fire-scars and remnant trees combined with
post-fire cohorts were legacies of past fires of mixed severity through time. Single
even-aged cohorts provided evidence of high-severity fires at 11 sites. The most
recent fires initiated post-fire cohorts at 24 sites, providing evidence of moderate-to-
high severity fires between 1889 and 1905. No fire scars were detected after 1905,
although young thin-barked trees could have recorded fire at all sites. The simul-
taneous, long fire-free intervals during the twentieth century are unprecedented in
the 250-year fire-scar record. The dendroecological evidence showed that lodgepole
pine, hybrid spruce and Douglas-fir establish simultaneously after low-, moderate-
and high-severity fires. Thus, forest canopies were mixed in composition regardless



200 L.D. Daniels et al.

of fire history and subtle differences such as the presence of remnant trees and
discontinuous age structures distinguished sites with mixed-severity fire histories. In
general, subcanopies were strongly dominated by shade-tolerant spruce, which are
similar in age to the canopy trees despite their small size. Subcanopy spruce do not
represent recent recruitment and stand infilling; rather, species-specific growth rates
and adaptations to shade resulted in size stratification among species and canopy
layers. These subcanopy trees have survived in the absence of surface fires during
the twentieth century so that forests with mixed- and high-severity fire histories have
developed similarly, homogenizing the landscape. Current dense subcanopies (up to
3100 ha=!) provide ladder fuels, increase fire hazard and decrease forest resistance
to high-severity fire, especially during droughts.

Dendroecological evidence indicates mixed-severity fire regimes dominate in
many forests of the Canadian Cordillera. This interpretation contrasts with the
traditional view that high-severity fire regimes dominated, a perception that strongly
influences forest and fire management. Instead, low-to-moderate severity fires were
common historically but have been effectively eliminated during the twentieth
century. Altering these fire regimes can homogenize forests, reducing stand- and
landscape-level diversity and resilience to environmental change.

8.3.3 Lodgepole Pine Forests of Central Oregon

Lodgepole pine forests are widely distributed in western North America and
historically sustained a range of fire regimes (Schoennagel et al. 2008; Amoroso
et al. 2011). While these fire regimes have been well documented at the high-
severity end of this range (e.g., in portions of the Greater Yellowstone Area and
parts of the U.S. northern Rocky Mountains), they are not as well documented
in mixed-severity systems, such as central Oregon’s Pumice Plateau Ecoregion
(Heyerdahl et al. 2014; Fig. 8.2). This region covers over a million hectares and is
characterized by thick deposits of pumice and ash that combine with generally flat
topography to favor lodgepole pine, but restrict the establishment of other overstory
and understory species (Geist and Cochran 1991; Simpson 2007). On parts of the
Plateau, coarse-textured pumice substrates limit forest composition to low-density
lodgepole pine with scattered ponderosa pine and a shrub understory dominated
by antelope bitterbrush (Purshia tridentata (Pursh) DC.; hereafter bitterbrush).
This woody shrub is intolerant of shade and highly flammable. It acts as a ladder
fuel and facilitates passive crown fire (e.g., torching of individual trees or small
patches of trees; Busse and Riegel 2009). It is the primary understory fuel in these
forests because the coarse-textured, nutrient-poor pumice substrate limits the growth
of grass and herbaceous fuels (Geist and Cochran 1991). Although fire initially
reduces the abundance and biomass of bitterbrush, it also stimulates regeneration
and populations can recover to pre-fire levels, especially where fire creates canopy
gaps (Ruha et al. 1996; Busse and Riegel 2009).
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The historical fire regime and its spatial complexity were reconstructed at 30 2-ha
plots distributed over 783 ha of forest dominated by lodgepole pine with scattered
ponderosa pine at an elevation of 1485 m (Heyerdahl et al. 2014; Fig. 8.3c). The
occurrence of low-severity fires was reconstructed from 56 fire-scarred trees (37
ponderosa and 19 lodgepole pine). The occurrence of high- and moderate-severity
fires was reconstructed from the establishment dates of 752 live or dead trees. From
these establishment dates, a cohort was assumed to have initiated when >5 trees
recruited within 20 years at a plot, preceded by at least 30 years without recruitment.
Death cohorts were identified when >5 trees died in the same year.

During the analysis period (1650-1900), 6 fires were reconstructed from 129 fire
scars and 19 of the cohort initiation dates (Fig. 8.3c). All but two of the cohorts
satisfied the criteria for assignment to fire-scar dates in 1750, 1819, or 1877. From
these 6 fires, 34 plot-composite fire intervals of variable length (2682 years) were
computed. Fire scars from five of these same six fires (all but 1700) were crossdated
on trees sampled between plots. Twenty-one cohort initiation dates were identified.
Although trees established between 1624 and 1962, all but one cohort initiated
between 1822 and 1888. The remaining cohort initiated in 1752. Cohorts occurred
in two-thirds of the plots, most of which had a single cohort except for one plot with
two. Two death cohorts were identified in 1988, during a widespread outbreak of
mountain pine beetles in central Oregon (Preisler et al. 2012).

For centuries (1650-1900), extensive mixed-severity fires occurred every
26-82 years, creating a multi-aged forest and shrub mosaic. Although widespread
synchrony in fire-scar dates during several years suggests extensive low-severity
fires, these scars were also synchronous with cohorts of tree recruitment, suggesting
that individual fires included patches of both high- and low-severity fire. The
inference of historical mixed-severity fire is also consistent with the general lack
of serotinous lodgepole cones in central Oregon (Mowat 1960) because extensive
high-severity fires select for cone serotiny in pines (Keeley and Zedler 1998). Fire
intervals of 26-82 years are long enough for bitterbrush to regain sufficient cover
and height to facilitate fire spread across the site and into the canopy in a mosaic
pattern. In turn, this mosaic pattern would have allowed for post-fire regeneration
of bitterbrush by creating canopy gaps while maintaining some unburned plants
as seed sources and stimulating vigorous sprouting from undamaged portions of
surviving plants (Ruha et al. 1996; Busse and Riegel 2009). This work supports
findings about the drivers of mixed-severity fire regimes elsewhere in the region
(Halofsky et al. 2011).

The effect of fire exclusion on the fire regime at this site is unusual among mixed-
conifer forests in the interior Pacific Northwest (Hagmann et al. 2013). While forest
composition is topoedaphically limited primarily to lodgepole, contemporary, low
shrub fuel loads at the site are likely insufficient to spread fire to the canopy. In con-
trast, the tree-ring reconstructed fire history indicates that patches of high-severity
fire occurred periodically, generating multi-aged stands that may have been more
resilient to beetle attacks. Because topographic relief at the site is low, spreading
fires were likely wind driven, and would have required sufficient surface fuel loads
for horizontal and vertical spread. However, fuel loads, in particular the abundance
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and cover of bitterbrush, the primary understory species, has likely decreased since
the exclusion of fire 130 years ago, reducing the ability of the site to support a
mixed-severity fire regime. Because bitterbrush is both sensitive to and stimulated
by fire, continued lack of fire within the ecosystem is likely to promote a negative
feedback cycle. Without fire, canopy gaps are not created and bitterbrush sprouting
is not stimulated, thereby restricting shrub growth. In turn, limited shrub abundance
and cover restricts horizontal and vertical spread of fire, thus eliminating some
opportunities for creation of canopy gaps and perpetuating conditions that limit fire.

It is challenging to extrapolate future fire regimes from tree-ring reconstructions
of past fire alone because more than a century of fire exclusion has likely
changed forest structure, hence fire behavior, and climate is projected to continue
changing in the future. However, if simulation models corroborate past fire behavior
reconstructed from tree rings, such models can be used to simulate potential future
fire behavior. At Potholes, past, present, and future fire behavior was simulated with
a landscape-scale program (FlamMap; Finney 2006) to infer whether modern fire
behavior has changed since fire exclusion and to assess the relative importance of
fuels and weather as drivers of fire severity. Simulations of past fire behavior were
consistent with tree-ring reconstructions of patchy mixed-severity fire and suggested
that fuel loadings and wind speed were the primary drivers of fire behavior at
Potholes. In contrast, simulations of modern fire behavior suggested that a century
of fire exclusion has reduced the potential for the high-severity patches of fire that
were common historically. This occurred because the loadings of modern understory
fuels (i.e., bitterbrush cover, the primary ladder fuel) have declined and are now
insufficient to spread the mix of surface and torching fire that occurred at Potholes
in the past. Simulations with historical fuels included torching, especially under
extreme wind speeds, but simulations with modern fuels were dominated by surface
fire except under extreme wind speeds. Active crown fire was very rare regardless of
the scenario. In the absence of the abundant shrub fuels of the past, flame lengths of
sufficient height to carry fire into the canopy occurred only with extreme winds.
Coupling simulation modeling with tree-ring reconstructions of fire at Potholes
provided a more complete picture of the consequences of changes in the forest due
to fire exclusion.

8.3.4 The North Rim of Grand Canyon National Park, Arizona

Grand Canyon National Park in northern Arizona has a progressive and active fire
management program, making frequent use of prescribed fire and managed wildfire.
Park managers have a goal of restoring fire as a natural process throughout the park,
including the mixed-conifer zone. The fire scar record provides strong evidence
of historical low-severity fires (Fulé et al. 2003; Fig. 8.2). In this study, three
complementary analyses using dendroecological evidence were applied to estimate
the size of historical high-severity patches in the mixed-conifer forests (Yocom Kent
et al. 2015).
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The 1400-ha study area, at c. 2600 m in elevation, is located on the Kaibab
Plateau in the North Rim area of the Park. The forest in the study area is highly
stratified by aspect. The vegetation was mapped and polygons were classified
the into four major forest types by dominant overstory tree species: white fir
(Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.), blue spruce (Picea pungens
Engelm.), subalpine fir and aspen. Other common tree species are ponderosa pine,
Douglas-fir and Engelmann spruce (Picea engelmannii Parry ex Engelm.). Using
a stratified-random research design, plots were randomly placed in 72 mapped
vegetation polygons, 18 in each forest type (Fig. 8.3d). At each plot, the n-tree
method (Jonsson et al. 1992) was used to identify and core the ten large overstory
trees closest to plot center. To quantify fire-related tree establishment, species-
specific minimum diameters were used to target “large” trees that most likely
established before 1879, the last widespread fire in the study area (Fulé et al. 2003).
The cores from 647 trees were crossdated using a local chronology (Fulé et al. 2003)
and inner-ring dates were determined. Fire dates were obtained from crossdated fire-
scarred trees sampled in the area previously (Fulé et al. 2003; Fig. 8.3d).

High-severity fire patches were reconstructed using three different methods,
each using dendroecological data. First, similar to the other case studies, even-
aged cohorts establishing after high severity were identified based on the following
conditions: (a) trees formed one even-aged cohort with an initiation date that
corresponded to a nearby fire scar or a widespread fire date, (b) >2 cohorts
were present, but the oldest cohort was even-aged with an initiation date that
corresponded to a nearby fire scar or a widespread fire date, or (c) fire-sensitive
species (aspen, white fir, subalpine fir, or spruce) were even-aged but there were
some older remnant ponderosa pines or Douglas-firs. Plots met these criteria if >2
aspen pith dates followed fire by <5 years or if >4 conifer pith dates followed fire by
<20 years. The size of each patch represented by a fire-initiated plot was determined
using GIS.

The second method for reconstructing high-severity patches was a dichotomous
classification based on the regeneration dynamics of aspen. Aspen regenerates
quickly after high-severity fire by suckering from clonal root stock (Margolis et al.
2007). Thus, mapped patches dominated by aspen were classified as initiated by
high-severity fire; all other patches were classified as not initiated by high-severity
fire.

The third method used GIS and the inverse distance weighting method to
interpolate high-severity fire patch boundaries and sizes (Hessl et al. 2007). The pith
date of the oldest fire-sensitive tree (aspen, white fir, subalpine fir or spruce), refined
by fire-scar dates, estimated the minimum time since the last high-severity fire. Fire
boundaries and sizes for the seven high-severity fires (1785, 1813, 1829, 1841, 1847,
1873, and 1879) were estimated using 3 different thresholds of interpolated values
to define high-severity versus low-severity or unburned forests.

Of these three methods, the aspen method yielded the smallest estimates of high-
severity fire patches, while the interpolation method resulted in the largest estimates
that varied depending on the threshold value for fire boundaries (Table 8.4).
The aspen method and the fire-initiated polygon method may be more valuable
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Table 8.4 Comparison of estimated metrics of high-severity fire patches reconstructed using three
different methods (Yocom Kent et al. 2015)

Fire-initiated

Metrics of Aspen method | patch method Interpolation method

high-severity patches (N =49) (N =18) (N = 7) minimum threshold
0.5 0.4 0.3

Minimum size (ha) 0.1 0.5 1.9 3.9 9.0

Maximum size (ha) 10.8 35.6 200.2 |309.1 |555.9

Average size (ha) 1.1 4.2 30.2 53.3 102.4

Average area burned (ha) 129.3 |182.8 |263.2

per fire year

Average number per fire 4.3 3.4 2.6

year

for understanding estimates of minimum high-severity patch size, whereas the
interpolation method may be more valuable for understanding estimates of the total
area burned in high-severity fire in a given year.

Consensus among the three different methods indicates high-severity fire was
a regular component of the historical fire regime along with low-severity fire,
throughout the nineteenth century. In some fire years, such as 1847, high-severity
fire was widespread. Patch size of high-severity fire during the 1800s likely ranged
from small patches (0.1 ha) that allowed a few trees to establish to large patches
(100 ha) that initiated multiple stands across the landscape. However, the forest in
the study area was quite young, with the majority of trees having pith dates in the
1800s or later. A large stand-replacing fire during or prior to the mid-1700s cannot
be ruled out.

The mixed-conifer forests on the North Rim of Grand Canyon National Park
are highly stratified by aspect, and likely experienced a very complex historical fire
regime with mixed low- and high-severity effects in individual fires and over time.
Although fire was a regular and important driver of forest dynamics throughout the
1800s, the last widespread fire was in 1879. Without periodic fires, the forest has
increased in density and changed in species composition over the past century (Fulé
et al. 2003; Vankat 2011). Allowing fires to behave differently on south-facing and
north-facing slopes could help promote diversity of tree species and keep the high
level of heterogeneity present in these forests.

8.4 Discussion

In each case study, dendroecological analyses were central for understanding
past fire frequency, severity and spatial attributes. Although they each feature a
mixed-severity fire regime, variations among them demonstrate the importance
of ecosystem-specific understanding of historical fires to guide science-based
management that aims to maintain forest resilience.
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The juxtaposition of traditional management paradigms in the montane forests
of the Colorado Rockies and Canadian Cordillera exemplifies this point. In the
Colorado Front Range, ponderosa pine is common. Although high-frequency, low-
severity fire regimes are often associated with this species and dominate the lower
montane forests, mixed- and high-severity fires historically dominated the upper
montane forests. For the majority of this landscape, managing for a low-severity fire
regime is not consistent with the historical range of variation; moderate- and high-
severity fires must be taken into account. In contrast, timber and fire management
largely reflect the presumed high-severity fire regime in the Canadian Cordillera.
Reconstructions provide strong evidence of historical mixed-severity fire regimes
but reduced surface fires during the twentieth century. Despite the high latitude,
surface fires were an important component of historical fire regimes and need to be
reflected in contemporary management.

Land-cover change and fire exclusion can simplify mixed-severity fire regimes,
altering forest composition and structure. For example, the mixed-conifer forests
of the North Rim of the Grand Canyon are rich with fire scars indicating surface
fires, but high-severity patches burned during periodic widespread fires. In the
absence of mixed-severity fires for more than a century, forest density increased
and composition shifted toward fire-susceptible species, conditions conducive to
high-severity fire. Fire exclusion has had the opposite effect in the lodgepole
pine—antelope bitterbrush forests of central Oregon’s Pumice Plateau. Historically,
its mixed-severity fire regime also included high-severity patches embedded in
extensive low-severity fires. The resulting gaps facilitated bitterbrush regeneration,
which enabled fire spread, perpetuating a positive feedback. Fire exclusion has
disrupted this feedback, driving the decline of bitterbrush and limiting torching
fire across this landscape. Although fire exclusion has had contrasting impacts, a
mixed-severity fire regime is needed to maintain forest diversity and resilience in
both landscapes.

8.5 Future Directions and Research Priorities

Recent large and costly fires in western North America and globally have raised
urgent questions about altered fire regimes, including fire causes, effects and
feedbacks, as well as post-fire vegetation recovery (Bowman et al. 2009; Stephens
et al. 2013). Are contemporary fires more severe or larger than the historical
range of variation? To what degree are current high-severity fires driven by
climatic conditions versus forest structures and fuel availability? Are contemporary
forests resilient to fire? Reconstructions of historical fire frequency, severity, spatial
variability and extent are essential to gauge changes in contemporary fire regimes.
Existing classification methods have proven effective for inferring the severity of
individual fires and stand-level fire regimes in a range of forest types. Combining
evidence of fire severity with reconstructions of past fire extent provides a powerful
framework for quantifying the spatial variability within and among historical fires.



206 L.D. Daniels et al.

This type of integrated approach could be used to develop empirically-based,
quantitative estimates of the relative abundance of different fire severity classes
at stand to landscape levels. Such criteria are an important next step toward
determining if fire severity is increasing relative to historical conditions.

Knowledge of historical fire regime attributes provides an empirical framework
for management strategies to improve forest resilience to the cumulative effects
of environmental change (Stephens et al. 2013). Climate change projections for
western North America include increased temperatures, earlier snowmelt, longer fire
seasons with enhanced drought, potentially driving more frequent, large and severe
forest fires (McKenzie et al. 2004; Flannigan et al. 2009). These climatic effects
may be exacerbated by land-use change, fire exclusion, and urban expansion (Moritz
et al. 2014). In forests where low-severity fires have been reduced, proactive man-
agement may include restoration of forest composition, structure and spatial patterns
or mitigation of fuels (Stephens et al. 2013). In forests historically dominated by
high-severity fires, understanding variation in fire attributes and vegetation patterns
across climatic regions helps anticipate changes in forest types and age structures
at landscape to regional scales (Stephens et al. 2013). As dendroecological research
has shown, forests with mixed-severity fire regimes form a continuum between these
extremes. Therefore, ecosystem-specific knowledge of the relative importance of
low- versus high-severity fires is essential to ensure management enhances rather
than compromises forest resilience. Dendroecological reconstructions, combined
with multiple lines of corroborating evidence, are key for achieving this goal.
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Chapter 9
Fire History and Fire Regimes Shifts
in Patagonian Temperate Forests

Ignacio A. Mundo, Andrés Holz, Mauro E. Gonzalez, and Juan Paritsis

Abstract Fire has been a frequent disturbance in Patagonia. The presence of
charcoal in sedimentary records covering the last 44,000 years suggests that natural
fires played a significant role in shaping the landscape before the arrival of Native
Americans ca. 14,500-12,500 years ago. Dendrochronological studies focused on
the reconstruction of fire histories have been conducted in the Patagonian forests on
both sides of the Andes Cordillera, beginning in the late 1990s. Here, we review
the present knowledge of the history of fires in temperate forests in Patagonia,
their main drivers, and discuss the evidence and impacts of burns and reburns
on post-fire response, as well as possible mechanisms to shift into alternative
stable states. Dendrochronology was extremely useful to develop multi-century fire
histories in Araucaria araucana, Pilgerodendron uviferum, Fitzroya cupressoides
and Austrocedrus chilensis and mixed Austrocedrus-Nothofagus dombeyi forests
in Patagonia. In the case of Araucaria, Austrocedrus and Pilgerodendron forests,
dendrochronological reconstructions show diverse and heterogeneous patterns of
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fire frequency related to changes in human activities and settlement processes
over the last centuries. Fire history reconstructions document infrequent events in
the Fitzroya wet rainforests, with ca. 800-year old in the Costal Range in South-
Central Chile and ca. 1000-year old chronologies in the Argentinean Andes. Climate
variability has a significant influence on fire occurrence in these Patagonian forests.
Fire events have been strongly associated with low moisture availability linked to
El Nifio — Southern Oscillation (ENSO) and the Southern Annular Mode (SAM),
the major climate drivers promoting fire. Future directions and challenges for fire
history studies in Patagonian forests are proposed at the end of this chapter.

Keywords Fire history ¢ Dendropyrochronology ¢ Patagonia * Araucaria
araucana * Austrocedrus chilensis * Fitzroya cupressoides * Nothofagus
dombeyi * Pilgerodendron uviferum

9.1 Overview of Historical Fire Regimes in Patagonia

9.1.1 Historical Context from Palaeoecological Studies

Fire has been a frequent disturbance driving forest dynamics in Patagonia. The
presence of charcoal in sedimentary records covering the last 44,000 years suggests
that natural fires have played a significant role in shaping the landscape before the
arrival of Native Americans ca. 14,000-12,500 years ago (Heusser 1994; Dillehay
et al. 2015). Sedimentary charcoal and archeological records show that fire activity
increased significantly after the arrival of humans into this region, with a peak at
ca. 11.5 K years ago (Whitlock et al. 2007; Holz et al. 2016). However, during the
past 6,000 years fire activity decreased and turned into a more spatially variable
disturbance. In this context, the unusually frequent, extensive, and severe wildfires
have occurred in Patagonia over recent decades have been mediated by land-use
practices (e.g. fire suppression or logging) and climate change (Veblen et al. 2008,
2011).

9.1.2 Recent Unprecedented Fire Activity and Climate Change

Over the past 15 years (2002-2016) Patagonia has experienced several mega-
fire events unprecedented in the region compared to the previous 50 years. Large
and severe events burned (ca. 36,000 ha) in several national parks and natural
reserves in Chile (Gonzdlez 2005; Gonzdlez and Lara 2015), including Tolhuaca
NP and Malleco NR (2002 and 2015), China Muerta NR (2015) and Torres del
Paine NP (2005 and 2011), and another 47,000 ha more recently in mountainous
forests in Neuquén, Rio Negro and northern Chubut provinces (2013 and 2015) in
Argentina (Mohr-Bell 2015). These megafires and other recent severe fires have
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been associated with trends of regional warming temperatures and reduced summer
precipitation (Holz et al. 2012b). Some of these large events garnered significant
public attention, as a few fires burned very old (>800-1,000 years) trees in protected
areas. A few of these large events were lighting-ignited, which is an uncommon
but steadily increasing weather event in the Patagonian-Andean region (Veblen
et al. 2008). As warming trends continue, it is expected that lightning activity will
continue to increase the probability of fire ignitions across Patagonia (Garreaud et al.
2014).

There is concern that climate change and change in land-use trends are altering
fire regimes in Patagonia and in turn these regimes are transforming ecological func-
tion, structure, and composition of forest ecosystems. Ongoing research on post-fire
responses and reburn impacts on forests highlights the current concern about future
vegetation and associated fire regimes. High severity (i.e. high mortality) events
and/or repeated fires are extirpating the seed sources from these forests, which filters
out the capability of obligate seeders to recover. Resprouter shrubs and invasive
species that are more flammable tend to recover and invade faster than burned tall
forest species and, thus, dominate post-fire environments. Microclimatic conditions
in these post-fire vegetation types are warmer and dryer than under closed-canopy
tall forests, which favor the stabilization of a new alternative stable state, as the
likelihood of future events is increased and the tree establishment of obligate tree
species is reduced (Cébar-Carranza et al. 2015; Paritsis et al. 2015; Kitzberger et al.
2016).

9.1.3 Dendrochronology: The Key to Understanding Fire
History

Dendrochronology is an effective tool for reconstructing fire history with annual
and even seasonal resolution. Dendroecology more specifically, can contribute to
determining if the current trends in fire frequency and magnitude and in post-
fire establishment are unprecedented over the past few centuries. It can help link
modern, spatially-explicit techniques (GIS and imagery analyses) with longer-term,
non-spatially explicit approaches (e.g. paleoecological methods). Dendroecology
is also useful for understanding the mechanisms behind the effects of broad-scale
climate modes (e.g. ENSO) on local climate variability in the past, which continues
to affect wildfire activity and post-fire tree recruitment. Here, we review the present
knowledge of the history of fires in temperate forests in Patagonia, their main
drivers, the evidence of burns and reburns on post-fire response, and possible
mechanisms to shift into alternative stable states.

Since the late 1990s, dendrochronological studies focused on the reconstruction
of fire histories have been conducted in the Patagonian forests on both sides of
the Andes Cordillera (Fig. 9.1). In Patagonia, studies on fire regimes have primarily
relied on conifers of the Cupressaceae and Araucariaceae families, which are proven
sources for dendroclimatological and dendroecological studies.
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Fig. 9.1 Location of the published fire history reconstructions (by species) and spatial domain
of the main climate modes (ENSO and SAM) that affect Patagonia. Latitudinally, the existing
reconstructions have been conducted using Araucaria araucana (red), Austrocedrus chilensis
(orange), Fitzroya cupressoides (purple) and Pilgerodendron uviferum (yellow). Photo Credits:
I. Mundo (Araucaria); J. Landesmann (Austrocedrus), M.E. Gonzélez (Fitzroya) and A. Holz
(Pilgerodendron)

9.2 Reconstructed Fire Histories in the Patagonian Coastal
and Andean Forests: Human and Climate Drivers

9.2.1 Araucaria araucana ((Molina) K. Koch)

9.2.1.1 Spatio-Temporal Variability and Human Impacts on Past Fire
Activity

A. araucana (Araucariaceae, common native name “pehuén”) is a coniferous ever-
green species that occurs between 900 and 1,600 m altitude in southwestern
Argentina and south-central Chile in two disjunct areas: in the coastal range
(Nahuelbuta) and the Andean Range (between 37°20" and 40°20’ S; Veblen 1982).
It has evenly spaced nodes of horizontal-spreading branches that are arranged in
regular whorls around straight and cylindrical boles. At maturity, A. araucana can
reach up to 45 m tall and develop trunks of 1.5-2 m dbh (Tortorelli 1942). The
tree has a hard and thick bark organized in polyhedral-shaped plates that protect
living tissues against fire. A. araucana trees are known to have long lifespans of
nearly 1,000 years (LaMarche et al. 1979; Mundo et al. 2012; Hadad et al. 2015;
Aguilera-Betti et al. 2017). Due to its thick bark, trees withstand fires of low
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and medium intensity (Alfonso 1941; Tortorelli 1942; Veblen 1982; Burns 1993;
Gonzélez et al. 2010). Wildfire has shaped Araucaria forests over long time periods
(for the last 3,000 years; Heusser et al. 1988), and is perhaps the only tree species in
both Argentina and Chile with unequivocal fire adaptations; e.g. thick fire-resistant
bark, protected terminal buds, and a self-pruning growth form that protects sensitive
meristems (Heusser et al. 1988; Burns 1993; Veblen et al. 1995). Wildfires can
also favor and stabilize the dominance of understory bamboo thickets in Araucaria-
Nothofagus forests, as resprouting bamboo impede tree regeneration and are highly
flammable (Kitzberger et al. 2016).

Dendrochronological reconstructions of fire history conducted at ca. 37°-39° S
on the west and east slopes of the Andes show a significant variation in fire activity
over the last 500 years (Gonzdlez et al. 2005; Quezada 2008; Mundo et al. 2013).
These dendrochronological reconstructions of cohort recruitment and fire scars
show that the Araucaria forest landscape has been shaped by a mixed-severity fire
regime that includes surface and crown fires (Gonzdlez et al. 2010). In both Chile
and Argentina fire frequency over the indigenous period (ca. pre-1880) was lower
than over the Euro-settling period, when ignition increased due mostly to logging
and clearing land for livestock (Fig. 9.2; Gonzélez et al. 2005). With irregular spatial
foci and efficacy, fire suppression efforts have been implemented since the 1930s in
Argentina (Mundo et al. 2013) and 1960s in Chile (Gonzilez et al. 2016).

9.2.1.2 Fire and Climate Relationship

Climate variability has a significant influence on fire occurrence in mesic Araucaria-
Nothofagus forests on the west side of the Andes (ca. 40° S). Past fire events have
been strongly associated with low moisture availability. Years of widespread fire are
favored by warmer and drier summers, preceded by 1 or 2 years of dry climatic
conditions (Gonzdlez and Veblen 2006). The El Nifio — Southern Oscillation
(ENSO) is an important factor promoting fire. Years of high fire activity coincide
with warm and dry summers following El Nifio events. Furthermore, on the east side
of the Andes, large fires are also associated with warm and dry years during the La
Nifia positive phase. Other broad-scale climate drivers such as the Pacific Decadal
Oscillation (PDO), as well as the Southern Annular Mode (SAM) are important
controls on fire occurrence. High regional fire activity is strongly associated with
the negative and positive signature of the PDO and SAM, respectively (Mundo et al.
2013).

9.2.1.3 Post-fire Response and Reburn Impacts on Araucaria Forests

Araucaria occurs both in pure stands or mixed with various Nothofagus species.
In all situations, Araucaria forests have been shaped by anthropogenic and natural
wildfires. Large Araucaria trees are highly resistant to fire, and this species typically
survives moderate- to high-severity fires either as dispersed individuals or as small
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Fig. 9.2 Fire history records from tree-ring fire scar chronologies in the Andean Araucaria forests
in Chile and Argentina. Each horizontal light blue line represents individual sites, where individual
fire years (i.e. with min > 2 trees) are indicated by short vertical lines in bolded black. Individual
site chronologies in each country are arranged from north to south. At the botfom of charts long
vertical lines show the composite chronology of all fire records of Chile and Argentina. Vertical
red line separates the Indigenous from the Euro-settler periods (ca. 1880)

groups of multi-aged trees (Fig. 9.3a, b). Adaptations of Araucaria include thick
bark, sprouting from epicormic buds and protected terminal buds on branches (Fig.
9.3c, d). Small post-fire cohorts of Araucaria may establish, depending on seed
availability and the effects of subsequent fires.

In mixed forests, Araucaria’s great longevity (often >700 years) and resistance to
fire allow some individuals to survive fires that kill and then trigger new Nothofagus
cohorts. In the case of Araucaria-N. antarctica forests, both species are adapted to
survive fire. N. antarctica resprouts vigorously after fire with multiple shoots. Burns
(1993) developed a model of dynamics of this community, particularly in relation to
fire. Within the first decade after fire, Araucaria (but not N. antarctica) seedlings
or root suckers began to establish beneath the resprouted N. antarctica canopy.
However, establishment is spatially clustered around surviving female Araucaria
or abandoned caches of seed predators. Once established, Araucaria grows through
the sparse N. antarctica canopy, eventually overtopping it. Fire acts as a medium
of species co-existence between a vigorously sprouting, shade-intolerant species
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Fig. 9.3 Araucaria post-fire responses: (a) An Araucaria stand after 10 months of the 2014
summer fire in Lago Norquinco. All trees (adults and saplings) show scorched leaves and surface
charcoal over barks. (b) Another Araucaria stand after 4 years and 9 month of the 2009 fire in Paso
Tromen. Trees have almost all the leaves and branches dead. However, some branches were able to
restart growth from protected terminal buds (c). On other branches, epicormic sprouting was also
evident (d). After 2002 fire in Tolhuaca National Park, the regeneration strategy was either sexual
(e) or asexual from root sprouts (f). Photo Credits: I. Mundo (a-d) and M.E. Gonzélez (e—f)

(N. antarctica), and one that partly survives fire above-ground and is more shade-
tolerant (Araucaria) (Burns 1993). Stand development patterns of subalpine Arau-
caria—N. pumilio forests are largely controlled by moderate- to high-severity fires,
and therefore tree regeneration dynamics is strongly dominated by a catastrophic
regeneration mode (Gonzalez and Veblen 2010).
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In the austral summer of 2001-2002, extensive fires burned subalpine Araucaria-
Nothofagus forests at different severities, providing opportunities to study post-fire
recruitment of tree seedlings and overall post-fire understory bamboo species
responses (Gonzdlez et al. 2016; Kitzberger et al. 2016). Recruitment of obligate
seeders Nothofagus dombeyi and N. pumilio was relatively low in areas that burned
with high severity. In contrast, seedlings and saplings of Araucaria were able to
resprout following both medium- and high-severity conditions and also to establish
from seeds under remnant female trees (Gonzdlez and Veblen 2007; Gonzailez
et al. 2010); Fig. 9.3e, f). Following these burns, Chusquea culeou bamboo quickly
colonized burns of all severities.

In 2015, a human-set severe fire reburned >60% of the same area that burned
in the fire season of 2001-2002, almost completely eliminating the post-fire
established vegetation (Fig. 9.3f; Gonzdlez et al. 2016). According to our initial
assessment this 13-year interval will have long-lasting effects on the overall
resilience of Araucaria-Nothofagus pumilio forests, altering structure, composition
and function, and successional rates and pathways towards more flammable shrubs
and resprouting bamboo species. Thus, reburned Araucaria forests are expected to
switch to new more flammable states, as do most southern hemisphere temperate
forests (Kitzberger et al. 2012, 2016; Enright et al. 2015). Changes in climate
and land-use trends in Patagonia (Garreaud et al. 2013) might further enhance
future reburns (Gonzélez et al. 2016). Additional pressures to either convert native
forests to different land use or to conduct salvage logging can further impact these
ecosystems. Plantations can increase fuel amount and fire risk (Cébar-Carranza
et al. 2014) and salvage harvesting can impede or alter the trajectory of recovery
of affected areas, and it potentially may decrease forest regeneration and have
detrimental impacts on key ecological processes (Gonzdlez and Veblen 2007).
Following the 2002 wildfire the Chilean Forest Service (CONAF) has promoted
and carried out broad-scale salvage logging operations in Nothofagus forests within
the Malleco National Reserve, without appropriate pre-/post-logging ecosystem
assessment (Gonzalez and Lara 2016).

9.2.2 Austrocedrus chilensis (D. Don) Florin & Bout

9.2.2.1 Spatial and Temporal Variability of Fire Activity Over Past
Centuries

Austrocedrus chilensis (Cupressaceae, common Spanish name “ciprés de la
cordillera”) is a dioecious conifer that grows in the Argentinean and Chilean
Andes from ca. 33° S to ca. 44° S. It typically forms monospecific woodlands
towards the eastern xeric portion of its distribution that vary in density depending
on precipitation levels. Towards the mesic portion of the gradient it grows in mixed
forests with Nothofagus dombeyi (Donoso Zegers et al. 2006a). At the dry ecotone
of northwestern Patagonia in Argentina, fire regimes of A. chilensis forests have
experienced marked increase in fire frequency the latter half of the nineteenth
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century. This increase coincides with the establishment of new Native American
groups at the steppe and adjacent open A. chilensis woodlands that burned for
guanaco hunting. These groups were expelled from their lands in the Chilean Lake
and River Districts (ca. 37°—41° S) by European settlers supported by the Chilean
government in the late 1890s and early 1900s (Kitzberger et al. 1997; Kitzberger
and Veblen 1997; Veblen et al. 1999). At the end of nineteenth century, fire history
reconstructions show a noticeable decline in fire frequency following the demise
of the Native American population. Fire reconstructions in mesic A. chilensis-
N. dombeyi forests show a different temporal pattern: in these mixed forests the
most noticeable increase in fire frequency occurred in the 1890s coincident with
the establishment of European settlers, who extensively burned forested areas to
create pastures for livestock (Kitzberger and Veblen 1997). Since the 1920s fire
frequency diminished in both mesic and xeric A. chilensis forests in association
with increasingly effective fire suppression policies.

9.2.2.2 Fire and Climate Relationship

Climate variability plays a crucial role in modulating fire activity in dry A. chilensis
woodlands. Tree-ring reconstructions show strong influences of climate variability
at interannual scales which decline at multidecadal scales (Veblen et al. 1999).
Extensive and synchronous fires in dry A. chilensis forests tend to occur after a
combination of a wet period that increments fine fuel availability followed by a dry
period that desiccates coarse fuels (Kitzberger et al. 1997). These climatic sequences
are often generated by tele-connections with El Nifio Southern Oscillation (ENSO).
ENSO events have strong influences on the intensity and latitudinal position of the
southeast Pacific subtropical anticyclone that blocks the westerly flow of moist air
masses into Patagonia causing temperature and precipitation variations (Daniels and
Veblen 2000). Years of widespread fire occurrence in xeric Austrocedrus woodlands
are associated with both the late stages of La Nifia events (i.e. dry winter—springs)
and with the warm summers following El Nifio events (Kitzberger et al. 1997;
Veblen et al. 1999). Years of widespread fire in Austrocedrus-dominated sites were
also associated with low mean sea level atmospheric pressure at latitudes 50-60° S
in the South American—Antarctic sector of the Southern Ocean (Veblen et al. 1999),
which implies a positive SAM phase.

9.2.2.3 Post-fire Response and Reburn Impacts

In xeric A. chilensis forests and woodlands, post-fire regeneration is strongly
influenced by climatic variability. Tree-ring analyses show that tree establishment
is favored by periods of cool-wet conditions at decadal scales which are associated
with ENSO (Villalba and Veblen 1997). On the contrary, short drought periods of
1 or 2 years cause seedling mortality in the xeric woodlands near the steppe. In
most sites, establishment is spatially limited to microsites protected by nurse shrubs
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and this facilitation is modulated by climate variability. Recruitment of A. chilensis
during average years requires nurse shrubs. However, during above-average warm
and dry seasons, establishment is nominal with or without protection by nurse
shrubs. Conversely, in cool and wet years A. chilensis establish beneath nurse shrubs
as well as in open areas (Kitzberger et al. 2000). Mixed A. chilensis-N. dombeyi
forests tend to maintain their mixed composition with post-fire recruitment of A.
chilensis occurring slightly after N. dombeyi (Veblen and Lorenz 1988). After ca.
60 years of fire suppression activities, many woodlands of A. chilensis have altered
their fuel structure. Encroachment of and infilling by A. chilensis and exotic pine
plantations have increased the potential of these formerly open, dry woodlands to
burn at high severity, which is unprecedented in the steppe/woodland ecotone.

9.2.3 Fitzroya cupressoides (Molina) Johnston

9.2.3.1 Spatial and Temporal Variability of Fire Activity Over Past
Centuries

Fitzroya cupressoides (Cupressaceae, common Spanish name “alerce”) is a long-
lived conifer endemic to the temperate rain forests of southern Chile and Argentina.
Fitzroya occurs discontinuously in mixed and pure evergreen forests of the coastal
range in south central Chile and on both sides of the Andes at ca. 41-43° S latitudes
(Dimitri 1972; Fraver et al. 1999; Donoso Zegers et al. 2006b). It mainly grows on
mountain slopes between 300 and 900 m altitude, over shallow, acidic and volcanic
soils. It can attain a size of up to 5 m in diameter and 50 m in height, often
appearing as an emergent when mixed with other species (Lara 1991). It is one
of the longest-lived tree species worldwide, with a lifespan longer than 3600 years
(Lara and Villalba 1993). More than two centuries of over-exploitation of Fitzroya,
harvested for it highly-valued and decay-resistant wood or cleared for agricultural
land, has left extensive forests degraded and has significantly reduced and threatened
the species persistence (Fraver et al. 1999).

Fire, along with landslides and volcanism, has been an important disturbance that
has shaped the structure and dynamics of Fitzroya forests (Veblen et al. 1996). Long
fire history reconstructions document infrequent events in these wet rainforests, with
ca. 800-year old fire chronologies (oldest fire in 1111 AD) in the Costal Range in
South-Central Chile (Lara et al. 1999; Urrutia 2002) and ca. 1,000-year old fire
chronologies (oldest fire dated in 990 A.D.) in the Argentinean Andes (Veblen et al.
1999).

9.2.3.2 Fire and Climate Relationship
In an Argentine Fitzroya forest, Veblen et al. (1999) found that summer temper-

atures were significantly above average during the fire years; annual precipitation
was below average, but not statistically significant. Reduced moisture availability
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associated mainly with a temperature-induced increase in evapotranspiration during
the summer of the fire year appears to promote fire in these rain forests. In terms
of regional forcings, years of widespread fire activity in Fitzroya forests have co-
occurred with high summer temperature favored by late stages of negative La
Nifa events (Veblen et al. 1999) and/or positive SAM conditions (Holz and Veblen
2011a).

9.2.3.3 Post-fire Response and Reburn Impacts

There is scarce information on the post-fire establishment patterns of Fitzroya, but
burn size and distance to seed source appears to control its response following fire
(Veblen and Ashton 1982; Lara et al. 1999). In many locations where Fitzroya
forests were burned across broad areas, changes in land-use did not allow for
these forests to reestablish. For instance, in the Central Valley of Chile an almost
total extirpation of the Firzroya forests occurred due to logging activities and
human-set fires dating from the 1850s. These fires that devastated the forests of
Fitzroya especially after 1880, and led to a matrix of agricultural fields, secondary
shrublands, and exotic eucalypt plantations, with a few young stands that represents
the only remnants of this forest type outside of the Coastal and Andes cordilleras
(Fraver et al. 1999; Lara et al. 2003). Observations of live juveniles growing nearby
large fire-scarred individuals at least suggests that non-lethal, fine-scale fires have
occurred in the past and that regeneration continues.

9.2.4 Pilgerodendron uviferum (D. Don) Florin

9.2.4.1 Spatial and Temporal Variability of Fire Activity over Past
Centuries

Pilgerodendron uviferum (Cupressaceae, common Spanish name ‘“ciprés de las
Guaitecas”), is a slow-growing, long-lived (ca. 850 years old) conifer endemic to
perhumid areas, primarily on the western slope of the Andes in southern Chile
and adjacent areas in southwestern Argentina (Donoso 1981; Veblen et al. 1995;
Aravena 2007). It is a 1.5-10 m tall, narrow, pyramidal tree with a trunk up to
ca. 0.4—1.0 m dbh. P. uviferum forms mixed forests with broadleaved tree species,
ranging from sea level to 1,200 m above sea level and from 39° 30" to 55° 30'S,
making it the southernmost conifer in the world. Nonetheless, it belongs to some of
the least-studied temperate forests in South America (Veblen et al. 1995; Lara et al.
2006). P. uviferum was burned by indigenous peoples, who subsequently harvested
it for fuel, and later by Euro-settlers who used fire to clear vast areas to facilitate
logging access (Lara et al. 2006; Holz and Veblen 2011b). As a result P. uviferum
is now listed as a protected species under international conservation agreements
(Walter and Gillet 1998; Rovere et al. 2002).
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Wildfire is an infrequent but important fine-to-broad scale driver of the ecology
of P. uviferum (Szeicz et al. 2003; Holz et al. 2012b). Our understanding of the
fire history of P. uviferum forests comes mostly from a fire-scar based chronology
network of 27 sites developed primarily in poorly drained peat-forest ecotones, with
less work conducted in well drained upland sites in southern South America (ca.
42-48° S; Holz and Veblen 2011b), complimented by charcoal sedimentary records
(e.g. Holz et al. 2012a). Fire-history reconstructions from this network indicate
that before the arrival of European settlers (i.e. between ca. 1600 and 1850 AD)
to western Patagonia, fine-scale fires were relatively frequent (Holz and Veblen
2011a). Upon arrival, European settlers and their decedents quickly increased the
frequency of ignitions, favored by more conducive climate conditions (Holz and
Veblen 2011b).

9.2.4.2 Fire and Climate Relationship

Fire-scar dates indicate several years of widespread fire activity across ca. 700 km
in western Patagonia that was related to climate variability and climate change.
Interannual variability in local climate conditions, mediated by ENSO, the Pacific
Decadal Oscillation (PDO), and SAM either individually or in combination,
strongly affects fire activity in P. uviferum forests (Holz and Veblen 2011a, 2012).
The fire-enhancing influence of SAM was greatest when PDO was also positive,
which indicates warmer conditions throughout the eastern Pacific (Holz and Veblen
2012). Climate-fire analysis using documentary fire records and observed climate
data suggests that years of regional drought that coincided with widespread fires
co-occur during the positive (above-average) phases of SAM and ENSO (Holz et
al. 2012b). A strong increase in wildfire activity in P. uviferum forests coincident
with warming and drying trends during the twentieth century was found (Holz and
Veblen 2012).

9.2.4.3 Post-fire Response and Reburn Impacts

The regeneration dynamics of post-fire Pilgerodendron forests both in peat ecotones
and upland forests and the understanding of the role that fire has played over its
1700 km-long range (ca. 39-55°S) is a new area of research (Holz 2009; Bannister et
al. 2012; Zaret and Holz 2016). Recent and ongoing work indicates that P. uviferum
forests have a mixed-severity fire regime where surface fires of low intensity are
more frequent at the ecotone with peats and wetlands due to the abundance of fine
fuels, and moderate- to high-severity fires are more common in upland, closed-
canopy forests where conditions are more suitable for fire spread to tree crowns
(Holz 2009; Holz and Veblen 2009). In both forest types, tree recruitment of this
long-lived, shade-tolerant species depends on source availability, safe sites, both
created by fine-scale or patchy fires, and short-term weather conditions Zaret and
Holz (2016).
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Due to the abrupt increase in burning activity by Euro-settlers, ecological
functions, structure, and composition of some P. uviferum forests have been
fundamentally transformed (Holz 2009; Holz and Veblen 2009; Bannister et al.
2012, 2014; Zaret and Holz 2016). In some places, the frequency of fire in these
forests is clearly outside the historical range of variability, as reported from peat-
sediment charcoal records recorded over the last 10,000 years (Holz et al. 2012b). In
some lowlands peat-forest ecotones, repeated burns have resulted in waterlogging of
former P. uviferum (Diaz et al. 2007) and the invasion of shade-intolerant Sphagnum
species. Moreover, Sphagnum outcompetes P. uviferum seedlings and is more likely
to support a higher frequency of fires, since it dries out quickly favoring a positive
feedback between fire and vegetation flammability (Holz 2009; Kitzberger et al.
2016; Zaret and Holz 2016).

9.3 Future Directions and Challenges

9.3.1 Fire History in Southern Patagonia

In contrast to the well-documented fire history for Northern Patagonia, there is
relatively scarce information about fire frequency and the role of humans and
climate on the occurrence of this disturbance in the forests of southern Patagonia
(from 48 to 55° S). To address this knowledge gap, new areas and species
in under-represented forest types need to be explored throughout Patagonia to
better understand fire regimes and post-fire responses, particularly in the southern
latitudes. For example, new research is underway in Nothofagus pumilio forests
to collect fire scars, reconstruct fire regimes and explore the potential influence
of climate variability and human occupation history on fire occurrence (Mundo
et al. 2016). This work includes sites east and west of the southern Patagonian
Andes from Lago Guacho in Chubut province (43°50’S) to Lago Argentino-Brazo
Rico (50°28'S) in Santa Cruz province, Argentina. Preliminary results from 16
sites include fire scars back to 1791 and high fire frequency during the twentieth
century which is consistent with the pattern of human occupation and colonization
in southern Patagonia during the same period (Mundo et al. 2016).

9.3.2 Altered Fire Regimes and Changes in Severity: Impacts
of Climate Change, Invasive Plants and Herbivores

The resilience of an ecosystem and its disturbance regime are strongly and
reciprocally determined by ecosystem structure, composition and landscape pattern
at fine, meso, and broad scales (Scheffer et al. 2001). Changes in any of these factors
by gradual perturbation or a large punctuated disturbance can weaken system-level
resilience and tip ecosystems across thresholds into new or alternative states that
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are self-reinforced by new internal feedbacks. In Patagonia, the increase in fire
frequency due to land-use change and forest clearing from the 1850s through the
1960s, amplified by post-1950s and 1970s temperature increases has resulted in
a regional-scale alteration of fire regimes of many forest types. These regional
shifts in fire regimes also are facilitated by the introduction of flammable invasive
plants and effects of exotic herbivores on native post-fire vegetation. Thus, changes
in vegetation have been observed due to novel fire-vegetation feedbacks (Veblen
et al. 2011; Kitzberger et al. 2016). In turn, these changes have affected and will
continue to shape future wildfire activity (Veblen et al. 2008). Repeated mid-
to-high severity burns have the potential to remove dominant tree vegetation at
the landscape-scale, as has been recently documented in mesic/cold subalpine N.
pumilio (Paritsis et al. 2015), perhumid/cool P. uviferum (Zaret and Holz 2016),
and dry/cold subalpine Araucaria (Gonzalez and Lara 2015) forests. Ongoing work
is aimed at understanding the successional pathway and associated flammability
that will increase (decrease) fire frequency/severity through positive (negative)
feedbacks.

As in many regions globally, the traditional emphases in dendrochronological
studies in Patagonia have been on climatic reconstructions based on the largest
and oldest individuals often located in small patches and fire history reconstructed
from fire-scar based chronologies collected at areas of low-to-moderate fire severity.
Documenting the range of effects that past fires and associated climate conditions
have had on tree recruitment would allow a better understanding of the details
of forests succession. Knowledge on the relationship between fire frequency and
severity, and succession in these forests would allow predictive vegetation models
to better simulate the impact of climate change on fire activity, stand structure
and species composition. In combination with remote sensing analyses and field
manipulative experiments, dendroecology has the capacity to link spatial patterns
and ecological mechanisms (e.g. post-fire regeneration dynamics) with long-term
sedimentary charcoal records. This powerful multi-method approach can provide
invaluable knowledge and datasets to build process-based simulation models to
predict the dynamics of Patagonian forests under global change.

9.3.3 Paleo Context for Anticipating the Future: Needs for
Long-Term Charcoal/Pollen/Dendroecology Pairing

In the context of climate change impacts and human-altered fire regimes globally,
dendropyrochonological proxies have proved to be useful for providing historical
reference conditions of the structure and composition prior to European settlement.
However, most dendroecologically-based reference condition studies lack informa-
tion on fire severity, and are unlikely to fully represent scenarios of future climate
change (Williams and Jackson 2007), especially when past climate conditions
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differed from those anticipated in the future. Historical references are, however,
critical in helping to identify when and where ecological thresholds are likely
to be exceeded, especially as a result of climate-mediated disturbances during
decadal- and centennial-scale warm periods in the past. Around the world, studies
of historical reference conditions have helped to bind the uncertainty linked to
these complex climate-fire-vegetation dynamics (Higuera et al. 2009; Fletcher et al.
2014). For example, in North America, paired pollen and charcoal records indicate
that rapid warming during the Medieval Climate Anomaly (ca. 850-1250 AD)
resulted in an increased fire severity and frequency with negative feedbacks that
caused a shift from mesic to open park-like forests (Calder et al. 2015). This
historical warm, dry climate period is comparable to current weather extremes and
forecasted climate conditions, providing an example of potential future fire regimes
and vegetation changes (Calder et al. 2015). Although comparable work is at an
incipient phase in southern South America (e.g. Holz et al. 2012a), there are ongoing
efforts to combine evidence from pollen, charcoal, tree rings and other proxies to
better understand complex climate-fire-vegetation dynamics.
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