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For our students and the next generation of scientists

Humans are resilient.
With science, solidarity, and creativity, we can adapt.
We can be the change!

Miguel Montoro Girona
Sylvie Gauthier

Hubert Morin

Yves Bergeron



Book Presentation

Why This Project?

We are living in a critical moment. Ecosystems are changing more quickly than
anticipated, and climate change has become the greatest challenge facing humanity.
Forest ecosystems provide essential resources and services for the development and
subsistence of societies around the world. The boreal forest covers a worldwide belt
of 14 million km? and represents approximately 25% of the world’s forest area.
Two-thirds of this surface is managed for wood production, and this biome supplies
37% of the world’s timber. Boreal forests have a key role in the climate system and
its modification through processes such as carbon sequestration, nutrient cycling,
hydrology, and albedo changes.

Ecosystem-based management has been the main approach for attaining sustain-
able forest management in the boreal biome; however, these practices have yet to
be fully adapted to climate change and the associated impacts. A new conceptual
framework integrating climate change is therefore needed. Adaptation and miti-
gation strategies are critical for sustaining boreal forests under future conditions.
Moreover, the results of sustainable management in the boreal forest of the last
20 years must be evaluated and, if required, alternative practices be introduced.
This book presents new reflections, strategies, and recommendations for academics,
students, and forest managers to guide future forest management, identify the chal-
lenges facing the second-largest terrestrial biome on Earth, and define new research
avenues required to face these challenges.

vii
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Miguel M. Girona

Being born in the second-largest protected area in Europe within the largest
forested regions in Andalucia, Spain, and growing up in direct contact with nature
have conditioned my life, my personal values, my worldview, and my career. [ am
from the Parque Natural de las Sierras de Cazorla, Seguray Las Villas (Jaén, Spain).
I lived in a small house in the forest with my grandparents, my brother, my dogs,
and my telescope. I owe 99% of who I am, my sensitivity, my animal instinct, my
madness, and an endless number of traits to those mountains that city dwellers may
struggle to understand because when you are immersed in an environment such as
this corner of Andalucia, your relationship with nature becomes your way of under-
standing the world: a life of breathing the mountain air, walking on stones, feeling
the wind, bathing in rivers, lying on the grass, looking at the sky, watching the
Griffon vultures... There is an invisible chain that keeps me tied to that place and
those cliffs because this place is responsible for my passion for nature, my curiosity
about ecological research, my sensibility to environmental problems, and my living
of life as a permanent adventure where dreaming with open eyes and without fear is
essential!

For this reason, when I told my family that I was going to study my bachelor’s
degree in environmental sciences, it was not a surprise. During those years, I explored
my interest in botany and forest birds, by conducting floral inventories in Sierra
Nevada National Park and undertaking migration bird surveys in Tarifa and Donana.
My first research experience was in the Department of Wildlife Toxicology at the
Veterinarian Faculty of the University of Murcia, where I worked four years as an
intern evaluating the impact of heavy metals and organochlorines on birds of prey
and Mediterranean cetaceans (Life Project EC). I became fascinated with research
and wanted to earn a Ph.D. to become a researcher; however, in the summer before 1
finished my bachelor studies, a massive wildfire burned the forest close to my house.
It was a strong inflection point in my young career, and I experienced a dilemma
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between choosing intervention or research. Nature is experiencing change that needs
an immediate answer, one that cannot wait for tomorrow; science, however, requires
time to study and understand the problems before proposing innovative solutions.
I solved this personal dilemma by studying a second bachelor’s degree in forest
engineering at the University of Huelva and a master’s degree in land-use planning
and geographical information systems at the University of Sevilla, where I learned
the complexity of natural disturbances and the challenges of forest management.

Before finishing my master’s studies, I began working at the Government of
Andalusia as a forest engineer in wildfire management and evaluated projects related
to biodiversity, national parks, and forest management that sought to obtain environ-
mental grants from the European Commission. I also guided companies in adapting
to new environmental policies. However, after four years in government, I began to
feel that I was not solving many problems, and my life was becoming routine where
I could not express my originality. I then had another inflection point. As a kid, I had
a poster of Banff National Park in my room, and I had always wished to visit and
study the Canadian forest, the largest and wildest of forest ecosystems. I came across
an offer from a university in Québec to work on a great Ph.D. project, and I decided
to leave my country, my family, my work, and my house to start a new professional
adventure in Canada and follow the dreams of my inner kid.

Many people I have met ask: How does a Spaniard end up working in Canadian
boreal forest management? My answer is that Europeans have a great deal of experi-
ence in forest ecosystem degradation because of our long history of forest exploita-
tion. We harvested the forest to build cities, cook our meals, heat our homes, and
build warships, the Sevilla Cathedral, Notre Dame de Paris. Thus, we know very well
the many interests to consider when balancing forest management: forest compa-
nies, tourism, biodiversity conservation, hunting, fishing, natural and anthropic distur-
bances, andlocal needs. I decided to move to Canada, as this country has an opportunity
to not repeat the same mistakes we made in Europe in regard to our natural resources.

During my Ph.D., I evaluated the potential of partial cutting as a silvicultural
tool for achieving sustainable management in the boreal forest. The most exciting
part of research is to see your results for the first time and feel useful as someone
searching for solutions to improve the world. Over the course of my doctoral studies,
everything was an exciting challenge: developing my project, dealing with research
dogmas, mastering new skills (dendrochronology, statistics), and publishing, never-
mind integrating myself into a new country, learning French, and being 6000 km
from my family... All of these factors were crucial for becoming a resilient and
positive-minded researcher (and also a little bit crazy and funny, of course), able to
take on numerous tasks with few resources. However, the best aspect of my Ph.D.
was to discover and work in the Canadian boreal forest, even more wild and larger
than I had imagined, and begin the journey of better understanding boreal forest
functioning to establish sustainable management practices.

When I finished my Ph.D., many people told me that with a Ph.D. in forest ecology
I would only find work in the fast-food industry! Nonetheless, I applied for a postdoc-
toral position with the Swedish University of Agricultural Sciences (SLU) as part of
the restoration ecology group at Umea. I was to model future management scenarios
involving silvicultural management, wood production, and moose browsing. At the
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same time, I combined this Swedish research with a second postdoctoral position in
Canada to study new paleoecological tools, apply a dendroecological approach to
the reconstruction of insect outbreaks, and evaluate the impact of insect outbreaks
on regeneration. Being a postdoc at SLU was an amazing research and human expe-
rience to discover European boreal forests. As an international postdoc, I matured
as a scientist and had the opportunity to create my first projects, supervise my first
students, and establish my first international collaborations (with colleagues from
Canada, Sweden, Finland, Spain, USA, Brazil, Italy, and France). I realized then that
being a researcher and professor would be my ideal profession!

My experience as a postdoc was relatively short because 16 months after my Ph.D.
defense, I saw an offer for an assistant professorship in forest sciences at UQAT. This
was my first application for a tenure-track position, and I could barely believe it when
Ireceived the news that I had been selected for this position! I also realized that it was
the beginning of many things: securing funding, building my lab, creating my team
... and six months later, COVID-19 arrived! However, if you work hard and give
the best of you, sometimes magic does occur, everything becomes easier, and the
impossible gets done... I got some funding, created my lab with an amazing group
of passionate interns, Ph.D., and M.Sc. students, and developed new and exciting
research projects. I also founded a research group in ecology (GREMA) that focuses
on finding solutions to adapt regional forest management to climate change.

The ecology of natural and anthropic disturbances is my primary research subject,
and these events are the major drivers controlling the structure and function of forest
ecosystems. These drivers also interact. If we are aiming to adapt forest management
to climate change, it is crucial to understand these disturbances and their impact on
forests at multiple scales. My conception of science holds that it is a key tool to answer
fundamental and applied problems. Being a researcher makes me feel useful each
day because serious problems that have faced humanity have been solved through
science by anonymous superheroes working in the shadows to find solutions to
serious challenges, often without social or economic recognition. For this reason, I
find contributing to the creation of a new generation of researchers most exciting.
However, I do not wish to only be a professor or a researcher. I hope to be a reference
for the new generation of international students, for LGTBQ people, and for early-
career researchers to tell them that everything is possible when you are curious and
have an imagination for research, passion as a fuel, and the ability to dream with eyes
wide open. For me, research is cooperation, teamwork, excellence, quality, solidarity,
creativity, innovation, originality, and PASSION. It is an art... The new generation
must know that to face the challenges of our planet, science will need more help.
We need motivated people. We need talent and innovation to change the world. BE
THE CHANGE. So I hope to continue sharing this adventure with you and change
the traditional model of researcher!
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Sylvie Gauthier

As achild, I was very interested in the TV program Afomes et Galaxies, a science
show that aired on Radio-Canada. In particular, the researchers who studied animal
behavior fascinated me. Then in high school, I was lucky enough to have science
teachers in chemistry, physics, and ecology who continued to develop my interest
in the nature of things. I went to Cégep to study pure sciences and then hesitated
between physics and ecology. I enrolled at UQAM in ecology, discovered the world
of plants and became aware of the many emerging environmental problems. In my
last year of undergraduate studies, just before starting the fall semester, I received a
job offer from an ecological center in the Montérégie region, southwest of Montréal,
Québec. My main task was to describe the forest vegetation of the area surrounding
the center. I contacted Daniel Gagnon, a recently hired biology professor at UQAM,
to ask if I could pursue an honors thesis on the topic. What a pleasure to spend all
autumn walking in the forest; carrying a map, compass, and notebook; and describing
the vegetation of these forests!

Having the opportunity to spend part of my time in the forest and then return to
the office to analyze the collected data and write a report suited me perfectly. I was
passionate enough about this that I accepted Daniel’s offer to undertake a master’s
degree under his direction to study the forest vegetation of the Laurentian foothills.
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I had the chance to be a teaching assistant for a plant ecology course at the research
station. Here, I discussed my interest in evolution with Yves Bergeron, and together
we designed a Ph.D. project on jack pine population genetics, which I would complete
at the University of Montréal under the supervision of Jean-Pierre Simon. Yves was
my co-director and ever-inspiring mentor. The work aimed to assess whether jack
pine populations on islands that had experienced less severe fires than those on the
mainland had adapted to these conditions. The work involved dendrochronology,
lab work in genetics, and a fair amount of field and lab measurements. Three more
or less long field seasons near Lake Duparquet, Québec: long days of work on the
lake or along the Chemin de la Mine, followed by long evenings of stargazing with
colleagues after sharing dinner in an old-fashioned, multibedroom house in which
we had set up binoculars and microscopes to measure the collected tree cores. The
friendships that emerged from that time are irreplaceable.

At the time of my doctorate, Yves Bergeron, Daniel Coderre, and Daniel Gagnon
had created the GREF (Groupe de recherche en écologie forestiere), which aimed to
translate ecological knowledge of forests for forest management purposes. Under the
impetus of this group, which would later become the Centre d’étude de la forét/Centre
for Forest Research (CEF/CFR)—the largest forest research group in Canada—I had
the opportunity, very early in my career, to participate in this new dynamic setting
where ecologists, biologists, and forest engineers began to work closer together to
influence the management of this ecosystem.

During my postdoctoral studies, I participated in the first disturbance dynamics
meeting, which took place in Sweden, where I spent several days with a small group
of researchers, including Yves Bergeron, Hubert Morin, Réjean Gagnon, Ed Johnson,
Pierre Richard, Luc Sirois, and several students and postdocs, including Ola Engel-
mark, Annika Hoffgaard, David Paré, Louis De Grandpré, Jacques Tardif, and Sherry
Gutsell. T have since collaborated with several of them. After this postdoctorate
directed by Francine Tremblay and Sylvie Laliberté, I was fortunate to be recruited
by the Canadian Forest Service (CFS) within the fire ecology and behavior group.
I participated in prescribed burn experiments over several years, which taught me
much about fire behavior. I got to know Mike Flannigan and Mike Wotton with whom
I still enjoy working.

I also continued to consolidate my collaboration with Yves Bergeron. We both
participated in the emergence of the Sustainable Forest Management Network and
developed links with our Fennoscandian colleagues, including Timo Kuuluvainen,
whom we met in 1996 during a tour of Sweden and Finland. With Yves, we were
perhaps among the last researchers to be able to describe with our many students the
natural forest fire regimes in Québec and eastern Ontario while attempting to trans-
late this information into ecosystem-based forest management strategies. Under the
impetus of the network and the collaborative project that I was leading, the idea
was born that we would then produce a book. This book, Aménagement écosys-
témique en forét boréale/Ecosystem management in the boreal forest, which involved
more than 60 authors of various skills, ages, and backgrounds, remains one of the
accomplishments for which I am most proud.
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Very often, I was one of the few women working in the team. For a long time, I was
the only female researcher as part of the CFS community working on forest fires. As
recently as on the Northern Limit Committee, I was the sole woman on a committee
of 17. At times, I felt quite alone with few female role models to inspire me and to
talk to. Fortunately, my male colleagues have always supported and encouraged me
to take on exciting challenges. And as times are changing, I have more and more
female colleagues having differing expertises and experiences with whom I work and
share. A diversity of role models now exists to encourage everyone to be themselves.

As a theater lover, I have always liked a passage from Bertolt Brecht’s Galileo’s
Life in which Galileo says that science only makes sense if it improves the condi-
tion of Man. As a civil servant, I tried to make the knowledge we gained useful in
forest and fire management, among other things, by often publishing popular-science
texts or presenting the results to diverse audiences. At the CFS, I slowly became the
only female senior researcher through my work on ecosystem-based forest manage-
ment, fire regimes and management, climate change impacts and adaptation, and the
sustainability of forest practices. I have contributed to the assessment of the potential
effects of climate change on the Canadian forest and forestry sector. In one of the
richest periods of my career, I participated in the committee studying the northern
limit of forest allocation to management and flew by helicopter over the vast expanses
of water and forest between the 49th and 53rd parallels. In the lab at that time,  worked
happily with many male and female professionals, colleagues, students, and post-
docs from multiple backgrounds who inspired me with their passion, dedication, and
dynamism on various projects related to boreal forest dynamics and management.
I was invited to write about the future of the circumboreal forest in the prestigious
journal Science, which allowed me to reflect on the fate of this biome in the face
of future climate change. It became clear to me that both forest management and
conservation are parts of the tools we have for maintaining healthy boreal ecosys-
tems in the future. This is particularly true if the practices we develop are rooted
in a good understanding of the ecosystem and if management is bound within the
productive capacity of these ecosystems to face future disturbances.

I sincerely enjoyed my job, taking advantage of the opportunities it brought me to
work often in nature, for more or less long periods. I enjoyed living with colleagues,
often in fairly rugged accommodations, where we had the pleasure of sharing not
only thoughts on forestry past and present, but also many meals, drinks, and songs.
What I enjoyed most was participating in team projects, where together we achieved
more than any of us could have done alone. And that, in the end, is what counts.

As human relationships allow us to believe that we can change things, I hope
that the collaboration that led to this book will enable us to make progress in the
management and conservation of the boreal forest that is so dear to me.
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Hubert Morin

Short Biography of a Pseudoecologist

The first time I heard about ecology was in the early 1970s when I was 16 years old.
A group of young people, who today would be called hippies, had obtained a “youth
perspective” project. The government of the time proposed to have unemployed
youth work during the summer on community-based projects. This particular project
consisted of developing an “ecological” trail in the beautiful backcountry of the lower
Laurentians. It was mainly to get young people to work on a trail in the forest. Until
then, there had not been much ecology to this work. These young people were
camping on land adjacent to where I lived, and they decided to educate us about
ecology. Although no one knew exactly what it meant, the term was interpreted at
the time as something cool that would save the planet, no less. I was about to enter
college and, like most people, I had no idea what I was going to do.

Being much of a dreamer and often lost in thought, the field of ecology appealed
to me, as I was obviously going to save the planet—the more it changes, the more
it stays the same. So I headed to the Cégep du Vieux Montréal, participating in
strikes, outdoor activities, and, oh, a bit of studying. Then, as a natural extension, I
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headed to UQAM’s biology—ecology option, the only program in Québec to offer a
complete session (five courses) in the field. No research station existed at the time,
S0 our courses were given in a hunting and fishing outfitter’s lodge. Through strikes
and protests, I developed my artistic and carpentry talents, and I spent much time
pursuing outdoor activities, participating in several expeditions to the Great North
and northern Quebec, Baffin Island, the Torngat Mountains... I was not a model
student focused on a career goal ... not at all! I was a pretty average student, and it
wasn’t until the last year of my bachelor’s degree that I realized I might be able to
get a scholarship to do a master’s degree. Far be it from me to do a Ph.D. If I got
a scholarship, I would do a master’s degree that was very pragmatic and not very
scientific...

So, there I was looking for a project. Because I didn’t have a mentor who had lit
a flame earlier during my studies, I had very broad interests ranging from ethology
to brain development. Far be it from me to do plant ecology. My courses in that
area had been very ordinary, and my botany course, riddled with strikes, was a
real disaster. At the time, I would have preferred to work on large mammals...very
spectacular... However, no one had a grant at the time to take on students. A friend
told me about a researcher at Université Laval who was interested in northern and
mountain ecology. Mountains. Now that interested me. I met him and applied for a
grant to work on caribou feeding in a new park in the Gaspésie region of Québec!
Alas, the project changed, but I received a new grant to work on the vegetation of
Mont Jacques-Cartier.

So. Vegetation belts. Now that’s very vegetal... and I was terrible in vegetation!
Serge Payette, my master’s supervisor, was an excellent botanist, a soil scientist by
training, and an terrific geomorphologist. Because I had many other occupations
and didn’t attend classes very often, I was quite a bad master’s student. I quickly
realized that I had the choice of dropping out or getting serious about improving my
knowledge of plant ecology to reach the very high standards that were expected of
me. [ may be a dreamer, but I am also very curious and quite hardheaded! It was
only in the second year of my master’s degree (Serge was very patient) that I really
got involved in research. I met fantastic colleagues in the lab who were more serious
than I was, and I was being supervised by Serge Payette, an incredible ecologist and
very inspiring person. I learned to work better, to be innovative, to have a critical
mind and imagination to develop hypotheses that may initially seem far-fetched, and
to open my mind to research. It was at this point that I caught the research bug.

I finished my master’s degree and began my doctorate under the direction of Serge
Payette, studying questions in northern Quebec that combined dendrochronology,
geomorphology, and plant dynamics. At that time (the early 1980s), his team was
already interested in climate change and its impacts on vegetation in sensitive envi-
ronments at treeline and the migration of tree species during the Holocene. This field,
however, was a revelation to me.

The doctorate is a step that calls upon all of one’s resources, and the team around
you and the human side of things are a massive part of this endeavor. These years
were very formative on both a scientific and human level. I hadn’t finished my Ph.D.
when I got a call from Réjean Gagnon in Chicoutimi, Québec. He had just got a job
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at the university there, and he was working on the dynamics of the boreal forest. He
was alone in his field and so offered me a six-month postdoctorate position. Réjean
was filled with ideas, and as I had to wait for my thesis corrections and my defense
before taking advantage of a postdoctoral fellowship in Sweden that I had obtained, I
moved to Chicoutimi for six months... and I never left! Of course, I did go to Sweden
several times, just not to do a postdoc.

It was an exciting time. I was in a small team where your expertise was recog-
nized and where you felt important. Everything had to be built: the lab, the projects,
the research center, the funding opportunities... I owe much to this wonderful team,
who, among others, included Réjean Gagnon and Daniel Lord (our trio known as
the three bearded men), and over the years we established an enviable reputation
in regard to understanding boreal forest dynamics, particularly for black spruce.
Because Réjean was doing much work on this species, I decided to work on the
dynamics of balsam fir stands and the growth of black spruce. I had no idea at
the time that I was going to open a novel research axis focused on the impacts of
budworm on the dynamics of boreal forest communities that would be important for
forestry stakeholders and the region and have a worldwide impact. Boreal spruce
and fir forests are synonymous with spruce budworm, a more important disturbance
than fire in the northeastern North America. Understanding the dynamics of recur-
rent epidemics and their relationship with old-growth forests requires reconstructing
budworm outbreak history both in the recent past, through dendrochronology, and
in the more distant past over the Holocene. This historical perspective is essential
for better appreciating the impact of outbreaks on the landscape, dissecting the fire—
climate—outbreak relationship, and carrying out sustainable ecosystem management.
It was therefore necessary to innovate approaches in both dendrochronology and
insect paleoecology. Thus, we have established major innovative techniques, such
as the identification of Holocene epidemic periods using macroremains, budworm
feces, and microremains, such as Lepidoptera scales found in lake sediments. The
development of these techniques has opened up previously inaccessible research
niches, such as the relationship between fire frequency, spruce budworm outbreaks,
vegetation composition, and climate change. These novel techniques have led to
international collaborations, as scale-covered Lepidoptera are active insects found
in all ecosystems around the world.

Our disappointment at not being able to adequately explain the relationships
between boreal tree growth and environmental variables through dendrochronology
alone led us to examine the fine-scale relationships between intra-annual ring growth,
xylogenesis, and environmental variables. To cover the entire boreal forest, we
installed a north—south transect, stretching from 48° to 54°N, of black spruce sites (22
years of data) and four other plots in balsam fir stands (25 years of data). A weather
tower and electronic dendrometers collect data continuously at each plot, and tree-
ring microsamples are collected weekly during the growing season. With the help
of national and provincial funding agencies (CFI, NSERC-DRC, NSERC-Industrial
Chair, FRQNT...), the Consortium de recherche sur la forét boréale commerciale
(now the Centre de recherche sur la boréalie), and the UQAC Foundation, we have
been able to maintain these stations and build up one of the most complete growth
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databases in the world. In addition to the numerous theses that have contributed to and
relied on this database, these data have allowed us to collaborate with researchers
around the world, including from Russia, China, France, Spain, Italy, Germany,
Sweden, Finland, and Norway.

These achievements could never have existed had I not been able to count on ateam
of students, professionals, and technicians, and, of course, my family, who support me
and our particular family conditions. I currently hold an NSERC-Industrial Research
Chair on the growth of black spruce and the influence of spruce budworm on the
landscape. My atypical background is probably why I try to give all students a
chance, whether they are super-achievers with scholarships or not.

Do I define myself as a good ecologist? Maybe. Maybe not. Perhaps more like an
artist in ecology with original and often surprising ideas. I do think, however, I have
contributed to the understanding of boreal forest dynamics in the context of climate
change.
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Yves Bergeron

I have often wondered what led me to make ecosystem-based management the
focus of my scientific career. As I had lived in the city, my connection to the forest
was not very strong. However, I remember that I loved nature and collected plants
and butterflies behind the Boulevard shopping center in Montréal. It was much later,
during my bachelor studies at the Université de Montréal, that I had the chance to
have courses at the city’s botanical garden and got the bug for botany and forestry.
As a young student in biology, I had the great fortune to take a course entitled Plant
Ecology and Forest Management. This course was taught by Jean-Pierre Simon, who
was doing advanced research on the ecophysiology and ecogenetics of plants, and
André Bouchard, then curator of the Montreal Botanical Garden, who was interested
in the ecology of forest communities and, above all, in conservation and land manage-
ment. Both aspects excited me: the scientific curiosity to understand plant ecology
and the need to apply this knowledge to concrete situations. I had finally found my
way. From the beginning, I was immersed in this antagonism between fundamental
research (curiosity-driven research) and applied research, a divide that still separates
our scientific community. From that moment, I knew that I would navigate between
both worlds at the risk of being dreamy for some and too down-to-earth for others.

Under the direction of André Bouchard, I began advanced studies in ecological
classification. At the time, I was greatly influenced by the ecological studies carried
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out by the Capital Nature team in the context of the hydroelectric development
project in James Bay, northern Québec. I started my doctoral thesis, which focused
on the ecological classification of forests in an area in the Abitibi region, with the
aim of understanding boreal forest development to possibly guide how to manage
these forests. The Abitibi region would also become my main research territory for
the rest of my career. The trigger for ecosystem-based forest management was made
at that time. While I was inventorying virgin forests in Abitibi, I was confronted
with the first mechanized salvage cuttings that were taking place following a severe
spruce budworm epidemic. I could not ignore that forestry was now the dominant
disturbance; not studying its effects on the ecosystem would no longer be possible.

My thesis allowed me to make two important observations. First,  had started with
a rather static idea of what factors explained the presence of a particular forest on a
site, and I had to accept that I only had part of the solution. Forests are, in fact, very
dynamic and react strongly to natural disturbances such as fire or insect outbreaks.
Second, the forests around my thesis study sites were clear-cut. It was explained
to me that these forests were overgrown and too susceptible to mortality from the
budworm epidemic occurring at the time. I thus learned two critical lessons: the
forests were dynamic and the action of humans could, to a certain extent, resemble
the actions of natural disturbances.

As a young professor at UQAM, I decided to return to the Abitibi but this time
accompanied by students. Over the years, we—I say we because this process involved
dozens of master and doctoral students, several collaborators, and many postdoctoral
fellows—reconstructed how natural disturbances had established the present-day
forests and, knowing this, how we could develop closer-to-nature forestry.

It must be said that at the time the ice rink was almost empty, as foresters had almost
completely abandoned ecology to emphasize the economic vocation of forests. It
was also the development of the Université du Québec network that made it possible
to bring into the discussion the knowledge developed in the regions where forest
exploitation occurred. The regional industrial, governmental, and citizen actors did
not see the forest only as a resource but also as a living environment, and they were
eager for research to be undertaken in their forests.

My students were the ones who initially developed knowledge on the dynamics
of natural disturbances and then compared disturbances with the effects of forest
management. A hundred students later, we had accumulated enough knowledge on
natural ecosystems to put it to use in forest management. We first demonstrated this at
the Lac Duparquet teaching and research forest, an 80 km? area managed by UQAT
and UQAM. We were also able to convince our industrial partners, who needed to
certify their forest products as sustainable.

Our main discovery was to highlight that there were certain similarities between
forest cutting and forest fires. Indeed, large fires in the boreal forest, much like
logging, leave areas where a good proportion of the trees die. However, our work
also demonstrated that the expected 70-to-100-year harvesting rotation was much
shorter than the preindustrial return period for fires. Logging therefore rejuvenated the
landscape to the point of eliminating a significant proportion of old-growth forest. As
many organisms depend on old-growth forests, the consequences of mainly younger
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forests for biodiversity in the boreal forest are enormous. We had therefore identified
a major problem; but we did not want to stop there. We wanted to propose viable
solutions. To do this, we worked with our partners to develop silvicultural approaches,
such as partial cutting, to maintain the structure of older forests while letting forest
exploitation to continue.

We were also interested in the processes operating during disturbances. Fire burns
the organic layer and makes nutrients accessible. Cutting, on the other hand, espe-
cially on frozen soils in winter, does not disturb the organic layer very much. In some
cases, the new forest cannot grow postcutting as it would postfire. Thus, regrowth
requires a mixing of the organic matter or even a prescribed burning. Nature is
complex, and one solution does not solve all problems; hence, either partial cutting
or full cutting with soil mixing must be undertaken at the right place and time.

Our common determination contributed significantly in convincing forest
managers that natural disturbance regimes could inspire forest management strate-
gies. Thus, ecosystem-based management is now part of the forestry regime in
Québec as well as elsewhere in Canada and the world. I am also proud, as co-chair
of the Northern Limit Committee, that Québec is also one of the few jurisdictions in
the world that has set a northern limit to forest management for ecological reasons
based on scientific knowledge.

The game is not over, however, as production forestry regularly resurfaces because
of economic pressures. Climate change and carbon sequestration by the forest are
becoming important issues that are often used as a reason to return to intensively
managed, carbon-fixing forests. In this context, it is becoming increasingly important
to argue that ecosystem-based management remains quite likely the best solution to
accompany ecosystems toward future trajectories. This book will make a significant
contribution to that effort.

Iremain confident about the future. My greatest pride is to have trained and perhaps
inspired several students, some of whom are currently researchers or forest managers.
Many contribute to this book and others will use it. This is a good demonstration
that we have succeeded collectively to put more science into forestry practices to the
great benefit of the forest and society.



The Birth of the Idea

The idea for a multiauthor, multidisciplinary book began one night in the summer
of 2017 during the final stages of writing my Ph.D. thesis. I had been searching
for existing literature to place my project within the context of contemporary and
future climate change. It dawned on me that there lacked a conceptual framework
for adapting boreal forest management to climate change. This realization was
surprising, and even somewhat worrisome, because such a framework should be
a scientific priority given the major climate-related consequences expected for the
future boreal forest. The next morning, I met Hubert Morin, my Ph.D. supervisor,
to discuss this concern. I proposed a collective project at the biome scale to include
this new context and fill this gap in boreal forest science. Together, we discussed the
main elements required for this large-scale collaboration:

(1) Needing a new paradigm in boreal forest management The current state of
ecosystem-based management must be reassessed to determine how best to incor-
porate climate change as a key driver within boreal ecosystems. This work would
therefore discuss the lessons learned so far and consider new issues, paradigms, and
previously neglected challenges to identify future directions.

(2) Expanding on the success of Ecosystem-Based Management (EBM) in the
Boreal Forest (2009) This book represents a major contribution to boreal forest
science, in both theoretical and applied sciences, and has served as a practical guide
for achieving sustainable forest management in the boreal forest. Moreover, this book
provides an example of cooperation and scientific collaboration among researchers
at the leading edge of boreal forest ecology. Nonetheless, this book focused mainly
on eastern Canada, and many topics were addressed only marginally, e.g., social
aspects, restoration, and climate change. This new project would fill these missing
gaps in boreal forest—related research and cover the boreal biome at a global scale.
The subjects would include

e (Climate change
e Complex adaptive systems
e Social aspects
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Ecophysiology

Ecological restoration

Invasive species
Landscape-scale modeling
Terrestrial-aquatic interactions

(3) Gaining insight from end-of-career researchers and pursuing new ideas from
early-career scientists The authors and collaborators of the 2009 EBM book have
had long and productive professional careers. In the next few years, most of these
researchers will retire. It is therefore critical to compile this vast accumulation of
knowledge and insight. These end-of-career researchers offer new ideas to be pursued
and provide suggestions on how to face the challenges of managing the boreal forest
under climate change. The next generation of boreal forest researchers has emerged
under this wise counsel, and they offer promising avenues of thought and application.
This book aims to harness this rich pool of experience and novel thinking.

After my meeting with Hubert, I wrote the outline of this project and the book
proposal. I sent an e-mail to Sylvie Gauthier, Y ves Bergeron, Christian Messier, Louis
de Grandpré, Jean-Claude Ruel, Timo Kuuluvainen, Joakim Hjéltén, Marie-Josée
Fortin, Anouchka Hof, Rupert Seidl, Nicole Fenton, Elise Filotas, Pierre Drapeau,
Yan Boulanger, Nelson Thiffault, Tuomas Aakala, and Sergio Rossi to validate this
idea. My pleasant surprise was that all my colleagues answered this e-mail enthu-
siastically, justifying the need for such a book, and offered their participation and
implication as authors and associate editors in this project. Thus, the project was
born, and research, motivation, work, collaboration, and engagement came together
to make the book a reality.

Leading the compilation of this book has been rewarding both as a great scientific
experience in conceptualizing a new framework and as a personal experience in
working with colleagues from around the boreal biome and coordinating the ideas
of 148 authors.

Miguel M. Girona



The Philosophy and Spirit of This Book

This book not only offers new directions for boreal forest management but also serves
as an example of research collaboration and intergenerational knowledge of the boreal
biome, where our values of diversity, equity, and inclusion were at the forefront when
creating the team of editors and authors and during the overall process.

International The need to carry out scientific studies at a more global scale requires
us to structure this new book to address issues at the biome level because we face
similar challenges and problems in North America and Eurasia. Thus, 148 authors
representing 94 research groups and institutions from 20 countries became involved
in this project.

Intergenerational In this book, we analyze the past and present but also look to
the future. We have thus created an intergenerational book (very experienced and
early-career researchers) incorporating a rich knowledge of accumulated past work
and novel ideas driving boreal science. This approach also helps young researchers
to be involved in collaborating as part of a large-scale project.

Women in forestry We applied a gender perspective and ensured the participation of
women in the project as editors, authors, and collaborators; women represent 40%—
50% of the authors and associate editors, thus making this work one of the first
gender-equal forestry books.

Why Read This Book?

e Innovation We provide a new definition of ecosystem-based management, a
new framework that integrates additional topics in forest management, such
as social aspects, ecophysiology, restoration, aquatic systems, and biodiversity.
Most existing forest ecology books focus primarily on silviculture and natural
disturbances.

e Scale We provide a novel biome-scale perspective and synthesis, as most books
on the boreal forest focus solely on North America or specific northern countries.
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We include research and contributions from around the boreal biome, covering
Russia, Scandinavia, and North America.

e Structure To cover the main topics in sustainable forest management, we structure
the book as specialized parts having multiple chapters that deal with the subject at
hand, e.g., parts on natural disturbances, biodiversity, new trends and technologies,
silviculture, and social issues.

e High-quality experts The editors and authors of the book are leading researchers
in their respective fields involving the boreal forest.

e Approach and utility We combine a fundamental and applied perspective
throughout the book. We also provide original syntheses and data compilations
from around the boreal biome. Moreover, this book aims to be a practical guide for
stakeholders to apply sustainable forest management practices in a changing world
and provide students with a state-of-the-science portrait of trends, challenges, and
novel research avenues in boreal forest science.

Audience

e Scholars and students (bachelor, master, and doctorate students) in the fields of
boreal forest ecology, restoration, biodiversity conservation, natural resources,
and engineering

e Practitioners and stakeholders involved in the planning and management of forests
and forest resources, natural disturbances, silviculture, and the use of forest
products

e Forest agencies, research institutes, and government ministries able to provide
public services and decision-support tools for forest management

e International and interdisciplinary researchers involved in modeling, climate
change, economics, and social sciences
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1.1 Introduction

The boreal forest is a vast biome encompassing approximately one-third (30%) of
the world’s forest area. It harbors about half of the world’s remaining natural and
near-natural forests and provides important ecological, economic, social, and cultural
services and values that benefit human communities (Burton et al., 2010; Gauthier
et al., 2015a). Although the diversity of tree species in boreal forests is low rela-
tive to that of other biomes, the forests’ structural and compositional variability and
the diversity of ecological interaction networks are high (Burton, 2013; Isaev, 2012,
2013; Kuuluvainen & Siitonen, 2013). The genetic diversity of tree species is gener-
ally high with most species being wind pollinated and characterized by large popu-
lation sizes; this genetic diversity provides a foundation for an adaptive capacity in
the face of fluctuating environmental conditions and ongoing climate change (Aitken
et al., 2008).

Landscape diversity in the boreal biome reflects the influence of site variation, the
effect of natural disturbances of varying type, severity, and extent, and the resulting
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dynamic processes of ecosystem succession (Fig. 1.1; Chap. 3; Kneeshaw et al.,
2018; Shorohova et al., 2011). Fire, insects, wind, beaver, and severe drought events
are among the most important natural disturbances in the boreal forest (Chap. 24;
Girardin et al., 2006; Johnson, 1992; Labrecque-Foy et al., 2020; Lavoie et al.,
2021). Because the boreal biome is located at northern latitudes, it is subject to more
rapid and severe effects from climate change than more southern forests. The boreal
forest is already affected by changing climate as evidenced by drought as well as
fires and insect outbreaks being more frequent and severe (e.g., Hanes et al., 2019;
Navarro et al., 2018b; Safranyik et al., 2010; Seidl et al., 2017; Chap. 9). High-
latitude regions are associated with cold climates and short growing seasons; thus,
tree growth and decomposition processes are relatively slow (Chap. 11). This slow
decay of organic matter results in a large stock of deadwood and carbon in the soil.
Therefore, the boreal zone can have substantial disturbance-related feedback effects
on CO, emissions (Chap. 10; Ameray et al., 2021; Bradshaw & Warkentin, 2015;
Pan et al., 2011).

Although human population density in the boreal forest is low, two-thirds (2/3)
of forested boreal regions are under some form of management, mainly for wood
production. These forests account for 33% of lumber and 25% of paper products
within the global export market (Burton et al., 2010). In the latter decades of the twen-
tieth century, increased concerns about the effect of forest management on ecosystem
functioning, the loss of biodiversity and a change in social and cultural values toward
forests drove a paradigm shift toward an ecosystem approach (EA) to forest manage-
ment (Franklin, 1997). Forest ecosystem management (FEM) principles have since
been adopted in many jurisdictions in the boreal forest (Gauthier et al., 2009; Perera
et al., 2004; Shvidenko et al., 2017).

Today, however, we are challenged with implementing FEM approaches in the
context of global climate change, which affects tree growth and regeneration, causes
dieback due to drought, and favors more frequent and severe natural disturbances
(Gauthier et al., 2015a). Forests are also increasingly affected by the cumulative
impacts of previous management practices, disturbance by other industries, and
the consequences of other stresses (e.g., pollution). Hence, there is an urgent need
to revisit and adapt the FEM concept to address these new and often synergetic
challenges.

In this introductory chapter, we provide the background and context for under-
standing the emergence and evolution of forest management paradigms. We define
the FEM concept and describe the approaches undertaken in its implementation to
manage/restore boreal forests within different regions. We then set the stage for
discussing the potential effects of global change and the suggested paradigm shifts
to FEM.
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Fig. 1.1 The main disturbance dynamics within the boreal forest regions. Understanding natural
disturbance dynamics and their ecological roles is indispensable for forest ecosystem management.
Modified from Gauthier et al. (2015b; Reprinted with permission from AAAS) and Shorohova et al.
(2011; CC BY-SA 4.0 licence)

Box 1.1 Forest Management Approaches Referred to in This Book

Sustained yield management (SY) Sustained yield management focuses on
ensuring a continuous supply of resources (typically timber) that can be
exploited over the long term. In the boreal forest, it often entails applying even
-aged management and regulating forest age structure to ensure a constant,
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even flow of timber. Although sustainable forest management (SFM) aims to
maintain more ecosystem services than SY, the SY paradigm remains part of
forest ecosystem management (FEM) in many parts of the managed boreal
biome (Luckert & Williamson, 2005).

Forest ecosystem management (FEM) Both SFM and EA approaches have
been crucial in shifting the dominant paradigm of FEM at the beginning of
the twenty-first century. Across regions of the boreal forest, FEM has evolved
differently because of differences in historical and management contexts.

Natural disturbance—based management (NDBM)/Natural range of variability
(NRV) The NDBM/NRYV approach developed in North America aims to main-
tain resilient ecosystems by establishing management approaches on a solid
understanding of natural disturbance regimes (NDBM). The presumption is
that, despite human management and use, forests will maintain their key
intrinsic structures, species communities, and ecological processes. In turn,
this approach supports maintaining a continuous flow of the desired ecolog-
ical, social, and economic values. The approach is based on the idea that
current forest ecosystems have evolved under specific disturbance regimes (fire,
insects, wind, etc.) that have driven forest dynamics, species composition, and
overall biodiversity at the genetic to landscape scale.

Attention has been given to regimes prevailing before European colonization
to identify the reference conditions for implementing NDBM and during anal-
ogous climates experienced at various periods in the Holocene (Chap. 2; De
Grandpré et al., 2018; Gauthier et al., 2009; Landres et al., 1999; Montoro
Girona et al., 2018b; Morin et al., 2009; Navarro et al., 2018a, b; Swetnam
et al., 1999). These efforts aimed to define a baseline upon which the current
state of regional forest landscapes can be compared while considering the
inherent variability induced by these regimes. The framework is based on
characterizing the NRV of several elements of the disturbance regime, such as
disturbance type, frequency, size, spatial pattern, severity, and specificity, and
then using this knowledge as a guide to implementing management strategies
that will maintain the health of the ecosystem (Keane et al., 2009; Landres et al.,
1999; Montoro Girona 2017). This approach permits comparing managed and
natural ecosystems and landscapes (Grondin et al., 2018) and helps establish
management or restoration targets (Fig. 1.2).

FEM also often involves using a combination of coarse- and fine-filter
approaches. Coarse-filter strategies are implemented on a large spatial and
temporal frame of reference, i.e., larger than the stand level, with the under-
standing that the time/space continuity is essential for some attributes. The
coarse-filter approach aims to maintain the various forest habitats representa-
tive of natural forest landscapes and some of their key characteristics. Such
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an approach seeks to conserve most of the biological diversity. Fine-filter
strategies are implemented through stand-level management or conservation to
protect rare species or those having particular and known habitat requirements.
The hierarchy of coarse- and fine-filter approaches explicitly acknowledges
that stand-level actions affect the landscape over time, altering characteristics
such as forest composition and age structure. Finally, to ensure that objec-
tives set under a FEM system are achieved, monitoring is crucial for assessing
the implemented management system’s success or failure and measuring the
responses of target organisms to management (Drapeau et al., 2009). The
results from this monitoring should then feed into future refinements, and new
scientific knowledge should be incorporated through an adaptive management
framework.

Retention forestry This forest management approach is based on retaining
structures and organisms, such as living and dead trees and small areas of
intact forest, both for harvesting and the longer term. Retention forestry aims
to achieve temporal and spatial continuity in forest structure, composition,
and the processes that promote biodiversity and sustain ecological functions
at different spatial scales (Gustafsson et al., 2012). Retention is applied at
various levels, from very low levels (Kuuluvainen et al., 2019) to up to 40%
of the standing stock (Beese et al., 2019; Montoro Girona et al., 2019; Scott
et al., 2019).

Continuous-cover forestry Continuous-cover management involves managing
a forest without the use of clear-cutting. Harvesting is typically based on a
single tree or group selection, and a significant portion of canopy trees is
retained (Felton et al., 2016; Kim et al., 2021; Sharma et al., 2016; Sténs et al.,
2019). This produces forests having an uneven-aged structure.

Restorative management Restorative management prioritizes ecological
restoration while simultaneously harvesting for profit. This management
approach represents the first step toward forest ecosystem management in
regions where intensive forest management has decreased or has degraded
biodiversity and ecosystem functions (Vanha-Majamaa et al., 2007).

Zoning approach (TRIAD) The TRIAD zoning approach, proposed by
Seymour and Hunter (1992), has forested landscapes divided into three zones,
each subjected to different management objectives (Burton, 1995; Nitschke &
Innes, 2005). The reserve portion is devoted to conservation purposes, whereas
the intensive management portion focuses on timber production and can poten-
tially compensate for the lower timber yields because of the presence of conser-
vation areas. Between these two endmembers of the production/conservation
spectrum lies a multiple-use zone where extensive management is conducted.
Management in this area does not focus solely on timber production but also
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includes maintaining some important elements for biodiversity (Montigny &
MacLean, 2006). The overall objective is to sustain the forest to support the
needs of society (Seymour & Hunter, 1999). The actual size of the respective
zones is specific to each landscape (Burton, 1995; Harvey et al., 2009). For
instance, if maintaining old growth is not possible or too expensive, more area
can be preserved.

Intensive forest management (IFM) IFM aims to increase or maximize the
value, volume, or both of desired forest components, often timber. Attaining
this goal involves such practices as density regulation, regeneration control,
silvicultural intervention, and genetic improvement (Bell et al., 2000). Silvi-
culture applied to reach these goals focuses on practices designed to accelerate
stand development and improve stand value and yield: site preparation, the
planting of species matched to site conditions, and vegetation management
timed to maximize early growth. IFM can include natural regeneration but
with density regulation. It often requires a series of actions during the rotation
to achieve growth and yield objectives (Bell et al., 2000). Sweden and Finland
have implemented this approach successfully for almost all their managed
forests. Although increasing productivity is the main goal of intensive forest
management, it can also be done in the context of maintaining or restoring
diversity.

Extensive forest management (EFM) EFM is a management approach that
does not rely on a series of interventions to attain growth and yield objectives.
Instead, it focuses on protecting the forest from the primary natural distur-
bances, such as fire and insects, and relies partly on natural regeneration to
provide the next forest. Silvicultural interventions focus mainly on attaining a
minimum density with desired species composition and maintaining a given
age-class distribution (Bell et al., 2000). This form of forest management is
used in large areas of Canada and Russia.

Conservation area (adapted from the IUCN glossary) These are areas of various
sizes (from the stand to the landscape scale) dedicated to protecting, caring,
managing, and maintaining ecosystems, habitats, wildlife species, and popu-
lations. The creation of these spaces aims to safeguard natural conditions for
their long-term preservation by conserving ecosystems and natural habitats and
maintaining viable populations of species.
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NATURAL RANGE OF VARIATION

Conservation ﬁ

Forest ecosystem management

>

Ecological restoration
High-retention forestry
Low-retention forestry

Intensive forestery # i

Range of variation in ecosystem function
(dynamics, biomass, biogeochemical cycling)

v

Range of variation in ecosystem structure
(species, complexity, composition)

Fig. 1.2 The natural range of variability (NRV) is a means of framing or implementing sustainable
forest management (SFM). Management approaches can be schematized in a conceptual hierarchy,
in terms of species composition and ecosystem structure, in relation to their degree of overlap
with NRV. Overlap is lowest for intensive plantation-type management but increases with retention
forestry and ecological restoration; the latter is required in cases where the forest has been degraded
by long-term intensive management or other uses (e.g., mining). Different management types can
be combined within the same forest management unit. For instance, the TRIAD zoning approach
(Messier et al., 2009), in which intensive management can increase the yield per hectare in some
portions of the landscape, can be applied to decrease timber production pressure on other portions of
the forest where extensive forest management is applied. Under the TRIAD approach, intensive and
extensive management zones—along with conservation areas—are all included in the landscape in
varying proportions, with each contributing to meet the goals of FEM

1.2 A Brief History of Boreal Forest Management
Paradigms

1.2.1 The Early Era of Forest Management

Despite the extensive geographic spread of the boreal forest across the Northern
Hemisphere, numerous commonalities exist among the ecological and management
challenges for boreal countries. The main harvesting methods (clear-cutting) and
silvicultural practices (single-cohort management, site preparation, planting, stand
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tending) are similar throughout the circumboreal forest. Common issues related to
this management approach include landscape fragmentation, the loss of mature and
old-growth forests, the homogenization of forest structure and tree species compo-
sition, and forest susceptibility to the impacts of climate change. However, boreal
countries also differ in their forest exploitation histories and their forest manage-
ment cultures, policies, and priorities. When evaluating the current situation and
challenges, it is essential to consider the respective forest management histories (See
Chap. 31). Here, we briefly describe the historical background and development of
forest management in Canada, Sweden and Finland, and Russia.

1.2.2 Canada

In Canada, boreal landscapes were and remain inhabited by First Nations. Traditional
Indigenous livelihood relies on forest resources for hunting, trapping, gathering, and
various provisioning and cultural services (Chap. 20). Traditional land management
is based on deep ecological knowledge and aims to maintain the capacity of the land to
sustain life (Feit, 2001). For instance, fire was used in some regions of boreal Canada
until the 1950s to maintain blueberry patches, attract wildlife within strategic areas,
and prepare the soil for planting (e.g., Berkes & Davidson-Hunt, 2006; Lewis &
Ferguson, 1988). The transition to commercial forestry has, however, restricted the
forest management role of First Nations.

Large-scale commercial harvesting of forests began in the early nineteenth
century, focusing on conifer species used for construction, firewood, and shipbuilding
(Drushka, 2003; Gaudreau, 1998). During the nineteenth century, Canadian forestry
entered its administrative period, responding to the need for a regulatory approach
to better preserve timber supplies and safeguard the stability of the forest industry.
By the end of the century, most provincial jurisdictions had adopted forestry poli-
cies, thereby establishing the first forest management regimes, which now form the
basis of current policies. The Canadian Forest Service, a federal research agency,
was established in 1899, and the University of Toronto inaugurated the first forestry
school in Canada in 1907. Moreover, between 1871 and 1921, 11 treaties were signed
between the Crown and First Nations to open the land for settlement in the south
and secure access to natural resources in the north (Crown—Indigenous Relations and
Northern Affairs Canada, 2020).

An impending decline in timber capital in Canada first became apparent at the
onset of the twentieth century; this precipitated a transition to the era of sustained
vield forest management (see Box 1.1; Bouthillier, 1998; Canadian Forest Service,
1998; Drushka, 2003). This management approach, also called fully regulated forest,
involves compartmentally managing for an even forest age-class distribution, which
theoretically ensures a regular and constant supply of similar wood volume over time.
In the boreal forest, sustained yield forestry developed under an even-aged manage-
ment system, using primarily clear-cutting and controlling forest age structure via
management units. Under this system, forests are scheduled for harvest when volume
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increase levels off (maximum mean annual increment); this corresponds to a stand
age of 50 to 150 years, depending on the forest type and location (Duchesne, 1994;
Stadt et al., 2014).

This stand-wise even-aged management approach emphasized normalizing the
boreal forest stand age distribution by the targeted harvesting of overmature stands,
considered less productive. This approach also aimed for the long-term sustainability
of timber supply by ensuring that annual harvests did not exceed what the forest
produced. Thus, sustained yield management aimed to harvest a regular amount of
timber and ensure the preservation of the forest capital. Nonetheless, in Canada, with
its vast expanses of unmanaged forest, forestry has been mostly extensive since the
Second World War.

Forest management is more intensive in Sweden and Finland and has a longer
history relative to the Canadian context. Although clear-cutting and planting are
common in both regions, Canadian forest management places greater reliance on
natural regeneration and less use of intensive management approaches, such as early
stand tending, fertilization, and thinning. In many regions of Canada, the forest
industry continues to rely exclusively on primary forests, which have not been
previously subjected to organized forest management.

1.2.3 Sweden and Finland

In this vast geographic area, and more recently in its northern parts, the Indigenous
Sami people were among the first forest dwellers and users. Although their popula-
tion size was relatively small, their mobile reindeer herding culture impacted forests
(Josefsson et al., 2009). Since the Middle Ages, the regional human population has
increased, and the boreal forest has been used for diverse purposes. Major influ-
ences include charcoal production for the large-scale mining industry (especially
in Sweden), shipbuilding, tar production, and slash-and-burn agriculture (especially
in Finland). Other extensive and important uses of the forest included domestic-
use cuttings for firewood and building material as well as cattle herding in forests
surrounding settlements.

Multiple impacts due to selective cutting, the careless use of fire, and cattle herding
in forests prevented forest regeneration, leading to the regional scarcity or even
depletion of timber by the nineteenth century. This development sparked fears of a
permanent loss of these forests (Keto-Tokoi & Kuuluvainen, 2014; Ostlund et al.,
1997). At the same time, the timber frontier moved north along rivers in search of
pristine forests and timber that could be floated to sawmills on the coast (Ostlund &
Norstedt, 2021).

The local and regional depletion of forest resources, combined with increased
demands for wood as the forest industry expanded after the mid-nineteenth century,
culminated in the need to organize forestry more effectively in terms of regula-
tions, administration, and the education of forest managers. Sweden established a
forestry institute in Stockholm in 1828 to train forestry professionals (Puettmann
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et al., 2009). In Finland, the Evo forestry school began to educate professional
foresters in 1858. Legislation was also established to halt the careless use of forests.
In Finland, for example, the 1928 Law on Private Forests by and large outlawed clear-
cutting, allowing this practice only for special reasons. In the late-1940s, however,
the interpretation of the law took a 180° shift; selective logging was outlawed, and
only clear-cutting coupled with subsequent regeneration was allowed.

This development was linked to the establishment of the pulp and paper industry
after the Second World War when smaller and lower quality timber also became
merchantable. This change, coupled with low-cost fossil fuels and advances in
harvesting technologies, led to a large-scale transition from selective harvesting to
clear-cutting and even-aged forest management (Ostlund et al., 1997; Siiskonen,
2007). At the same time, government-directed public funds into forestry infrastruc-
ture, such as building road networks and improving forest regeneration techniques
and silvicultural practices.

In Finland, the large-scale ditching of forested peatlands was initiated to increase
forest growth and raw material supply for the forest industry in the future (Keto-
Tokoi & Kuuluvainen, 2014). The post—Second World War economic and construc-
tion boom led to the large-scale clear-cutting of natural or near-natural forest in both
Sweden and Finland. As part of the terms of the peace treaty, Finland had to pay repa-
rations to the Soviet Union and forest industry products formed part of this compensa-
tion, further increasing the extensive clear-cutting of natural and near-natural forest,
especially in northern Finland, in the late 1940s and 1950s. Strict national laws and
forest policies drove the development of forestry practices. Still, there was strong
opposition among private forest owners, who had selectively harvested their forests
for decades.

In both Sweden and Finland, the most significant change in forest utilization and
management occurred when the formerly dominant selective cutting practices were
rejected and even-aged management driven by clear-cut harvesting and regeneration
by planting or seeding became the dominant method. This management model was
favorable for the influential and economically important pulp and paper industry and
hence formed a key part of the national forest policies, where increasing timber yield
was the primary goal.

1.2.4 Russia

Historically, human-forest interactions in boreal Russia were minimal owing to the
lack of roads and the sparse human population scattered across the vast expanses of
forest. Northwestern Russia was an exception to this pattern, as forests were closer
to settlements. Since the fifteenth century, human activities in the boreal forest of
this region have included slash-and-burn cultivation, the use of wood for buildings
and heating, and the production of tar, potash, salt, and charcoal for industry. The
first legislation related to forest harvesting dates from the early eighteenth century
when large-diameter trees along rivers were required to supply Peter the Great’s
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shipbuilding program (Fedorchuk et al., 2005; Redko, 1981; Sokolov, 2006). The
first forestry university in Russia was established in 1803 in St. Petersburg.

Over the last centuries, forest management in Russia has been closely linked to
the country’s dramatic political and economic changes. Whereas traditional forestry
in Russia had obvious German roots, the second half of the nineteenth century and
the beginning of the twentieth century were periods of rapid development of national
forest science and increased study of natural forest ecosystems, forest management,
and silviculture (Morozov, 1924; Orlov, 1927, 1928a, b). At the onset of the First
World War, however, only 5% of Russian forests had been inventoried and had
developed forest management plans; another 13% had been surveyed for different
goals (Kozlovsky, 1959). The 1923 Forest Code acknowledged various functions
of forests (protection, conservation, cultural and commercial uses) and formed the
basis for further classification of forests into major functional forest management
categories.

Around 1930, extensive management began to restore and industrialize the
economy, normalizing the harvest of the most productive and accessible stands,
the preferential selection of the most valuable tree size and quality, and the use of
natural and assisted regeneration (Fedorchuk et al., 2005). Typical forestry involved
large-scale “concentrated” clear-felling with 50-100 ha harvesting areas and, in
many cases, substantially larger surfaces (Aksenov et al., 1999; Fedorchuk et al.,
2005; Kozubov & Taskaev, 2000) until the second half of the 1960s, whereas other
features of extensive forest management remain in application (Sokolov, 2006).
These concentrated harvesting areas were not conventional clear-cuts, as foresters left
behind large uncut patches of various sizes and individual trees of unused species or
individual trees having bad stem quality (Baranov, 1954; Solntsev, 1950). Moreover,
in the incomplete clear fellings, 61-90% of the stand growing stock was harvested
(Melekhov, 1966), representing a retention level of up to 40%. This model, however,
decreased the growing stock or altered stand composition over large areas in the
managed parts of the boreal zone. These changes, combined with large fires in
post-harvesting areas, encouraged the logging of new previously uncut regions in
Russia.

1.3 New Forest Paradigm After Sustained Yield
Management

Intensive even-aged forest management and the sustained yield approach have
provided a sustained supply of wood fiber for industry, as reflected by the success
of Sweden and Finland in increasing forest yield. Toward the end of the twentieth
century, throughout the boreal biome, the cumulative adverse ecological effects of
even-aged management with clear-cut harvesting began to draw attention (Franklin,
1989). These negative consequences include the simplification of forest structures,
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the disappearance of old, large trees, and the decline in the amount of dead-
wood (Chap. 5). Sustained yield management based on the “fully regulated forest”
paradigm began to be questioned for its inability to maintain forest values and
resources other than timber.

Short harvest rotations with clear-cutting were shown to fundamentally alter
ecosystem structure compared with conditions produced through natural distur-
bances; the latter are more variable in terms of frequency, severity, and extent than
traditional harvesting approaches. Particular concern involved managed forest land-
scapes becoming fragmented because of the loss of older and more structurally
heterogeneous forests, which dominate landscapes under longer, or less severe,
natural disturbance regimes (Cyr et al., 2009; Franklin, 1997; Kuuluvainen, 2009;
Ostlund et al., 1997). Most managed boreal forest stands suffered declines in dead-
wood, reduced structural heterogeneity, and, in some cases, tree species diversity
(Chap. 6; Shorohova et al., 2019; Siitonen, 2001). In many regions, young, struc-
turally homogeneous stands with early successional species began to dominate
managed forest landscapes. This change was accompanied by a reduction in the area
hosting older, structurally complex stands dominated by later successional species
and large living and dead trees (Cyr et al., 2009; Kuuluvainen & Gauthier, 2018;
Shvidenko & Nilsson, 1996).

These concerns were accompanied by a growing scientific knowledge related
to (1) the relationships between forest structure, stand age, and biodiversity; (2) the
importance of biological legacies in forest regeneration and succession; (3) the critical
role of deadwood in forest ecosystem functioning and biodiversity; (4) the importance
of natural disturbances as key ecological drivers within forest landscapes; and (5) the
relationship between biodiversity and forest productivity, resistance, and resilience
(Angelstam, 1998; Bergeron & Fenton, 2012; Bergeron et al., 2017a, b; Burton,
2013; D’ Amato et al., 2017; Franklin, 1997; Gauthier et al., 2009; Gustafsson &
Perhans, 2010; Lavoie et al., 2019; Montoro Girona et al., 2016).

Together with increased public and market awareness of the importance of
sustaining the economic, ecological, and social/cultural values of forests, these
concerns led to the emergence of a new forest management paradigm. The term
sustainable forest management (SFM) was coined in the “Forest Principles” arising
from the United Nations Conference on the Environment and Development (UNCED;
i.e., the Rio Earth Summit) in 1992. In the subsequent years, countries collabo-
rated to define SFM criteria and indicators (Wilkie et al., 2003). At the Conference
of the Parties of the Convention on Biological Diversity (CBD) held in Jakarta in
1995, participants identified the ecosystem approach (EA)—an integrated strategy
for conserving and sustaining land, water, and biological resources—as the primary
framework for actions under CBD (Box 1.2). Both approaches have been very
influential in developing forest ecosystem management in the boreal biome.

The fundamental difference between FEM and traditional forest management lies
in the former’s focus on managing the forest as an integrated, holistic, ecological
entity existing at multiple spatial and temporal scales. FEM explicitly incorporates
planning for what is to be extracted and for the full range of economic, ecological,
and social/cultural values to be maintained within the landscape. Thus, this approach
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considers not only forest structure and composition but also ecological processes such
as biogeochemical cycling, forest regeneration, species migration patterns, carbon
sequestration, and ecosystem resistance and resilience (Gauthier et al., 2009; Palik
et al., 2020). Although the definition of the concepts and practical applications vary
from one jurisdiction to another, common principles, characteristics, and goals are
shared among most national frameworks (see Box 1.2; Christensen et al., 1996;
Galindo-Leal & Bunnell, 1995; Gauthier et al., 2009; Grumbine, 1994; Kimmins,
2004).

Box 1.2 Origins of the Sustainable Forest Management/Ecosystem
Approach

The “Forest Principles” arising from the United Nations Conference on the
Environment and Development (UNCED, i.e., the Rio Earth Summit) in 1992
helped define the concept of sustainable forest management (SFM), which was
subsequently adhered to and developed by many countries. Conceptually, SFM
aims to balance the ecological, economic, and sociocultural pillars of forest
management. The goal of SFM is to provide integrated benefits to all, including
safeguarding local livelihoods, protecting biodiversity and other ecological
services provided by forests, reducing rural poverty, and mitigating some of
the effects of climate change. Despite variations in definitions among countries,
several criteria serve as common targets for SEFM. These include: (1) the mainte-
nance of the extent of forest resources; (2) the conservation of biological diver-
sity (genetic, species, landscapes); (3) the conservation/enhancement of forest
health and vitality; (4) the maintenance of forest productivity; (5) the main-
tenance of the ecological functions of forests, such as water cycling, carbon
cycling, and interactions with climate; (6) the maintenance of socioeconomic
benefits from forest resources.

At the Conference of the Parties of the Convention on Biological Diversity
(CBD, 1995), the ecosystem approach (EA) was proposed as a framework
for conserving biodiversity and ensuring the sustainable use of ecosystem
resources. Its development continued until 2000 with the framing of an inte-
grated strategy for conserving and sustaining land, water, and biological
resources (Wilkie et al., 2003). The CBD (2000) defines EA as:

a strategy for the integrated management of land, water and living resources that
promotes conservation and sustainable use in an equitable way. [EA is] based on
the application of appropriate scientific methodologies focused on levels of biolog-
ical organization, which encompass the essential structure, processes, functions and
interactions among organisms and their environment. It recognizes that humans, with
their cultural diversity, are an integral part of many ecosystems.

Several principles of EA are similar to those proposed in SFM, whereas other
principles focus more on ecosystem complexity and functioning. Important
elements are that EA should: (1) consider management effects on adjacent
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ecosystems; (2) prioritize the maintenance of ecosystem structure and function;
(3) manage the ecosystem at appropriate temporal and spatial scales relevant
to long-term management objectives; (4) establish a balance between conser-
vation and the use of biodiversity; and (5) consider all forms of information
be it scientific, traditional ecological knowledge (TEK), etc. *“...overall, SFM
and EA express similar goals and ambitions for forest management focussing
on environmental, social and economic sustainability, and on generating and
maintaining benefits for both present and future generations.” (Wilkie et al.,
2003). In Canada, the Canadian Council of Forest Ministers adopted the SFM
principles in 1995 (CCEM, 1995).

1.4 Implementing Sustainable Forest Management Within
Boreal Regions: Approaches, Successes, and Shortfalls

Over the past three to four decades, boreal jurisdictions have agreed to the SFM
principles and have more or less succeeded in implementing FEM within forestry
policies, regulations, and planning.

1.4.1 Canada

In North America, both SFM and FEM emerged out of the ideas of ecological forestry
of the Harvard Forest developed in the 1940s (D’ Amato et al., 2017). These ideas
were modified further and became known as new forestry or NDBM (Franklin, 1989;
Gauthier et al., 2009; Hunter, 1993). These concepts have since been implemented
partly (the late 1990s) by forest managers by fitting these approaches into traditional
planning schemes of forest management (Box 1.1; Harvey et al., 2003).

Since the 1990s, the implementation of FEM in the boreal forest of Canada has
been deeply rooted in an understanding of past disturbance regimes (NDBM) and
the natural range of variability (NRV; Box 1.1) of these events (Gauthier et al.,
2009; Ontario Ministry of Natural Resources, 2001; Perera et al., 2004). This was
considered a precautionary coarse-filter approach, as without a proper understanding
of ecological mechanisms, maintaining natural forest conditions within the NRV
was perceived as a suitable means of preserving the ecological structure, function,
and resilience in forested landscapes (Cissel et al., 1999; Hunter, 1993). The NRV
concept aims to maintain the characteristics of managed stands and landscapes within
the historical natural range of variability (Cissel et al., 1999; Landres et al., 1999).
Although the implementation of FEM has differed among Canadian jurisdictions,
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commonalities have emerged. These similar ideas are notably because of the exis-
tence of the NSERC (Natural Sciences and Engineering Research Council) Sustain-
able Forest Management network (SFMn), a large research—industry partnership,
which existed between 1995 and 2010 (https://sfmn.ualberta.ca/about-us/ consulted
26 April 2021).

One of the FEM framework elements aimed to facilitate “the formulation of envi-
ronmental issues and the development of targets that have to be sustained or achieved
within the implemented management system” (Gauthier et al., 2009). With the tran-
sition toward FEM, several attributes and processes manipulated by forest manage-
ment were identified as vulnerable because of past management approaches. It was
also recognized that long-term planning over large areas was needed to ensure the
maintenance or restoration of these attributes (Table 1.1). These identified attributes
included (1) the proportion of different forest age classes (old-growth versus young
forest) and their spatial distribution across the landscape; (2) the landscape pattern
of forest composition at the stand and landscape levels and associated dynamics; (3)
variable internal stand structure; the retention of biological legacies such as dead-
wood or the pit and mound aspects of soils; (4) soil fertility and site productivity
(Gauthier et al., 2009). The fire regime was the main disturbance regime on which
the FEM was based in Canada (Bergeron et al., 1999, 2002; Ontario Ministry of
Natural Resources, 2001; Vaillancourt et al., 2009). More recently, low and moderate
severity disturbances (wind, insect, and low severity fire) have been recognized as
contributing to NRV and have been slowly incorporated into FEM (Chap. 4; Berg-
eron et al., 2017a, b; De Grandpré et al., 2018; Lavoie et al., 2021; Stockdale et al.,
2016). For instance, it is now recognized that although both fire and insect outbreaks
over the Holocene have co-occurred at a regional level, outbreaks were more frequent
when fire frequency was low (Chap. 2; Navarro et al., 2018b). These disturbances
also strongly influence forest dynamics, impacting the amount, composition, and
structure of old forests (Martin et al., 2019, 2020). In short, the characterization
of the range of variability in past disturbance return intervals, severity, and extent
over the last few centuries serves to set targets for maintaining or recovering partic-
ular forest characteristics, e.g., successional stages (old forest), forest composition
(shade-tolerant species), and forest structure (Table 1.1; Chap.7).

Several experimental studies examining the effects of partial harvesting and vari-
able retention have been established in various regions of Canada (Chap. 16; Box 1.1;
Brais et al., 2004; Fenton et al., 2013; Montoro Girona et al., 2016; Ruel et al.,
2007; Spence et al., 1999), and the knowledge gained from these research projects
has slowly been implemented into operational practice. Assessment of the impacts
of these treatments on biodiversity, forest regeneration and dynamics, deadwood
dynamics, soils, and carbon storage (for up to approximately 15 years post-harvest)
has provided considerable insight into the ecological structure, functioning, and
dynamics of these forests. Retention or partial harvesting has been shown as a means
of meeting FEM objectives (e.g., Bartels et al., 2018; Fenton et al., 2013; Franklin
etal., 2018; Montoro Girona et al., 2016, 2017, 2018a, 2019; Moussaoui et al., 2020;
Pinzon et al., 2016; Thorpe & Thomas, 2007; Work et al., 2010). The results are
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slowly being applied to operational harvesting, forest management planning, and
government policy (Jetté et al., 2013; Ontario Ministry of Natural Resources, 2001).

Despite the push for implementing a FEM framework, several elements of this
paradigm remain unaddressed, and not all elements of the framework have been
implemented (Table 1.1; Van Damme et al., 2014). In some Canadian jurisdictions,
targets exist for maintaining a minimal proportion of forest older than a certain
age, and some constraints have been produced related to the acceptable amount
of young forest within various land units (Table 1.1; Alberta Sustainable Resource
Development, 2006; Bergeron et al. 2017a, b; Bouchard et al., 2015; Jetté et al.,
2013). Elsewhere, harvesting rotation cycles are designed to be aligned with the
mean average fire return interval of the regional forest (DeLong, 2007).

Some Canadian jurisdictions have developed requirements to regenerate stands
having the same composition as the original harvested forest. These requirements
include efforts to regenerate mixedwood stands (Alberta; see Table 1.1). Retention
harvesting (Box 1.1) is adopted increasingly to maintain stand structural hetero-
geneity, deadwood amounts, and key habitat features such as old, large trees. Main-
taining forest productivity is approached through strict requirements for regener-
ating to sufficient density and monitoring to ensure early stand growth (Québec,
Alberta; see Table 1.1). In some areas, there are considerations to maintain mixed
stands, although true mixedwood management is uncommon (Chap. 15). In terms of
spatial configuration, the shape and size of cutblocks have been modified in many
instances to emulate the patterns created by natural fires (Ontario Ministry of Natural
Resources, 2001). The conservation of key species is approached by conserving key
habitats and maintaining some larger areas lacking human disturbance. Efforts are
also undertaken to maintain the within-stand structure through partial cutting and
tree retention (Table 1.1).

Although some FEM elements based on the NDBM/NRV approach have been
applied, FEM has yet to be fully implemented. For example, despite both the impor-
tance of preserving old forests or forests with recognized old-growth attributes and the
recorded increase in green-tree retention harvesting, forest management continues
to operate predominantly under a single cohort, even-aged management system with
low-retention clear-cut harvesting and short rotation cycles. This system tends to
reduce the proportion of older forest stands while homogenizing the forest structure
(Bergeron et al., 2006; Bouchard & Garet, 2014; Dhital et al., 2015). Stand-level
considerations remain largely the focus of planning and management processes, and
the focus continues to lie mostly on structures to a much greater degree than on
processes. Moreover, although there is recognition of the importance of monitoring
the effects of silviculture and management practices to determine whether the objec-
tives for biodiversity and forest productivity have been achieved, this has only been
partially fulfilled in operational landscapes (Chap. 14).

The consideration of First Nations values and rights in forest management is
developing through various mechanisms in Canada. Co-management initiatives were
launched through Canada’s Model Forest program (1992-2007) (Bullock et al.,
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2017). The program aimed to define and implement sustainable forest management
at the local and operational scales through a collaborative exercise (Bullock et al.,
2017). The program generated an important research effort in both the natural and
social sciences (Bonnell, 2012) and led to some lasting partnerships; for example,
the Prince Albert Model Forest, inaugurated in 1992, is co-managed by a group of
stakeholders, including First Nations, federal and provincial agencies, research agen-
cies, and industry (Bouman et al., 1996). Its success is attributed to the implication
of First Nations at all levels of governance.

The signing of modern treaties and agreements between First Nations and levels
of government provides another mechanism. The James Bay and Northern Québec
Agreement was the first modern treaty in Canada (1975). The treaty led to La Paix
des Braves Agreement, negotiated between the Grand Council of the Cree (Eeyou
Istchee) and the Québec Government in 2002. The forestry chapter’s spirit enhanced
the importance of the Cree traditional lifestyle, sustainable development, and the
consultation process within Eeyou Istchee, the land of the Cree. This treaty initiated
the monitoring and regulation of timber harvesting at the trapline scale, per local
land use and management. It also officialized the roles and responsibilities of the
tallyman, often a family elder, as the trapline manager (Whiteman, 2004). Despite
some successes, many challenges remain for considering First Nations values and
rights in forest management. They include the conciliation of values and knowledge
(Asselin, 2015), the consideration of Indigenous land use in forest planning and
monitoring (Bélisle & Asselin, 2021; Bélisle et al., 2021; Saint-Arnaud et al., 2009),
and the adaptation of governance structures for First Nations to be involved at all
decision-making steps.

1.4.2 Sweden and Finland

In Sweden and Finland, the pathways toward FEM have differed from those of
Canada. These differences between the chosen FEM approaches of both regions
partly reflect conditions and restrictions determined by differences in forest-use histo-
ries and ownership structures. In Canada, boreal forests are primarily state-owned,
and harvesting has, until now, involved mainly primary forests rented to forestry
companies as long-term concessions; this organization facilitated the development
of landscape-level coarse-filter management approaches. In Sweden and Finland, on
the other hand, implementation was mainly fine-grained, reflecting the long history
of intensive forest use, where pristine forests have largely disappeared, and most
harvesting occurs within secondary or human-influenced—to varying degrees—
forest. Moreover, the distribution of forest ownership among numerous private forest
owners hampers the development of larger-scale approaches.

The first marked initiative was the introduction of the ASIO-model based on fire
occurrense (Absent, Seldom, Infrequent, Often; Angelstam, 1998). This approach
was based on the assumptions of natural fire regime effects on forest structure and
dynamics (Angelstam, 1998; Kuuluvainen & Grenfell, 2012). Although influential as
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a pedagogical tool, the model’s implementation in the field was only vaguely based
on reference conditions. One problem was the lack of a proper understanding of
natural fire ecology (Berglund & Kuuluvainen, 2021). Thus, instead of coarse-filter
approaches, the focus mainly fell on biodiversity conservation by protecting ecolog-
ically valuable but relatively small-scale features, such as woodland key habitats
(Timonen et al., 2010). Although the definition varies somewhat between countries,
these are typically small—moist, fertile sites hosting high biodiversity and that are
seldom naturally disturbed. Because they are small and sparsely located across the
landscape, the ability of species to move between patches can be restricted; thus,
the capacity of these patches to protect species populations from a metapopulation
perspective has been questioned (Hanski, 2000).

Another approach to compensate for the adverse ecological impacts of clear-
cut timber harvesting involves leaving retention trees during harvesting operations
(Box 1.1; Gustafsson et al., 2012; Simonsson et al., 2015). However, the applied
tree retention is typically low; for example, in Sweden—Finland, it is common to
leave only a small number of trees (5—-10 per ha) (Kuuluvainen et al., 2019). As the
retention level strongly influences species responses, the low retention levels do not
provide the habitat quality and continuity needed for declining and red-listed forest
species, notably as many are dependent on old living trees and coarse woody debris.
The accumulated research evidence suggests that current retention levels are too low
to provide credible positive effects on biodiversity (Kim et al., 2021; Kuuluvainen
etal., 2019).

Together, tree retention practices, protection of woodland key habitats, and conser-
vation areas have been called the hierarchical multiscale approach to biodiver-
sity conservation (Gustafsson & Perhans, 2010). However from the 1990s onward,
the practices have been mainly fine-filter or precision-conservation approaches,
which aim to protect valuable small-scale habitats and the associated biodiver-
sity. In contrast, forest management has focused less on the large-scale ecosystem
components, forest structures, and processes, i.e., the coarse-filter approach. Thus,
actions related to biodiversity conservation are generally not part of any integrated
ecosystem-based management framework but instead are implemented as separate
measures on top of the intensive, business-as-usual even-aged management system
(Kuuluvainen et al., 2019).

Research efforts to develop coarse-filter-inspired management based on natural
disturbances have been put forward. An example is the DISTDYN project. This
project involves an experimental setting specifically designed to emulate natural
disturbance patterns in harvesting (Koivula et al., 2014). The focus is on large-
scale (150-200 ha) blocks or “landscapes,” each characterized by a different scale
of harvesting units (from single tree selective cuts to clear-cutting) and retention
level, derived from recent research on natural disturbance dynamics (Kuuluvainen &
Aakala, 2011).

Despite the ongoing implementation of SFM strategies and practices, the managed
forest landscapes in Sweden and Finland face considerable challenges. Biodiversity
loss remains a serious concern, and habitat loss and fragmentation continue to drive
the ecological degradation in boreal forests. In Sweden and Finland, the long history
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of intensive forest management for timber production has reduced habitat quality
and connectivity. In Finland, for example, there are currently 816 endangered forest
species (Hyvérinen et al., 2019), and the extinction debt of forest species because of
forest management is estimated at around 1,000 species (Hyvérinen et al., 2019). This
loss of biodiversity is likely to adversely affect the functioning of forest ecosystems
(i.e., decomposition of organic matter, nutrient cycling, and carbon sequestration)
and the capacity of forests to provide ecosystem services (Duffy, 2009). The main
drivers of biodiversity decline are the loss of natural forest habitats, including those
lost through wildfire (Bergeron & Fenton, 2012; Koivula & Vanha-Majamaa, 2020;
Nordén et al., 2013). Growing concerns about biodiversity loss in Swedish—Finnish
forests (Granstrom, 2001; Kouki et al., 2001; Hyvérinen et al. 2019) have heightened
the importance of maintaining and even restoring biodiversity (Kuuluvainen, 2009).
Although the last 20 years have been witness to several retention and restoration
experiments (Halme et al., 2013; Koivula & Vanha-Majamaa, 2020; Vanha-Majamaa
et al., 2007), the knowledge produced from these studies has yet to be implemented
at a larger scale (Koivula & Vanha-Majamaa, 2020; Kuuluvainen et al., 2019).

1.4.3 Russia

Russia took a different path in implementing SFM because of the significant sociopo-
litical changes of the past 50 years. The Soviet period of forest management left a
diverse legacy. On the one hand, the Soviet system produced a well-developed forest
science and professional education structure. It established sound systems of forest
inventory and management, forest regeneration, and protection against disturbances.
Forests also had a relatively high political profile for some periods, such as during
Stalin’s plan of nature transformation (1948—-1953) (Koldanov, 1992), and the Soviet
system improved our understanding of the role of forests in a changing world. On the
other hand, the Soviet political and economic system was incapable of generating a
forest strategy able to address the challenges of a rapidly changing world. Political
pressure, inappropriate forest statistics, misleading information about the availability
of forest resources, and ignored regional natural and sociocultural variation in forest
structure and functions hampered the development of state forest policy.

The dramatic political, social, and economic changes in Russia after the 1990s
worsened the situation with the reforms introduced by the Forest Code published in
2006. Currently, forests in Russia are owned by the state and are leased to private
forest companies. Forest management is regulated by the Forest Code of 2006—
although many subsequent corrections have been made—and numerous federal and
regional laws and regulations. The practice of forest leases does not, however, corre-
spond to sustainable forest management principles. As a result, the governance and
protection of forests have deteriorated significantly. Areas in which major silvicul-
tural treatments have been implemented have decreased two to four times relative
to areas in the 1990s (FAO, 2012; Petrov, 2013; Shvidenko et al., 2017; Shutov,
2006). In some jurisdictions, the amount of available timber resources has become
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depleted. There are currently intense debates on these issues within Russian industry,
government, and academia.

Russia is a member of both the Montréal and pan-European processes on criteria
and indicators for sustainable forest management. Most boreal forests used for wood
production are certified according to national Forest Stewardship Council (FSC)
standards (Elbakidze et al., 2011). Although some appropriate decisions have been
made, none of the top-level decisions during the last three decades have been fulfilled
completely.

All Russian forests are divided into protective, commercial (exploitable), and
reserve forests. Protective forests are divided into four categories, each having
different management regimes—from the complete prohibition of any harvest to
varying levels of restriction—and aim to protect natural areas as well as water supply
and quality through providing protective belts of forest along transport ways or in
cities, forest parks, urban forests, and other valued forests, e.g., anti-erosion forests,
forests growing in steppe, forest—-tundra, and high mountains. Most of the forest
estate lies within the commercial category. The forest inventory data estimates this
area at approximately 40% of the total boreal forest area within the country. Diverse
categories of protective forests comprise 26% of the total forest area. Reserve forests
are practically unmanaged territories (around 210 million ha in 2010), as they are
not planned to be harvested within at least the next 20 years.

Since 1978, in addition to the particular state-level protected areas, key biotopes
(forests of 0.1-1,000 ha), which can occur in protective, commercial, and reserve
forests, remain partly or entirely unmanaged; for example, habitats of rare species
or old-growth forests are completely unmanaged. Clear-felling is forbidden in all
types of critical biotopes. The key biotopes and elements preserved in NW Russia are
similar to woodland critical habitats in NSF and the Baltic (Latvia, Estonia, Lithuania)
countries (Timonen et al., 2010). The main types of key biotopes include (1) forest
patches around peatlands, small lakes, and springs; uneven-aged forest patches; (2)
gaps after windthrows; (3) regionally rare tree species; (4) old trees; (5) trees with
bird nests and hollows; (6) snags; and (7) high stumps and large downed deadwood
of different decay classes. Since 2001, biodiversity conservation has been actively
incorporated into forest management per forest certification criteria (Chap. 21). In
addition to the mandatory forest management restrictions within key biotopes, some
nonmandatory protected key biotopes and key elements (retention forest patches and
individual structures) with possible buffer zones around these protected areas are
also left unharvested (Shorohova et al., 2019 and citations therein). Evidence related
to the quantity of key biotopes and elements is scarce. One case study of ten FSC-
certified forest companies demonstrated that the area of key biotopes inside clear-cut
areas (data from 2005 to 2014) varied from 1 to 13% with a mean of 6%; therefore,
most key biotopes are protected outside the areas planned for harvesting (Ilina &
Rodionov, 2017).

The practice of leaving retention tree patches and critical elements in harvesting
areas began with model forests in 2000 (Elbakidze et al., 2010; Romanyuk et al.,
2001) and later became common in NW Russia. Since the 1990s, selective logging
has become more common. After 2000, the share of selective harvest in NW Russia
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varied among regions, ranging from 2 to 58% with a mean of 22% (Federal Forestry
Agency, 2013).

The growing decline in forest resources in European Russia and southern Siberia
has brought into question the sustainability of harvests at the regional scale (Shvi-
denko & Nilsson, 1996). The annual allowable cut (AAC) assessment is based on the
sustained yield model derived from the German classical school (Antanaitis et al.,
1985; Sukhikh, 2006). The inconsistency of this approach has been demonstrated
(Sheingauz, 2007), with one of the main critiques being the lack of integration of
several important issues, such as the impact of natural disturbances, the uneven-aged
nature of forest stands (Shvidenko & Nilsson, 1996), and regional variation in timber
demand. There exists a means of accounting for these issues within AAC calculations
(Sheingauz, 2007); however, this calculation has not been implemented in practice.

Multiple studies have shown that the officially established AAC (about 650-700
million m3-year ~! for all of Russia during the last decade) is about twice as high as
the potential sustainable harvesting level should be, according to the SFM principles
(Sokolov, 1997; Sukhikh, 2006). Therefore, the official information on the significant
underutilization of AAC in Russia in recent decades must be cited with caution.
Significant hidden overharvesting was typical for individual forest enterprises in
northern European Russia, south-central Siberia, and the Russian Far East between
1950 and 1990 (Koldanov, 1992; Sheingauz, 2007).

Increasing wood production and a shift to intensive forest management
(Karjalainen et al., 2009; Karvinen et al., 2011) have been much discussed over
the last 30 years. Alternatively, adaptive management for maximizing resilience and
the sustainability of forests under climate change has been recommended (Chap. 13;
Chapin et al., 2007; Karpachevsky, 2007; Naumov et al., 2017; Nordberg et al.,
2013). The concept promotes selective felling practices and preserving key biotopes
and elements in parallel with research and monitoring of the results of their practical
implementation. Its implementation, however, is affected by discrepancies between
existing forestry regulations and sustainability (Karpachevsky, 2007; Kulikova et al.,
2017; Sinkevich et al., 2018; Yanitskaya & Shmatkov, 2009). The diverse natural
and socioeconomic conditions across the country and the variable legacies from
past forestry activities should be considered in forest management planning (Lukina
etal., 2015; Naumov et al., 2017; Shvarts, 2003; Shvidenko & Schepaschenko, 2011;
Sinkevich et al., 2018).

1.5 Role and Need for a Restoration Framework

If the forest is heavily used and degraded, sustainable ecosystem management for
multiple ecosystem values and services is not directly possible (see the definition
of FEM, Box 1.1). This is the case in some southern boreal regions, especially in
Fennoscandia, where forest use has been most intensive and long lasting (Berglund &
Kuuluvainen, 2021; Kuuluvainen, 2009). In these cases, a lengthy restoration period
may be required before FEM is possible (Fig. 1.2; Halme et al., 2013; Seymour,
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2005). This long period occurs because forest landscapes show considerable inertia
to changes in management, and there can be significant time delays in attaining
favorable management status goals, depending on the level of restoration activities
and the past use of the forest.

Finland and Sweden provide examples of a situation where restoration is needed
before FEM becomes possible (Fig. 1.2; Chap. 18). Boreal forest management has
been intensive in these regions and based on even-aged forest management and
clear-cut harvesting. This practice, combined with short cutting rotations relative to
natural disturbance cycles, has produced landscapes of young, structurally simplified
forests that fall outside the NRV of the regional natural heterogeneous landscapes,
which are characterized by old uneven-aged forests, big trees, abundant deadwood,
and a relatively high structural variability (Kuuluvainen, 2009). Here, restoration
using natural disturbance—based management is needed before FEM can be applied
(Berglund & Kuuluvainen, 2021).

At present, restoration has been carried out in protected areas for habitat manage-
ment purposes (Simild & Junninen, 2012). The first controlled burning for restoration
purposes in Finland, and possibly anywhere in Europe, was conducted on a small,
wooded island surrounded by peatland in Patvinsuo National Park in 1989. Twenty
years later, the burned site is a hotspot for polypore fungi, hosting many red-listed
species (Simild & Junninen, 2012). Experiences from such experiments can also be
used for restoring managed forests (Vanha-Majamaa et al., 2007).

Although heavily exploited for a long time in its southern parts, the boreal zone
still encompasses half of the world’s unexploited forests (Burton et al., 2010).
These large areas of relatively unmanaged boreal forest are found in Canada and
Russia. Over the last 50 years, however, harvest operations have increased signifi-
cantly in Canada, reaching the highest ratio of cutting globally by the end of the
1990s (Perrow & Davy, 2002). Consequently, Canadian restoration goals focus
on protecting natural forests (passive restoration), restoring degraded areas related
to mining, and applying sustainable forest management practices. Recently, some
experiments to restore the natural forest structure have used commercial thinning
operations to convert plantations from even-aged to irregular or uneven-aged stands
(Schneider et al., 2021). Similarly, Thibeault et al. (submitted) also demonstrate
that planting conifers to replace fallow lands not only maintains carbon sequestra-
tion capacity but also contributes to counteracting the decrease in native conifers
observed since colonization in northern Québec (Marchais et al., 2020).

In Russia, there have been only a few studies on ecological restoration, with
research focused on broadleaf forests (Korotkov, 2017), peatlands (Minayeva et al.,
2017), and individual species (Baerselman, 2002). Green desertification, a form of
degradation, has been observed in the northern bioclimatic zones of boreal Asian
Russia (Yefremov & Shvidenko, 2004). Ongoing climate change has increased the
area burned as well as fire frequency and severity (Shvidenko & Schepaschenko,
2013), which has led to the marked transformation of forest ecotopes. In harsh envi-
ronmental conditions, e.g., on permafrost, in mountains, and within zonal ecotones,
such burned areas cannot restore their productive potential and forest cover for
decades or even centuries without human assistance. Similar regeneration failures
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have also been reported in Canada (Whitman et al., 2019) and are expected to increase
in the future (Splawinski et al., 2019).

We are therefore in urgent need of effective methods for restoring forests impacted
by intensive management or other human disturbances. Nonetheless, ecological
restoration is far from a straightforward template-based model, especially consid-
ering the uncertainties caused by ongoing global change. These changes are likely to
affect (directly and indirectly) terrestrial ecosystems, but restoration planners rarely
account for such future impacts. Restoration ecology requires novel approaches
and more interdisciplinary scientific collaboration to address these new challenges.
Global change occurs at multiple scales, as do degradation and restoration; thus, it is
necessary to consider species, processes, and interactions from the microhabitat to
landscape scale to ensure efficacy and success in future management approaches. In
the light of global change, the priority lies not only on conserving but also on restoring
forest ecosystems, taking their resilience to global change into account (Chap. 17).
Even if restoration represents a major challenge in boreal forests, the research effort
in this field is limited relative to that in other biomes, e.g., tropical forests. We there-
fore need to apply ecosystem-based management strategies and implement effective
practices to restore degraded forest systems if we want to safeguard forest biodiver-
sity and ecosystem services (Chap. 25; Aronson & Alexander, 2013; Hof & Hjiltén,
2018; Moen et al., 2014).

1.6 A New Context Challenging the FEM Paradigm

1.6.1 Climate Change in the Boreal Forest

Boreal forests are experiencing rapid climate change and increased pressure from
resource extraction and land use. As the boreal biome is located at higher latitudes,
it is particularly affected by the changing climate (Bush & Lemmen, 2019; IPCC,
2014; Price et al., 2013); for example, modified climate patterns are already affecting
regional disturbance regimes (Hanes et al., 2019; Safranyik et al., 2010; Seidl et al.,
2017). By the end of the twenty-first century, under the business-as-usual IPCC
climate scenario (RCP8.5), the average temperature of the boreal biome is predicted
to rise from —4.3 to 4.2 °C, with some regions attaining average increases of 10 °C
(based on the data of Thrasher et al. (2012) with the CanESM?2). In Russia, for
example, under the RCP8.5 scenario, the average annual temperature is expected
to increase from 6 to 9 °C by 2100 over much of the country (even higher in some
regions), and uncertain, yet likely small, increases of the precipitation are predicted in
continental Russia. Similarly, only a slight increase in total precipitation is projected
during this period in other extensive areas of the boreal zones.

These changes are likely to be accompanied by changing disturbance regimes
having a diversity of potential outcomes. In most regions where fire is an important
disturbance agent, the number of fires and the annual area burned are expected to



32 S. Gauthier et al.

increase (Boulanger et al.,2014; IPCC, 2014). In Russia, for instance, recent evidence
points to a new fire regime of greater area burned and an increased fire frequency
and severity (Bartalev & Stytsenko, 2021; Bartalev et al., 2015, 2020), which has led
to the destruction of forest resources of dozens of forest enterprises. Disturbances
such as fire are already limiting commercial forestry in many boreal forest areas
(Gauthier et al., 2015b), and forestry activities are expected to be even more limited
as climate change-related disturbances increase (Boucher et al., 2018; Hof et al.,
2021). Moreover, direct impacts of heat waves (e.g., central Russia in 2010, western
Siberia in 2012, northern central Siberia in 2013) may substantially decrease forest
productivity in Russian boreal forests because of higher temperatures and greater
water stress (Bastos et al., 2014). Drought frequency is expected to rise, and the
overall regional climate is projected to become dryer, resulting in potential effects
on forest productivity (Girardin et al., 2016; Shvidenko et al., 2017; Tchebakova
et al., 2009).

Although future climate change may be more conducive to insect outbreaks (e.g.,
Navarro et al., 2018b; Régniere et al., 2012; Safranyik et al., 2010)—allowing the
insects to migrate north or east of their current range—it may also favor a lack
of synchroneity with their hosts’ phenologies (Pureswaran et al., 2015), thereby
reducing their potential effect. However, recent work suggests that insects can evolve
rapidly to synchronize with hosts (Bellemin-Noél et al., 2021; Pureswaran et al.,
2019). Thus, invasive insects could produce outbreaks in regions where a cold climate
previously prevented their colonization (Kharuk et al., 2019; Safranyik et al., 2010).

Moreover, although current human population densities in most boreal regions
remain relatively low, land use and excessive natural resource exploitation add further
stresses to the boreal biome (Gauthier et al., 2015a). Development-related air pollu-
tion represents another potential stressor (Bytnerowicz et al., 2007). Landscape frag-
mentation is increased through the cumulative effects of land-use activities, including
forest harvesting, urbanization, transportation infrastructure, energy and mineral
development (e.g., Chap. 19; Schneider et al., 2003). Market forces and global events
also reduce or heighten the pressure on forest resources—the 2008 economic reces-
sion provided an example when global economic forces lowered harvesting levels
in Canada. Such socioeconomic hazards and random elements may compound the
climate change-related impacts by reducing the forest’s adaptive capacity (Millar
et al., 2007). These events also render the entire socioecological forest system even
more unpredictable (Nocentini et al., 2017). All these effects have consequences on
our ability to manage forests sustainably in the future.

1.6.2 Challenging the FEM Paradigm

As the extent of potential impacts of climate change on forests became increasingly
evident by the early 2000s, the scientific community began to present some criticisms
of FEM and propose alternative management approaches (Messier et al., 2019; Millar
et al., 2007). A prominent critique of FEM relates to the relevance of using the
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past NRV as a management reference. The main questions centered on whether
establishing baseline conditions from past conditions could create ecosystems ill
adapted to rapidly evolving, non-analog future conditions (Millar et al., 2007).

Millar et al. (2007) identified three types of adaptive strategies to help forest
ecosystems face future climate conditions: resistance, resilience, and transition. First,
heightening forest resistance requires management strategies and practices that focus
on maintaining or restoring forest conditions that are of high value to society. Such
an example would be maintaining specific forest conditions to help preserve an
endangered species or a high-value plantation. Second, bolstering forest resilience
demands actions that ensure forests preserve their ability to return to the desired
state. The return to the closed forest state after disturbance in areas where successive
disturbances can cause regeneration failure is one crucial resilience aspect to focus
on (Blatzer et al. 2021; Kuuluvainen & Gauthier, 2018; Splawinski et al., 2019). The
third strategy involves helping ecosystems adapt to projected future conditions. One
common example of such a strategy is related to assisted migration, where seedlings
from populations adapted to future climatic conditions for the region are used in
plantations or as seed sources (Chap. 30; Pedlar et al., 2012; Ste-Marie et al., 2011).
Several frameworks, tools, and field guides have since been developed to help forest
managers analyze the vulnerability of particular forest ecosystems to future change,
and to prepare management plans and silviculture practices to address upcoming
changes (Chap. 12; Edwards et al., 2015; Gauthier et al., 2014; Handler et al., 2020;
Nagel et al., 2017; Swanston et al., 2016).

Aquatic environments are another neglected aspect of FEM. These water bodies
contribute to the high complexity of boreal forests and are essential to forest func-
tioning (Chap. 29). Aquatic environments provide essential resources for terrestrial
species, such as irreplaceable habitats for the larval stages of multiple species and
the export of essential fatty acids and nutrients toward terrestrial fauna and flora
(Fritz et al., 2019; Martin-Creuzburg et al., 2017). Water-covered lands represent
about 30% of the world’s boreal forest area, ranking the boreal biome as one of the
world’s major sources of freshwater (Benoy et al., 2007). Terrestrial and aquatic envi-
ronments are in constant interaction in the boreal landscape. Whereas most organic
matter and energy fluxes are sourced from the forest and then transported to aquatic
habitats by precipitation, freshet, and wind (Solomon et al., 2015; Tanentzap et al.,
2017), freshwater to land fluxes are greater in terms of energy and nutritional quality
(Gladyshev et al., 2019). Terrestrial organic matter traveling from land to aquatic
environments is processed by aquatic food webs (Grosbois et al., 2020; McMeans
et al., 2015) and returned to terrestrial environments via respiration (Lapierre et al.,
2013) or animal movements, e.g., the emergence of aquatic insects, as boomerang
fluxes (Scharnweber et al., 2014). Aquatic environments are therefore an integral part
of boreal forest functioning at the landscape scale and contribute to the complexity
of the boreal forest; thus, they are components that must be considered within any
future FEM framework.

The recognition of forest ecosystems as complex adaptive systems has also
become part of the conceptual sphere of forest management. This shift in thinking
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arose from the understanding that many feedback loops characterize forest ecosys-
tems, each strongly influenced by their initial conditions, for which the outcomes
have a relatively low level of predictability (Nocentini et al., 2017). This approach
acknowledges the diversity of stand responses; therefore, silviculture implemented
under this concept should not aim to homogenize forest stands but rather adapt to
the stands themselves (Nocentini et al., 2017).

These approaches question the command-and-control idea used in traditional
forestry, a practice that has simplified forest structure to render the system more
fragile and vulnerable in the face of stressors such as pollution, climate change,
and fragmentation (Messier et al., 2019; Millar et al., 2007; Nocentini et al., 2017).
Moreover, the complex adaptive system framework stresses that the future is highly
uncertain, and the entire system outcomes have low predictability (Chap. 28; Messier
etal., 2019; Millar et al., 2007; Nocentini et al., 2017). Thus, a portfolio approach is
required (Gauthier et al., 2014; Millar et al., 2007), i.e., the use of a diversity of solu-
tions to address one particular challenge. An example of this approach would be using
a mixture of provenances when replanting a post-disturbance area to ensure some
trees will be successful under future conditions. This approach contrasts markedly
with more deterministic and optimization strategies, which work best under a set
of known conditions. Permanent outcome monitoring is considered a vital tool for
selecting, controlling, and correcting forest management decisions. At first glance,
these novel approaches proposed to adapt forests to future climate change may seem
quite different in their respective philosophies from the original FEM concepts.
Nonetheless, many of the principles of the FEM approaches remain essential and
can be complemented by these novel approaches (Messier et al., 2019). Manage-
ment based on the past natural range of variability will remain adequate in certain
regions or for selected periods. For instance, in the boreal forest in northwestern
Québec, projected burn rates remain within the natural range of variability of the
past 8,000 years (Fig. 1.3). They thus can serve as a basis for management into
the century. However, new situations could emerge that profoundly change natural
ecosystems, notably in regions dominated by fire-adapted species (Baltzer et al.,
2021).

This book examines the concepts of FEM in the context of global change. The
chapters in this book also identify potential conceptual improvements and adjust-
ments required to address the challenge of future global change and associated uncer-
tainties. Therefore, this book aims to revise the principles of FEM to ensure managed
forests remain resilient in the face of future changes. To achieve this goal, we build
a new framework in collaboration with forest researchers studying all regions of
the boreal biome and highlight new issues, challenges, and trends in forest manage-
ment in a changing world. We also provide novel paradigms for the future of boreal
forest management, including the need to consider social concerns (Chaps. 21 and
22), the interactions between forest and aquatic ecosystems (Chap. 29), the role of
ecological restoration (Chaps. 17 and 18), the potential of new tools facing climate
change (Chaps. 26 and 27), the complexity of forest ecosystems (Chap. 28), and the
challenges and trends facing the future (Chap. 31).
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Abstract Long-term disturbance histories, reconstructed using diverse paleoecolog-
ical tools, provide high-quality information about pre-observational periods. These
data offer a portrait of past environmental variability for understanding the long-
term patterns in climate and disturbance regimes and the forest ecosystem response
to these changes. Paleoenvironmental records also provide a longer-term context
against which current anthropogenic-related environmental changes can be evalu-
ated. Records of the long-term interactions between disturbances, vegetation, and
climate help guide forest management practices that aim to mirror “natural” distur-
bance regimes. In this chapter, we outline how paleoecologists obtain these long-term
data sets and extract paleoenvironmental information from a range of sources. We
demonstrate how the reconstruction of key disturbances in the boreal forest, such as
fire and insect outbreaks, provides critical long-term views of disturbance-climate-
vegetation interactions. Recent developments of novel proxies are highlighted to
illustrate advances in reconstructing millennial-scale disturbance-related dynamics
and how this new information benefits the sustainable management of boreal forests
in a rapidly changing climate.
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2.1 Introduction

Understanding the complex interactions between abiotic and biotic factors and the
impact of these factors on the structure of forest communities across space and time
is crucial for emulating natural disturbance regimes in sustainable forest manage-
ment strategies. Disentangling past relationships between biotic and abiotic factors
has historically been challenging. Paleoecological and dendroecological approaches
serve as the primary means of reconstructing past dynamics, disturbance regimes,
and the biotic and abiotic interactions within boreal ecosystems. Tree rings and the
preserved accumulations of peat and lake sediments are the main archives that record
past environmental conditions within the boreal region. Tree-ring properties and the
preserved accumulations of fossil pollen, charcoal, lepidopteran scales, and spores
within peat and sediment records serve as proxies of past environmental conditions.
Careful interpretation of these proxy tools and their interactions then provides insight
into long-term, i.e., the Holocene, patterns of climate, vegetation, and disturbance
regimes. All paleoecological approaches and their proxy tools hold intrinsic advan-
tages and disadvantages; combined, however, they offer a powerful tool for building
our understanding of boreal ecosystem functioning.

This long-term perspective holds two major advantages. First, rare disturbances
or those having a long return interval —relative to the human lifespan and the existing
observational record—require a longer reference period to record their occurrence
and importance. Second, we are living in a critical, “non-analog” moment in terms
of ecology and climate change; therefore, longer time frames offer the possibility of
indirectly observing a wider range of climatic conditions and the related response
of vegetation and disturbance regimes. Paleoenvironmental data can guide projec-
tions of how changing environmental conditions will affect future forest ecology and
disturbance regimes.

From the perspective of sustainable forest management, silvicultural interven-
tions can be placed within the same framework as disturbances (see Chap. 1). The
consequences of silviculture on forest structures at various spatial scales depend on
the characteristics of the given intervention (see Chaps. 13, 16). If we consider that
species have adapted to these natural conditions, understanding how past forest struc-
ture and composition have responded to specific disturbances can provide insight into
how forest management could be improved to maintain those structural and compo-
sitional characteristics necessary for preserving biodiversity. In the boreal forest, fire
and insect outbreaks, because of their frequency and potential severity, are the major
determinants of boreal forest dynamics. Paleoecological methods able to reconstruct
this pair of disturbances are now well established and continue to be refined. In this
chapter, we provide an overview of the paleoecological approaches able to deci-
pher past records of fire and insect disturbance. This chapter synthesizes the current
state of knowledge related to the long-term records of insect and fire disturbances
in the boreal forest. We illustrate the potential of new proxies and demonstrate the
importance of millennial-scale reconstructions of disturbances for improving our
understanding of current and future forest dynamics. Finally, we explain how this
knowledge has implications for forest management in the context of future climate
change.
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2.2 Fire History Reconstruction

Fire is a major disturbance agent in the boreal forest, and future climate warming is
projected to increase its frequency and severity in many parts of this biome. Inter-
actions between climate, fire, vegetation, and, in particular, the forest response to
changing fire regimes are difficult to predict because of the long timescales asso-
ciated with these changes. Thus, reconstructing a regional fire—through documen-
tary, observational, and remote-sensing data—becomes essential for extending time
series. Fire histories involve the analysis of fire regime characteristics, i.e., fire occur-
rence, frequency, areal extent, and severity, over the long term. These fire histories
also provide a context within which we can evaluate current fire observations. Given
the complex interactions between climate, fire, vegetation, and humans, there is
increasing recognition by ecologists, restoration planners, and forest managers of
the value of the long-term perspectives provided by paleofire records. Understanding
the causes and consequences of fire provides a more solid foundation for developing
appropriate management guidelines, mitigating the loss of forest ecosystem services,
and improving predictions of future fire activity in a changing climate (Waito et al.,
2018).

Climate conditions and vegetation characteristics control fires in boreal forests
(Girardin & Terrier, 2015; Krawchuk & Cumming, 2011). In the boreal forest, for
example, vegetation flammability and fire propagation rates are higher in needle-
leaf forest stands than in broadleaf forest stands. Needleleaf forest species produce
flammable resins and have a lower leaf moisture content. Human-ignited fires have
also strongly influenced vegetation dynamics in these forests over thousands of years;
this human influence has shaped the current vegetation and fire activity in the boreal
zone (Waito et al., 2018). Moreover, active fire suppression policies in populated
regions of boreal Canada during the mid to late twentieth century decreased fire
activity, leading to accumulations of forest fuel and a higher risk of future catastrophic
fires (Parisien et al., 2020).

2.2.1 Studying Fire Histories at Millennial Time Scales

Fire histories are reconstructed using proxies from two main archives: (1) tree
ring—based methods, which rely on fire-induced damage in trees and the age of new
(even-aged) postfire forest stands; and (2) fire-related charcoal particles deposited
onto—and subsequently buried within—soil, peat, or lake sediments.
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2.2.1.1 Tree Rings

In general, forest fire reconstructions using tree rings rely on two primary approaches
(Niklasson & Granstrom, 2000), namely using tree rings to date fire scars and exam-
ining the age structure of forest stands. Dating fire scars assesses low-intensity fires,
which damage the tree cambium without killing the tree. This damage to the cambium
leaves a distinct scar; the timing of the related fire event is then determined from the
location of the fire scar in the sequence of annual tree rings (Fig. 2.1). When a fire
occurs during the growing season, the scar’s location within the annual ring can
even be used to date the event at a subannual temporal resolution, distinguishing,
for instance, early—, late—, and dormant-season fires. An individual tree can hold
numerous fire scars and thus record the geographic location and timing of multiple
fires. Samples used for dating fire scars are commonly (and preferably) the cross-
section of tree stems; however, where possibilities for sampling are limited, such as
in strictly protected forests, increment cores extracted from the stem can be used.
Stand initiation dates based on tree rings provide another means of dating forest
fires. This approach relies on the premise that a fire event leads to a pulse of regen-
erating trees. These pulses can often be observed after surface fires in those stands
recording fire scars; however, they are particularly useful for dating high-intensity
fires in which no trees survive to preserve fire scars. Aging the cohort of postfire
regeneration then gives the approximate year of the most recent high-intensity fire.

Fig. 2.1 A partial cross-section extracted from a fire-scarred Scots pine (Pinus sylvestris L.)
collected from northeastern Finland. The arrows indicate the locations of fire scars dated
dendrochronologically at 1296 and 1227 CE. Photo credit Tuomas Aakala
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2.2.1.2 Charcoal in Forest Soils

The temporal extent of fire records using stand initiation dates is limited to the most
recent fire. This is particularly limiting in locations where the regional fire regime
often involves stand-replacing fires. In these conditions, information related to past
recurring fires at a given locality can be gained from studying charcoal deposited in
forest soils. For this approach, samples of organic matter and mineral soil are collected
(Payette et al., 2012). Charcoal fragments greater or equal to 2 mm in diameter are
assumed to have been produced in situ; they thus represent local fires (Asselin &
Payette, 2005). The fire year is then determined by the radiocarbon dating of a selected
number of randomly selected charcoal pieces. Although the temporal resolution of
this soil charcoal-based method is rather coarse, it may greatly extend the temporal
scale of fire histories initially developed using tree ring—based reconstructions.

2.2.1.3 Charcoal in Lake Sediments and Peat

Lake sediments are natural “hard drives” that record the environmental conditions
and events affecting the surrounding landscape over time (Dodd & Stanton, 1990).
The stored information in this ecological hard drive must be interpreted using proxy
indicators found within the sediment record (Bigler & Hall, 2002; Mauquoy & Van
Geel, 2007). An effective paleoindicator must be abundant, easy to identify, and well
preserved over sufficiently long periods (see Sect. 2.3.1).

Charcoal originating from forest fires can be transported by wind and water to a
lake or peat deposit. These pieces then sink and settle onto the bottom of lakes or
fall onto the surface of peat. They eventually become buried and preserved in lake
sediments and peat accumulations. These sediments archive past fires and can be
recovered by extracting a sediment or peat core. For longer lake sediment records,
cores are typically extracted from the deepest portion of a lake (Fig. 2.2). More recent
sediments, found higher in the sedimentary record, are closer to the water—sediment
interface. These less dense sediments have a higher water content and, as they are
more easily disturbed, must be collected separately using a free-falling gravity corer,
such as the Kajak-Brinkhurst or Willner-type corer. These separate cores are then
correlated against one another to produce a composite record using, for instance,
219Ph or the sedimentary properties recorded within each core. The sampling of lakes
is conducted in winter using the frozen lake surface as a platform or using a raft during
ice-free months. Peat can be sampled from bogs, mires, forested peatlands (Magnan
etal., 2018), or small forest hollows (Fig. 2.3), the latter being paludified depressions
inside forest stands (Bradshaw, 1988). Peat sequences are usually extracted using a
Russian corer or a Wardenaar sampler.

After their extraction and transport to the laboratory, sediment cores are usually
sliced into continuous subsamples that are at least 1 cm?® in volume. In practice,
this typically means subsampling at 0.5 or 1 cm intervals along the core. These
subsamples are then processed to recover charcoal particles and, often, related proxy
tools, e.g., pollen, diatoms, macrofossils, and sediment samples for loss-on-ignition
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Fig. 2.2 (left) Winter sampling of lake sediments of Lake Huard, Ontario, Canada. Raynald Julien,
Adam A. Ali, and Hans Asnong are present in the photo. (right) Sediment (gyttja) recovered
from Lake Araisu, Latvia, showing varves (annual laminations). Photo credits Adam A. Ali (left),
Normunds Stivrins (right)

(LOI) and grain-size analysis (Birks & Birks, 2006). In fire history reconstructions,
charcoal pieces are usually categorized according to their size. Charcoal size reflects
the distance traveled by a particle from its origin to the sediment archive. In lake
sediments, charcoal fragments larger than 160 pm indicate local fires, whereas
pieces smaller than 160 pm are sourced from fire events having occurred 0 to 40 km
around the sampled lake (Higuera et al., 2010; Oris et al., 2014). A similar particle
size—distance interpretation is applied to charcoal recovered from mires and bogs.
Charcoal records from small forest hollows, however, usually originate from local
fires (<100 s m distant) and are preferably used to reconstruct local or stand-level
fire histories (Bradshaw, 1988).

Fire occurrence is typically based on the position of the charcoal layer within the
sediment core. Chronological control of the sediment record, and thus the dating of
fire events or periods, is commonly through radiocarbon dating of wood charcoal,
plant macroremains, or bulk gyttja recovered from the core. The age-depth model
derived from the obtained dates then provides an estimated age for each subsample.
The temporal resolution of the collected subsample therefore depends on the thick-
ness of the subsample and the sediment deposition rate, i.e., the number of years
represented by a 0.5 or 1 cm thick subsample. Sites having a higher sedimentation
rate permit a higher resolution of analysis, i.e., fewer years combined within a given
sample. The time series of charcoal particle abundance is then typically analyzed
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Fig. 2.3 Recovering a peat core from a small forest hollow. (left) Richard Bradshaw, Heikki Seppd,
and Oleg Kuznetsov working with a Russian corer in the Russian Karelia region. (right) Peat core
collected with a Russian corer. Charcoal bands are the darker strips observed near the end of the
core (toward the bottom of the image). Photo credits Niina Kuosmanen

with statistical approaches that aim to distinguish past fire events from background
levels of charcoal deposition (Higuera et al., 2010).

Box 2.1 Varved Lake Sediments

Annually laminated lake sediments, also known as varves (Fig. 2.2), are a
special, albeit rare, type of lake sediment record. Here, an annual record of
sediment deposition is distinguishable, making it possible to date deposited
material at an annual and even seasonal resolution, similar to the resolution
of tree rings, although varved records can often extend much further back
in time. The seasonality within varves is produced by intra-annual changes
in the materials deposited from the water column or transported from within
the lake catchment area. In addition to a clear seasonality in deposition, other
prerequisite conditions include sufficient incoming organic-inorganic material,
no disturbance of the deposited material (e.g., through bioturbation), and anoxic
conditions at the lake bottom. Once a laminated sequence is determined to
represent annual layers (varves), multiple environmental proxies can then be
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applied, combining the advantages of centennial-millennial length lake records
typical to organic sediments with the annual resolution and dating accuracy of
tree rings. For fire histories, reconstructions from varved lake sediments have
demonstrated the influence of humans and the environment on fire activity over
long timescales in boreal Europe (Pitkdnen & Huttunen, 1999) and Alaska
(Gaglioti et al., 2016). This technique has also been used to validate the use
of charcoal in the sediment record in general by comparing the deposition of
charcoal in the varves with the fire scar record found in the vicinity of the
sampled lake (Clark, 1988).

2.2.2 Limitations and Potential of Fire Reconstruction
Methods

Each archive and proxy has its particular advantages and shortcomings; the nature
of these depends on the required information or specific question being asked by
the researcher (Remy et al., 2018; Waito et al., 2015). Tree-ring analyses remain the
most accurate method for reconstructing local- and landscape-scale fire histories; in
the boreal forest, however, these reconstructions are limited to the recent past (i.e.,
<1,000 years; Oris et al., 2014; Wallenius et al., 2010). Tree-ring analyses are also
limited in the types of fires that can be dated. Fire scars require that trees survive the
fires, and fire scars are also rarely formed in trees that are maladapted to frequent fires.
In European boreal forests, for example, Scots pine (Pinus sylvestris L..) and Siberian
larch (Larix sibirica Ledeb.) are useful for dating fires from scars, whereas Norway
spruce (Picea abies (L.) H. Karst.) and deciduous trees are usually not. In high-
intensity and tree-killing fires, stand initiation dates provide valuable information,
but the data are limited to the most recent fire (however, see Sect. 2.4 discussing
subfossil trees). Finally, although tree-ring records are ubiquitous in boreal forests,
forest management based on clear-cutting tends to remove these biological archives
in managed areas of boreal forests. Hence, the spatial extent of these reconstructions
in such locations is more limited, and the study material is often less available than
in unmanaged forest areas.

When fire history is investigated at longer millennial timescales or in regions
where tree-ring proxies are unavailable, the selection of archives and proxies depends
on the study objectives and the targeted spatiotemporal scale. Charcoal from lake
sediments and large peatlands allows the reconstruction of long-term fire histories at
a larger spatial scale. Nonetheless, several sites must be analyzed to reliably uncover
regional trends in the reconstructions. Furthermore, taphonomic biases specific to
each proxy, e.g., effects related to transportation, charcoal mixing, and the quality
of charcoal preservation over time, must be minimized. This includes, for instance,
avoiding sites showing visible signs of disturbance at the top of the peat (when
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sampling peatlands) or lakes having a substantial sediment influx. Excluding lakes
that contain varved sediment records (Box 2.1), lake sediment—based fire reconstruc-
tions identify low-frequency trends rather than individual fire events. This lower-
resolution state relates to the dating uncertainty of the age—depth models. This low
resolution also occurs as a given charcoal peak within a charcoal series can encom-
pass more than a single fire. Moreover, the low—density nature of the uppermost (i.e.,
the most recent) lake sediments leads to fewer charcoal fragments being recovered
at these shallow depths in the sediment record, leading to a possible underestimation
of the number of detected fires in the recent past (Lehman, 1975).

Charcoal records from soil and peat deposits in small forest hollows provide
information on past fires at the local scale, and charcoal layers in peat sediments
offer a reliable record of in situ fires within a single forest stand. However, these
peat records of fire events suffer from the same limitations in temporal resolution
as lake sediments. Furthermore, fire events can also consume/destroy the uppermost
peat layers during exceptional droughts.

Paleofire studies continue to pursue novel methodological advances to refine
current proxy tools and to develop new avenues. Recent studies have used char-
coal morphology (morphotypes) to identify the fuel type—herbs, grass, wood, leaves
(broadleaf versus coniferous)—and determine the material burned in a given fire,
thereby providing a more complete portrait of the reconstructed fire regime. Stivrins
et al. (2019) recently used Neurospora fungal spores to complement the charcoal-
based fire record. Neurospora spp. produce spores after forest fires, and these spores
can be identified within the sediment sequence.

Fire reconstructions are also being improved by integrating a wider set of data
derived from various proxies of past fire and environmental conditions. A fire
history, combined with detailed descriptions of past vegetation changes inferred
from pollen and macrofossil records from the same sediment cores (Colombaroli
et al., 2009), provides an ecosystem-level assessment of the effects of fire. More-
over, combining this paleofire and paleoecological information with multiproxy,
high-resolution centennial- to millennial-scale climate reconstructions—including
both temperature and precipitation—and modern observational data can offer details
regarding the long-term trajectories in fire activity and identify the associated drivers
(Girardin et al., 2013b, 2019).

2.2.3 Fire in the North American Boreal Forest

The fire history in the boreal region of eastern North America has been particu-
larly well documented (Fig. 2.4). The regional Holocene fire history can be divided
into four periods. The earliest period (ca. 10,000—8,000 & 500 years BP) corre-
sponds to the afforestation phase during which fire activity began to increase owing
to the progressive regeneration of vegetation following the retreat of the Lauren-
tide ice sheet (Dyke, 2004; Liu, 1990). Between ca. 7,500 and 3,500 years BP, the
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Holocene thermal maximum (also called Holocene climatic optimum) was character-
ized by hotter and drier conditions, which favored an increase in fire activity (Viau &
Gajewski, 2009). A colder and moister climatic phase, the neoglacial period, then
followed, lasting until the last two centuries, during which fire activity was rela-
tively reduced in boreal forests (Cayer & Bhiry, 2014; Viau & Gajewski, 2009).
The most recent industrial period (starting ca. AD 1850), marked by anthropogenic
warming, has generally witnessed an increase in fire activity (De Groot et al., 2013;
Krawchuk et al., 2009). Nonetheless, a decreased fire frequency observed in some
regions (Drobyshev et al., 2014; Larsen, 1996) underlines the spatial heterogeneity
of fire activity across North American boreal forests related to regional and local
abiotic and biotic conditions (Remy et al., 2017b).

Stand composition has also altered the Holocene fire regimes in eastern boreal
North America (Fig. 2.5). The early Holocene afforestation phase was character-
ized by more frequent and larger fires in the temperate deciduous forest than those
within the boreal coniferous forest owing to the earlier retreat of the ice sheet in
southern latitudes (Blarquez et al., 2015). During the Holocene thermal maximum,
fire frequency and, to a lesser extent, the amount of biomass burned were greater in
the coniferous forest than in the deciduous forest because of the higher abundance
of fire-prone species in the former (Gaboriau et al., 2020; Girardin et al., 2013a).
This relatively higher fire activity in coniferous forests decreased slightly during
the neoglacial period to reach levels similar to those within the deciduous forest.
This neoglacial shift is best explained by a shorter fire season in the coniferous
forest related to the cooler conditions and the larger amount of precipitation falling
as snow during this period (Ali et al., 2012; Remy et al., 2017a; Turetsky et al.,
2011). In deciduous forests, the amount of biomass burned increased slightly during
the neoglacial period, and fire frequency reached its Holocene maximum for decid-
uous forests at this time. A higher abundance of fire-prone coniferous forest species
colonizing from higher latitudes—resulting from colder and moister conditions—can
explain this increased fire activity (Blarquez et al., 2015; Girardin et al., 2013a; Remy
et al., 2019). An absence of a large increase in fire activity over the last centuries in
eastern boreal North America in both coniferous and deciduous forests results from
a combination of a less favorable climate for fire and anthropogenic fire suppression
(Bergeron & Archambault, 1993; Bergeron et al., 2001; Blarquez et al., 2015).

Interregional comparisons of fire reconstructions improve our understanding of
the mechanisms leading to long-term changes in fire activity, especially when the
sites vary in their environmental characteristics. Nonetheless, interactions between
climate changes and vegetation dynamics behind the extreme fire events experienced
over the past two decades and their consequences on forest regeneration remain
poorly understood. Thus, a new challenge in paleoecology is detecting and focusing
on past extreme fire events to understand their causes and consequences to improve
predictions and mitigate future risks. Several studies have begun to address this
issue and have highlighted the Medieval Warm Period, a period characterized by
particularly warm temperatures during which unusual peaks of fire activity occurred
within various regions of the boreal forest (Girardin et al., 2019). Further studies
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Fig. 2.4 Simplified representation of interactions between fire, vegetation, and climate within
Canadian forests. a Mean seasonal fire danger across Canada for the 1900-2017 period and areas
burned 1981-2017 (dark red). Fire danger includes the additive effects of seasonal drought severity
and the duration of the snow-free period (equivalent to the fire season length), with higher values
reflecting a greater seasonal fire danger. b The dominance of needleleaf trees in northern Ontario
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broadleaf-dominated (dark brown) areas, with lakes sampled for fire history reconstruction using
charcoal records (red diamonds). ¢ An empirical model of the burn rate, i.e., percentage of burned
area per year for a given region, as a function of fire danger (in a) and percentage cover of broadleaf
Populus species b. Fire-prone conditions exist when the fire danger is high and the percentage of
Populus spp. in the regional landscapes is less than 30%. Adapted by permission from Springer
Nature from Girardin and Terrier (2015)

focusing on this warm period at multiple locations in the boreal forest could improve
our understanding of the environmental processes involved in extreme fires.

Enhanced fire activity is projected for the twenty-first century as temperatures
rise (Flannigan et al., 2009; Jolly et al., 2015). Anticipated consequences from the
increased fire activity include changes to wildlife habitat, increased carbon emis-
sions, heightened threats to human safety and infrastructure (e.g., injury, death,
property loss, reduced clean air and water supplies), and greater economic losses for
the forestry sector, losses that may include fewer commercial products and timber
supplies (Brecka et al., 2018; Gauthier et al., 2015; Walker et al., 2018).
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2.2.4 Firein the European Boreal Forest

Studies of past fires in European boreal forests have revealed a complex, mixed-
severity fire regime that varies in both time and space and is influenced by climate,
vegetation, landscape structure, and human activities. Fire histories are particularly
well studied in regions within the western portions of European boreal forests, partic-
ularly on the Fennoscandian Shield. Here, fire shows several broad-scale patterns
during the Holocene. The analysis of 69 individual fire records recovered from lake
sediments spread across Fennoscandia revealed that early Holocene fire frequen-
cies peaked 8,500 to 6,000 years BP. Fire frequency then declined until starting a
rising trend ca. 4,000 years BP (Molinari et al., 2020). This early Holocene pattern
reflects the well-resolved climate variability over similar time frames showing that
the warmest part of the Holocene, the Holocene thermal maximum, and the changes
in fire activity coincide very well. The trend of more frequent fires in the region
over the last 4,000 years is driven by an increased human influence related to greater
human population densities and changes in forest use.

In addition to the climate-driven patterns in fire occurrence, millennial fire history
reconstructions illustrate a long-term interaction between vegetation and fire. After
the Holocene thermal maximum, the most conspicuous change in forest composition
in the boreal forest in Europe involved the expansion of spruce, which began in eastern
Fennoscandia ca. 6,500 years BP and has continued in western Fennoscandia over
the last two millennia. Paleoecological records of charcoal in organic sediments
from remote sites having limited human influence demonstrated that the expansion
of spruce coincided with a marked decrease in fire occurrence (Ohlson et al., 2011).
Nonetheless, it remains unclear whether the expansion of spruce represented the
cause or the consequence—a changing microclimate or fuel type and distribution—of
reduced fire activity (Ohlson et al., 2011).

In the more southern hemiboreal and boreonemoral zones, the emerging picture of
the Holocene fire trends similarly differs from the expected pattern of a climate-only
forcing; the observed pattern confirms the importance of interactions with vegetation.
A detailed lake sediment record from this zone showed that fire frequency was
relatively high 9,500 to 8,000 years BP (Fig. 2.6). As the climate became warmer
and drier around 8,000 years BP, fire frequency decreased notably. This observation
contrasts with the expected causal link between the climate and fire frequency in the
boreal zone; however, it may be explained by a change in the vegetation and fuel type
(Feurdean et al., 2017). During the warm and dry period, 8,000 to 5,000 years BP,
the populations of temperate deciduous broadleaf tree species (e.g., hazel, oak, lime,
and elm) in the southern part of the boreal zone increased and replaced the boreal tree
species. This major shift in forest composition reduced the regional fire frequency
because these deciduous species are less flammable than conifers. It is also possible
that greater shade in the dense deciduous forest and the higher moisture content of
the leaves favored a reduced fire frequency (Feurdean et al., 2017), similar to the
effects of spruce expansion in more northern regions (Ohlson et al., 2011).
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Fig. 2.6 Vegetation and fire frequency in the southernmost edges of the European boreal forest;
fire return intervals increased, and the number of fires decreased as vegetation shifted toward a
greater presence of temperate trees during the Holocene thermal maximum, despite the climate
being warmer and drier. Figure redrawn from Feurdean et al. (2017) with permission from Elsevier

Approaching the modern period, the human influence on forests and the fire
regime becomes increasingly evident within the sediment record (Molinari et al.,
2020); this pattern is also observed in tree ring—based records where the longest
reconstructions extend 700 to 1,000 years BP (Niklasson & Granstrom, 2000; Rolstad
et al., 2017; Wallenius et al., 2010). The timing of this increased human influence
varies between regions, very much related to human settlement and lifestyle changes
(Wallenius, 2011). In particular, the increase and eventual decline in slash-and-burn
agriculture, widely practiced over much of Finland, has been identified as a driver
of the onset and cessation of high fire activity; similar patterns have been identified
across the region, from southeastern Norway in the west (Rolstad et al., 2017) to the
Komi Republic in the east (Drobyshev et al., 2004). This anthropogenic influence
is reflected by increased fire frequencies, smaller fire sizes, and a greater number
of early—season fires (Niklasson & Granstrom, 2000; Rolstad et al., 2017). Climate
continues to be a driver, in particular during exceptionally dry years and periods when
Fennoscandian forests experience a greater area of forest burned (Aakala et al., 2018;
Drobysheyv et al., 2016). In most of Fennoscandia, this period of human-induced high
fire activity has receded over the past 100 to 250 years because of changes in forest
use, land tenure, and, more recently, the greater development of infrastructure and
fire suppression (Rolstad et al., 2017; Wallenius, 2011), giving way to the modern
fire regime (see Chap. 3).

In addition to this temporal variability, long-term fire reconstructions have demon-
strated a latitudinal gradient of more frequent fires in the south to less frequent fires
in the north (Drobyshev et al., 2014). This gradient has a climatic origin (Larjavaara
etal., 2005); however, except for the mountainous areas, the fire gradient also follows
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a population density gradient over much of the region. In the southern areas, char-
acterized by warmer and drier conditions in the summer and a greater human influ-
ence, the estimated mean fire interval over the past several millennia has varied
between 70 and 95 years, as determined from charcoal records from varved lake
sediments (Pitkdnen & Huttunen, 1999; Tolonen, 1978). In northern Sweden, a fire
interval about of about 80 years has been obtained from tree rings (Zackrisson, 1977),
and a millennium-long tree-ring reconstruction in northern boreal Finland found a
mean fire cycle—time required to burn an area equal to the area studied—of 350
years (Wallenius et al., 2010). The Finnish site has a less fire-conducive climate
and lower population density than more southern, fire-prone sites. Within forested
landscapes, characteristics such as fire breaks, topography, and differences in soil
hydrology produce a within-landscape variability in the Holocene fire record. In
southern Fennoscandian and western Russian boreal forests, for example, the sedi-
ment charcoal-based fire return interval ranges from 109 to 237 years during the last
11,000 years (Stivrins et al., 2019), whereas nearby sites are without any evidence
of fires (Kuosmanen et al., 2014). A similar type of spatial variability in fire history
is recorded in the eastern parts of the European boreal forests in the Ural Mountains
(Barhoumi et al., 2020). Tree ring—based reconstructions tell a similar story with
substantially different fire return intervals in various parts of a landscape, depending
on soil hydrology (Aakala, 2018).

2.3 Millennial Insect Outbreak History

The detailed patterns of fire history described in the preceding sections reflect the
predominance of wildfire as the most commonly studied disturbance in boreal pale-
oenvironmental research (Bergeron et al., 2010; Flannigan et al., 2001). Our under-
standing of millennial-scale natural disturbances has traditionally revolved around
the role of fire in influencing forest dynamics, despite an understanding that distur-
bances interact and operate at multiple scales and that in many locations, insect
outbreaks, rather than wildfires, are the major drivers of forest landscapes. Over
the short term, insect outbreaks and plant diseases can damage extensive areas of
forest and produce significant economic losses. Insect outbreaks are one of the most
influential factors shaping modern boreal forest diversity (McCullough et al., 1998).
As with fire, insects contribute to the regeneration of the forest mosaic. In contrast
to fire, however, insects affect stands selectively by, for example, targeting old and
vulnerable trees.

Various insect defoliators, composed mainly of lepidopterans, affect boreal stands.
These defoliators include the forest tent caterpillar, Malacosoma disstria (Hiibner),
the hemlock looper, Lambdina fiscellaria (Guénée), and the spruce budworm (SBW),
Choristoneura fumiferana (Clemens). The latter has the greatest influence within the
boreal region owing to its very extensive distribution and marked effect on North
American boreal forests. SBW is a defoliating lepidopteran native to coniferous
forests in Canada and the northeastern United States. This species is responsible for
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the largest area of damage in the North American boreal forest for insect defoliators.
Its primary hosts are balsam fir (Abies balsamea (L.) Mill.), white spruce (Picea
glauca (Moench) Voss), and, to a lesser extent, red spruce (Picea rubens Sarg.) and
black spruce (Picea mariana (Mill.) BSP). The univoltine cycle of this moth consists
of an egg stage, diapause, six larval instars, pupation, and an adult stage (moth).
This last stage is relatively short (two weeks), during which the insect spends all its
time looking for a mate. If successful in finding a mate, the females then lay their
eggs. Balsam fir may die after three or four consecutive years of severe defoliation
(Bergeron et al., 1995; MacLean, 1984), whereas secondary hosts suffer crown and
branch mortality and growth reduction of up to 75% (MacLean, 1984; Nealis &
Régniere, 2004). In the province of Québec (Canada), the forest surface affected
by this species of Lepidoptera over the last century is twice the size of the state of
California (Navarro et al., 2018c). SBW outbreaks have major ecological effects and
result in important economic consequences through the loss of forest productivity
(Shorohova et al., 2011).

Despite the scale and significance of this natural disturbance agent, we remain
limited in our knowledge regarding the frequency and severity of SBW outbreaks at
a multimillennial scale and understanding how these outbreaks relate to climate and
other disturbances, such as fire. Given that variations in temperature and precipitation
affect an organism’s survival, reproduction cycle, and spatial dispersion (Dale et al.,
2001), it is critical to understand the links between SBW outbreaks and climate
to better understand the potential of SBW outbreaks under future climate change
scenarios (Klapwijk et al., 2013; Volney & Fleming, 2000). Paleoenvironmental
records of these insect outbreaks can therefore offer a long-term perspective of SBW
outbreaks and shed light on the periodicity, synchronicity, and consequences of past
insect outbreaks improve our understanding of the spatiotemporal patterns of SBW
in relation to climate (Berguet et al., 2021; Jardon et al., 2003; Navarro et al., 2018a).
Until recently, however, the lack of effective proxies and methods for reconstructing
insect-related disturbances led to a severely neglected and oversimplified under-
standing of the frequency, intensity, and impacts of past insect outbreaks on the forest
landscape. In the following section, we summarize recent advances in the paleoenvi-
ronmental reconstruction of past insect outbreaks, specifically those of SBW, in the
boreal forest.

2.3.1 Insect Outbreak Reconstruction

2.3.1.1 Dendrochronology

Dendroecological approaches have been applied to the reconstruction of past insect
outbreaks. Tree rings provide indirect measurements of insect activity; years of
unusually narrow or otherwise anatomically abnormal tree rings can be related
to insect outbreaks. These tree ring—based approaches have helped reconstruct
outbreaks of numerous insects, including outbreaks of the forest tent caterpillar
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(Cooke & Roland, 2000; Sutton & Tardif, 2007), the larch sawfly (Pristiphora erich-
sonii (Htg.); Jardon et al., 1994; Girardin et al., 2001, 2002; Nehemy & Laroque,
2018), the larch budmoth (Zeiraphera diniana Gn.; Weber, 1997; Rolland et al.,
2001), the western and eastern spruce budworm (Boulanger et al., 2012; De Grandpré
etal., 2019; Flower et al., 2014; Krause, 1997; Morin & Laprise, 1990; Navarro et al.,
2018c; Swetnam & Lynch, 1993), and the jack pine budworm (Choristoneura pinus
Free; Volney, 1988), as well as outbreaks of the geometrid moths Epirrita autum-
nata Borkh (Babst et al., 2010) and Operophtera brumata L. (Hoogesteger, 2006;
Tikkanen & Roininen, 2001; Young et al., 2014).

The reconstruction of insect outbreak regimes at the landscape scale is a major
challenge, as aerial surveys of defoliation have been available only since the
1960s—covering only one major outbreak in the last century—and are concentrated
mainly in the balsam fir area; thus, the use of dendrochronological approaches
becomes essential. Similar to tree ring—based studies of fire history, a major limita-
tion in dendrochronological reconstructions of insect outbreaks is the maximum age
of host trees. This is particularly true for trees affected by eastern spruce budworm,
as this insect often Kkills its host. Cross-dating has been helpful when using dead
trees, found either in the field or as lumber in old buildings, to extend tree-ring
chronologies (Boulanger & Arseneault, 2004; Boulanger et al., 2012; Krause, 1997);
in North America, however, there are few historical buildings, which limits the longest
chronologies to the last 400 years. The available tree-ring series for extensive areas
of the eastern Canadian boreal forest extend only to the early twentieth century
(Navarro et al., 2018c). Subfossil trees, buried stems recovered from peatlands or
lakes, can extend dendrochronological records further back in time. Simard et al.
(2002), for example, studied a small peat bog surrounded by host trees of spruce
budworm and found evidence of outbreaks between 4,170 and 4,740 years BP. A
more extensive use of subfossil trees from lakes appears promising, as highlighted
by a recently published 800-year chronology of SBW outbreaks relying on subfossil
stems (Morin et al., 2020). Nonetheless, long-term local and regional chronologies
remain unavailable for extensive areas.

2.3.1.2 Macrofossils

Macrofossils are plants and animal parts preserved in the sediment record and
are visible without using a microscope; they include cones, leaves, seeds, stems,
exoskeletons, teeth, and bones. These indicators confirm the nearby presence of these
organisms and are powerful tools for reconstructing insect outbreaks. Head capsules,
pupae, and other insect remains preserved in the sedimentary record can serve as
proxies of past SBW (and other species) outbreaks (Bhiry & Filion, 1996; Davis &
Anderson, 1980). Most body parts of the caterpillar or butterfly stage are nonethe-
less fragile and often recycled very rapidly within the soil humus layer (Potelle,
1995). SBW feces (frass pellets), however, are well-preserved macrofossils (Fig. 2.7).
During heavy budworm infestations, fecal pellets can rain down continuously from
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infested trees to the ground. The feces can be identified to the species level, and parts
of balsam fir needles within the fecal matrixes remain identifiable (Potelle, 1995).

At present, the longest budworm macrofossil profile covers more than 8,200 cali-
brated (cal.) years BP (Simard et al., 2006). Spruce budworm feces began accumu-
lating at the study site around 8,240 cal. years BP and were observed throughout the
profile. Budworm feces peaks occur at ca. 6,775 cal. years BP and 6,550 cal. years BP.
Three other sampled bogs from the same region also demonstrate two or three periods
of higher feces abundance during the Holocene (Simard et al., 2011); however, these
periods of higher insect macrofossil abundance are not synchronized, indicating that
episodes of high spruce budworm abundance varied between locations. This initial
evidence also suggested that peaks of high spruce budworm abundance were rare
over the course of the Holocene. Although Simard et al. (2006, 2011) found only a
few peaks of spruce budworm feces during the Holocene, these were the first studies
to identify budworm outbreaks over the Holocene.

Macrofossils as indicators of insect outbreaks have some significant limitations.
Similar to the lake- or peat-based paleoecological methods presented above, macro-
fossils collected from sedimentary records do not provide high-resolution recon-
structions; identified periods of high budworm populations can encompass several
outbreaks. Furthermore, questions have been raised regarding feces preservation over
time owing to greater decomposition with age, biasing against older outbreaks. More-
over, insect macrofossils represent only a local signal, and study sites are limited to

(b)

Fig. 2.7 Proxies from lepidopterans used to reconstruct insect outbreaks; a wing scales, b cephalic
capsules, and c feces
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the few, sporadically scattered locations where balsam fir, the preferred host of the
spruce budworm, grow near the sampled peat bogs and lakes. Finally, this approach
requires a sizable amount of sample material, and the extraction of macrofossils is a
very laborious manual task.

2.3.1.3 Microfossils: Lepidopteran Scales as a Novel Paleoindicator

The lack of robust, abundant, and nondecomposing proxies has limited previous
paleoecological reconstructions of SBW outbreaks. During the current SBW infes-
tation in the Saguenay-Lac-Saint-Jean region (Québec), however, large quantities
of adult moth scales were observed in the water column of regional lakes. These
lepidopteran scales are released as an individual moth dies (around 150,000 scales
per insect). These scales, transported by the wind and water, land on the lake surface
and eventually settle onto the lake bottom to become part of the sediment record.
The chitinous composition of these scales favors their preservation in the sediment,
and their abundance in the sediment indicates the relative timing and intensity of the
outbreaks (Montoro Girona et al., 2018b).

There are several advantages to this new proxy. The identification of spruce
budworm scales is less problematic than that of spruce budworm feces, as the
scales are chitinous, and their long-term preservation in lake sediments is excellent.
Numerous lakes, and their sediment archives, dot the boreal forest landscape; thus,
it is possible to produce a large-scale portrait of insect outbreaks. Moreover, only a
small amount of material is required for sample preparation and analysis (1 cm?),
and lepidopteran scale analysis can be combined with charcoal and pollen analyses
from the same sample. This innovative methodology to extract lepidopteran scales
(Montoro Girona et al., 2018b; Navarro et al., 2018b) from the sediment samples
circumvents some of the limitations of the feces-based approach.

Distinct scale morphologies among lepidopteran taxa permit taxonomic identifica-
tion of the scale to the species level (Fig. 2.8). Given that billions of spruce budworm
individuals live during an outbreak, significant peaks in the number of scales within
a lake core should indicate outbreak events. Preliminary work using sediment traps
and short cores demonstrated that the relative and absolute abundances of scales in
the traps and sediment are proportional to the intensity of the annual defoliation of
the surrounding forest and that the transfer of the scales from the lake surface to the
lake bottom occurs over a few days, generally less than a week. Moreover, the strati-
graphic position of scales within a well-dated sediment record matched the timing of
known outbreaks (Navarro et al., 2018b). This series of tests confirmed the potential
for a scale-based reconstruction of lepidopteran outbreaks from the sediment record.
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Fig. 2.8 Potential of lepidopteran scales as a paleoindicator of insect outbreaks. Scales are
composed by chitin and are thus difficult to degrade. a Comparison of four well-preserved scales
extracted from a lake sediment core with spruce budworm (SBW) morphotypes generated through
shape measurements of thousands of SBW specimen scales. b Wing scales organized like roof tiles.
¢ Diversity of wing scale morphotypes. Photo credits a Montoro Girona et al. (2018b; CC BY 4.0);
b, ¢ Emy Tremblay and Miguel Montoro Girona

2.3.2 Holocene History of Insect Outbreaks
and Consequences for Understanding
Outbreak-Fire-Climate-Vegetation Interactions

Navarro et al. (2018c¢) identified 87 significant peaks in scale abundance over the last
8,000 years. These results contrasted markedly with those of the SBW feces—based
record, which recorded few events over the Holocene. The lepidopteran scale record
indicates a pattern of highly variable but consistently present budworm populations
over the Holocene. Pairing the scale record with microcharcoal and pollen records
revealed that the frequency of outbreak events was inversely correlated with the
frequency of fire events (Fig. 2.9). When the periods of high budworm populations in
the four feces diagrams produced by Simard et al. (2011) are combined, the frequency
of outbreaks produces an inverse relationship with published fire frequency events.
Therefore, the spruce budworm feces record recovered from peat deposits did not
contain all outbreaks that occurred at the sampling site; this absence from the peat
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record likely relates to the easily degradable nature of the SBW feces in the peat
archive.

The use of lepidopteran scales has heightened our ability to understand outbreak
dynamics during the Holocene and their relationship to fire, climate, and forest struc-
ture across the landscape. We are currently sampling several lakes in the mixed
forest—the current center of SBW distribution—and the black spruce forest—the
modern northern distribution of the insect—to better understand the links between
SBW outbreaks and forest structure. Balsam fir abundance fluctuates in relation to
other species, and these fluctuations relate mainly to climate and fire as indicated by
the fluctuations of fire-adapted species, such as jack pine, and charcoal abundance
over the Holocene (Bergeron & Leduc, 1998). Our initial results support the earlier
finding of an inverse relationship between outbreak frequency and fire (Fig. 2.9). A
drier climate appears to induce a higher fire frequency. This shift favors the instal-
lation of fire-adapted species (e.g., jack pine) that are not hosts of budworm. The
frequency of detectable outbreaks therefore decreases. In contrast, a more humid
climate—most likely a warmer humid climate—leads to a lower fire occurrence,
thereby favoring the maturing of forests where SBW host trees, such as balsam fir

3000 -
a b.c

2000 Fire Abdk I

@ Spruce budworm _\ fhde
1000 4 ~

E At el
b N I

Spruce budworm
Peak magnitude
(#g7" peak™)
spnjubew yead
aul4

1
n
S
(1-yeed pwo &)

d H!‘ ‘

ICE AGE

3

10000 9000 8000 7000 6000 5000 4000 3000 2000 1000 0
Time (cal. yr BP)

Peak frequency
(peaks 1000 yr')

o
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and white spruce, proliferate. Thus, this specific forest composition leads to periods
of higher SBW abundance.

The recent dynamics of SBW outbreaks and the observed changes to fire regimes
reflect millennia of interactions between the insects and their environment. Thus,
understanding these complex dynamics requires that we use approaches such as
dendrochronology and paleoecology to improve our understanding of the frequency
and severity of epidemic periods over the longest possible period. Some studies have
demonstrated that SBW was already present and abundant in stands lacking balsam
fir, suggesting a high SBW activity on this insect’s secondary host, namely black
spruce (Simard et al., 2006). Moreover, this high abundance was observed during
a relatively warm period of the Holocene (7,000-6,000 cal. yr BP), suggesting a
phenological synchronization between insect and host (Fig. 2.9).

Using periods of growth suppression in dendroecological series, Navarro et al.
(2018a) identified three insect outbreaks in eastern Canadian forests over the last
century; these outbreaks differed in their respective spatiotemporal pattern, dura-
tion, and severity. The first outbreak (AD 1905-1930) affected up to 40% of the
studied trees, initially synchronizing from local infestations and then migrating to
more northern stands. The second outbreak (AD 1935-1965) was the longest lasting,
although the least severe, with only up to 30% of trees affected by SBW activity.
The third event (AD 1968-1988) was the shortest; however, it was also the most
severe and extensive, affecting nearly 50% of trees and 70% of the study area. This
most recent event was identified for the first time at the limit of the commercial
forest, illustrating a northward shift of the SBW distribution area during the twen-
tieth century. This observation provided the first documented evidence of how climate
change influences the current spatiotemporal patterns of SBW outbreaks (Navarro
et al., 2018c¢).

However, dendroecological reconstructions of past outbreaks have assumed that
only defoliation is responsible for the sustained growth suppression in the host
trees. Recent work illustrates that periods of climate-related growth suppressions
can precede or co-occur with insect disturbances (De Grandpré et al., 2019). It is
therefore possible that some of these reconstructed outbreak periods are, in fact,
confounding effects of climatic periods unfavorable for growth (Gennaretti et al.,
2018; Girardin et al., 2014, 2019). More research must be carried out to differentiate
the effect of defoliation and climate-related growth suppressions in dendroecological
series to improve reconstructions of the spatial and temporal dynamics of past insect
outbreaks.

Outbreak reconstructions provide strong support for the hypothesis that SBW has
been present and influencing forest dynamics in the boreal forest Québec throughout
the Holocene (Simard et al., 2006). SBW abundance and outbreaks are strongly
correlated with the presence of its primary hosts; this presence is itself influenced by
climatic variations and fire regimes. This information will be essential for building
predictive models of SBW outbreaks in the face of climate change. The early and late
Holocene were characterized by arelatively high fire frequency; the greater number of
fires may have restricted the development of severe epidemics by reducing the number
of mature hosts in the landscape. These results also suggest that epidemics would
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have been much more frequent and possibly more severe in the mid-Holocene when
fires had less (or more local) influence on the landscape, highlighting the importance
of intermediate severity disturbances in the forest landscape and providing insight
for ecosystem-based management to adapt the silvicultural practices to this type of
disturbance, e.g., applying partial harvest in locations having longer fire intervals
(Bose et al., 2014; Martin et al., 2020; Montoro Girona et al., 2016; Moussaoui et al.,
2020).

2.4 An Archive of Boreal Forest Dynamics: Subfossil Trees

Subfossil trees, where available, offer another means of reconstructing disturbance
histories at an annual resolution. The potential information preserved in the tree-
ring records of subfossil trees includes the temporal patterns of tree recruitment
and mortality, the occurrence and timing of forest disturbances, and the interannual
variations in forest productivity and climate over timescales ranging from centuries
to a few millennia (Gennaretti et al., 2014b). Subfossil trees provide information
mainly in terms of local stand-scale forest dynamics; however, their tree-ring patterns
may also be imprinted by regional- and hemispheric-scale climate signals, thereby
allowing reconstructions of past climate variability and the influence of main climate
forcing agents, e.g., solar, orbital, and volcanic influences; see Gennaretti et al.
(2014a). The varying ages of the preserved subfossil trees can also extend the regional
tree-ring records beyond the period covered by living trees.

The preservation of these paleoenvironmental archives requires exceptional depo-
sitional conditions for the trees to experience minimal decay (Fig. 2.10 a, b). These
settings include anoxic sediments (peat, lake, and river sediments) or in sites where
arid or cold conditions limit insect and microbial activity on the dead tree trunks
(Eronen et al., 2002; Gennaretti et al., 2014b; Hantemirov & Shiyatov, 2002; Spurk
et al., 2002). Subfossil trees can sometimes be dated from their depositional context
with variable precision, although the main interest in their use stems from the
analysis of their tree rings to determine the exact calendar years of ring forma-
tion through the dendrochronological cross-dating of ring-width patterns against a
“master chronology” (see Box 2.2 on master chronologies).

The systematic or exhaustive sampling of subfossil stems at a single site can reveal
several tree generations of stand-scale forest dynamics acting in response to local
disturbances (Fig. 2.10). Subfossil tree records collected from peatlands, lakes, and
rivers in the eastern Canadian boreal forest highlight the long-lasting consequences
of individual fire events (Arseneault & Payette, 1997; Arseneault & Sirois, 2004;
Arseneault et al., 2007; Gennaretti et al., 2014c). These effects include shifts to
treeless environments, changes in stem density, and the exclusion of fire-sensitive
tree species. The sampling of subfossil logs from several sites across a relatively
broad region allows large-scale patterns and processes to be documented, including
latitudinal or altitudinal shifts of tree line (Helama et al., 2005; Kullman, 1995) and
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Year CE

Fig. 2.10 Typical examples of subfossil trees in lakes of the eastern Canadian boreal forest. a A
dominant living tree prone to be recruited as a dead tree in the littoral zone of a small lake surrounded
by an old-growth black spruce forest. This tree fell into the lake two years after this picture was
taken. b A dense accumulation of subfossil trees in the littoral zone of the same lake as a. The
subfossil stems in the photo have been accumulating continuously over the last two millennia. ¢
A charred lateral branch of a cross-dated tree indicates that the corresponding tree died during a
fire several centuries ago. d Impact of a stand-killing fire (vertical dashed line) on the recruitment
of individual subfossil stems (horizontal bars). More than a century is generally needed for the
postfire recovery of the lakeshore forest and subsequent inputs of new tree trunks into the littoral
zone. Subfossils recruited before the fire event must be cross dated using subfossil trees from another
shore segment or nearby lake. Such fire-induced recruitment gaps often limit the development of
millennial master chronologies for the North American boreal forest. Photo credits a—¢ Dominique
Arsenault d Modified permission from John Wiley & Sons, Inc. (Journal of Ecology © 2013 British
Ecological Society) from Gennaretti et al. (2014b)

long-term reconstructions of defoliating-insect outbreaks (Esper et al., 2007). At a
more local scale, sunken cut logs, deposited in river sediments during the timber-
driving era in eastern Canada, provide evidence of the nineteenth and twentieth-
century logging history in the corresponding watershed. Information obtained from
these sunken logs testifies to the progressive changes in logging activities from the
preferential cutting of large pine and spruce stems in the nineteenth century to a more
generalized exploitation of all conifer species following the development of the pulp
and paper industry at the turn of the twentieth century (Boucher et al., 2009).
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Box 2.2 Master Chronologies

Developing a long "master chronology" from subfossil trees is a long, difficult,
and expensive task, requiring the analysis of several hundred to thousands of
trees and their respective tree-ring records. Master chronologies longer than
7,000 years have been developed from subfossil stems recovered from lakes
in northern Fennoscandia by sampling about 1,000 Scots pine (Eronen et al.,
2002; Grudd et al., 2002), and more than 2,000 black spruce were needed
to develop a 1,300-year master chronology for the eastern Canadian boreal
forest (Gennaretti et al., 2014b). The general idea is to use these hundreds
of overlapping tree-ring records to produce an average characteristic tree-ring
sequence for a region. Undated tree-ring records of an individual tree or a
group of trees ("floating" tree-ring series) can then be matched to the patterns
of the master chronology to obtain a precise dating (cross-dating process) of
the individual records. Successive dating of older trees permits the temporal
extension of the master chronology. The challenge of developing a master
chronology in the boreal forest stems from the high frequency of stand-killing
forest fires, which limits the temporal continuity of tree-ring chronologies in
this fire-prone region (Fig. 2.10c; Arseneault et al., 2013; Gennaretti et al.,
2014c). Thus, many trees and sites are required to build a long, boreal master
chronology that extends through periods where severe stand-killing fires burned
specific stands, but not all sites.

2.5 Looking Toward the Future

Anthropogenic environmental changes are pushing global forest ecosystems toward
non-analog states, including disturbance regimes not previously encountered in the
period of recorded human history. The use of the various environmental signals
stored in biological archives, such as tree rings and lake and peat sediments, can
provide critical information on past changes in environmental conditions, the asso-
ciated changes in disturbances, and how forest ecosystems have responded to these
shifts. This multiproxy paleoenvironmental approach is particularly important for
slowly occurring processes, which require centennial- to millennial-scale measure-
ments to be noted and assessed. Paleoecological information provides a long-term
context for the observed changes and a means of testing models and simulations that
fall beyond environmental conditions observed in recorded history. Paleoecology
can also explain how the current ecosystem structures have developed, e.g., the long-
term patterns of fire occurrence related to human activities. Combining paleoenviron-
mental approaches at sites within the boreal forest has improved our understanding
of the interactions between various disturbances over the Holocene, the role of insect
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outbreaks on landscape dynamics, and the interactions between climate, vegetation,
fire, and insects over the short term, i.e., last 200 years, and plurimillennial scales.

The development of alternative paleoenvironmental proxy indicators remains
active, including the use of fungal spores for reconstructing the occurrence of
pathogenic fungi, the recovery of insect remains other than the abovementioned
lepidopteran scales (Schafstall et al., 2020), and the application of ancient DNA and
molecular biomarker analyses to the sedimentary record (Crump, 2021; Dubois &
Jacob, 2016). Specific proxy records may serve complementary and related purposes.
Living and subfossil tree-ring chronologies hold information on long-term forest
disturbances at an annual resolution and may also be used to study climate variability
over the chronological coverage. Subfossil samples could also potentially improve
our understanding of climate-related changes in forest productivity in commercial
forests by providing information related to past tree growth, an element needed to
improve the forecasts of future forest productivity under climate warming. Finally,
the long-term patterns of forest response to natural disturbances can help develop
more sustainable forest management strategies. Central to this framework is that
harvest methods should emulate patterns of natural disturbance to thereby minimize
the differences between managed and natural forests (Kuuluvainen, 2002; Montoro
Girona et al., 2018a). The development of these management methods requires a
thorough understanding of patterns, consequences, and long-term variability of fire,
insect outbreaks, and other natural disturbances to adapt silvicultural practices to
future shifts in climate.
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Chapter 3 ®)
Natural Disturbances e
from the Perspective of Forest

Ecosystem-Based Management

Ekaterina Shorohova, Tuomas Aakala, Sylvie Gauthier, Daniel Kneeshaw,
Matti Koivula, Jean-Claude Ruel, and Nina Ulanova

Abstract Natural disturbances drive forest dynamics and biodiversity at different
spatial and temporal scales. Forests in the boreal biome are shaped by several types of
disturbance, including fire, windthrow, and insect outbreaks, that vary in frequency,
extent, severity, and specificity. In managed forests, disturbances also affect the
amount and quality of available timber. Ecosystem management uses information on
disturbance regimes as a guide to finding a balance between ecological, economic,
and social viewpoints. In this chapter, we review current knowledge on disturbance
regimes in boreal forests and discuss some implications for managing the impact and
risk of disturbances in the context of forest ecosystem management and restoration.
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Box. 3.1 Definitions of Terms Used in the Chapter

A disturbance is defined as arelatively discrete event that affects the structure of
an ecosystem, community, or population and that modifies resources, substrate
availability, or the physical environment (Pickett & White, 1985).

A disturbance regime consists of a combination of all characteristics generated
by one or several disturbance agents acting within a given land area. Some
principal descriptors related to natural disturbance regimes are listed below.
Intensity: the physical force of the event per area per unit of time (e.g., heat,
wind speed)

Severity: the impact of the disturbance on an organism, community, or
ecosystem (e.g., tree mortality)

Duration: the time (minutes to years) from the beginning to the end of a single
disturbance event

Frequency: the proportion of area affected annually. Return interval =
1/frequency

Specificity: the selective nature of a disturbance agent toward one or several
types of habitat or species

3.1 Fire

Fire is a dominant disturbance in circumboreal forests (Gauthier et al., 2015b), and it
has been the basis for many emulation and restoration strategies. Circumboreal fire
regimes are, however, highly variable (Buryak et al., 2003; Furyaev, 1996; Gromtsev,
2002; Rogers et al., 2015; Sofronov & Volokitina, 1990). In North American boreal
forests, crown fires dominate (Rogers et al., 2015; Wooster & Zhang, 2004), although
fire severity, i.e., the magnitude of the impact of fire on living plants and the soil
organic layer, varies within and between events as well as within a fire season (April
to October; Guindon et al., 2021). Eurasian boreal forests are shaped by mixed-
severity fire regimes, where variation in fire severity is driven by climate and weather,
vegetation, and characteristics of the soil and bedrock (Gromtsev, 2008; Sofronov &
Volokitina, 1990; Valendik & Ivanova, 2001). Flammability is similarly dependent
on the above factors and is often inversely related to severity, i.e., easily ignited areas
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are often subject to low-intensity surface fires. Flammability and fire severity can
also be influenced by the occurrence of other disturbances, which affect the quality
and quantity of fuel; for example, when poorly flammable forests are disturbed by an
insect outbreak, they may become more flammable and, consequently, the resulting
fire may display a crown-fire behavior.

As the characteristics of current fire regimes vary widely between forest regions
in Canada and Eurasia, we detail below the regimes for Canadian and Eurasian
boreal forests separately. We further distinguish the Fennoscandian boreal forests
of Finland, Sweden, and Norway, as their respective fire regimes and fire-related
management challenges differ greatly from the rest of the boreal zone.

3.1.1 Current Fire Regimes

3.1.1.1 Canada

The annual area burned varies markedly in Canadian boreal forests (Boulanger et al.,
2014; Hanes et al., 2019). On average, 8,000 fires burn around 2 million ha of forest
across the country each year (Gauthier et al., 2015a; Hanes et al., 2019). For fires
larger than 200 ha (data covering 1959-2015), 85% were ignited by lightning (Hanes
etal., 2019), whereas smaller fires may include a greater share of human-caused fires
(Cardil etal., 2019). The regional annual burn rates (i.e., the fraction of the region that
burns on average every year, compiled for 1959-1999) can vary from approximately
0.05% t0 0.1% per year in northern and eastern regions to 1.5% per year in western and
central Canada; this corresponds to return intervals of 2000 and 67 years, respectively
(Boulanger et al., 2014). This relative interregional difference is expected to persist
with climate change, whereas the total area burned is predicted to increase (Boulanger
et al., 2014). Most fires are small, whereas a few large lightning-ignited fires are
responsible for most of the area burned (Hanes et al., 2019).

In Canada, debates continue in regard to fire frequency and the influence of stand
age, fuel types, and site conditions versus that of climate and weather (Bessie &
Johnson, 1995; Cumming, 2001; Erni et al., 2018; Héon et al., 2014; Lefort et al.,
2003). Under a given regional fire regime, deciduous forests are less likely to burn
than coniferous ones (Bernier et al., 2016), and young and low-biomass forests are
less likely to burn than older and high-biomass ones. In regions having the highest
burn rate (1.5% per year), the return interval—the inverse of burn rate—is 66 years.
Young (<30 years) deciduous forests and old (>90 years) coniferous forests have burn
rates of 0.14% and 2.82% per year, respectively, whereas in regions experiencing
the lowest regional burn rate (0.05% per year and a 2000-year return interval), the
respective burn rate would be between 0.005% and 0.09% per year. As most future
projections of fire burn rate are based only on future climatic conditions, accounting
for this variation in fire selectivity can markedly change the outcome of projections,
notably in areas where the burn rate is projected to be above 1% (Boulanger et al.,
2017).
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The occurrence of successive fires at short intervals may cause the regeneration
failure of many tree species, contributing to a shift from a closed forest cover to an
open woodland (Payette & Delwaide, 2018). This scenario occurs, for example, when
young forests burn before a propagule bank—which can ensure post-disturbance
forest recovery—has been constituted. With the projected increase in fire frequencies
across Canada, regeneration failure may become more common in some stand types
(Baltzer et al., 2021; Splawinski et al., 2019).

3.1.1.2 Russia

The annual area burned in Russia is considerably greater than that in North Amer-
ican boreal forests. In 2020, for example, 35,134 forest fires burned 16.44 million
ha. However, there is a strong geographic gradient with over 90% of burned areas
situated east of the Ural Mountains, i.e., in the Asian portion of Russia (Sofronov &
Volokitina, 1990). In Siberia, 83% of fires occur in eastern Siberia and the Far East,
whereas 17% occur in western Siberia. Western Siberia is characterized by a low-
frequency fire regime. Variations in climate and vegetation drive these differences;
frequent surface fires characterize the eastern part with easily flammable light conif-
erous forests dominated by Scots pine (Pinus sylvestris L.) and Siberian larch (Larix
gmelinii Rupr. and L. sibirica Ledeb.) (Buryak et al., 2003; Korovin, 1996), whereas
the western region burns less intensively, consisting mostly of dark coniferous forests
dominated by Siberian spruce (Picea obovata Ledeb.), Siberian fir (Abies sibirica
Ledeb.), and Siberian pine (Pinus sibirica Du Tour.). Climate also imposes a latitu-
dinal gradient within the Siberian region; for example, in Siberian larch forests, the
mean fire return interval increases with latitude, from 80 years at 64°N to about 200
years near the Arctic Circle and about 300 years near the northern range limit of larch
forests (71°N) (Kharuk et al., 2016a). Among vegetation types, recently harvested
southern boreal forests are considered as the most flammable of all Siberian forests,
mainly because logging slash burns easily (Valendik et al., 2013). These differences
in fire frequency are inversely related to fire severity; forest types that burn often
are mostly subject to surface fires, characterized by low fuel loads and tree species
adapted to survive frequent fires. However, fire severity varies greatly even within a
given landscape type (Fig. 3.1a). Whereas surface fires are generally more common
than crown fires, patchy crown fires can represent 50% of the total area burned during
severe fire seasons (Belov, 1976; Valendik & Ivanova, 2001).

West of the Ural Mountains, in the European boreal forests of Russia, fire return
intervals can vary among landscapes from 40 to more than 200 years, depending on
site conditions (Melekhov, 1971; Zyabchenko, 1984), dominant tree species, land-
forms, and bedrock (Gromtsev, 2008). The variation in natural fire regimes is driven
by differences in superficial deposits and topography that create a landscape mosaic
with varying flammability and fuels. Similar to the Siberian part of the boreal forest,
pine-dominated forests burn with a higher frequency, typically as surface fires but
occasionally as crown fires. The most fire-prone pine forests tend to burn at least
twice per century as surface fires and three to four times per millennium as crown
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Fig. 3.1 Varying fire severity in boreal forests. a Six years after a mixed-severity fire of ca. 4,000 ha
in the dark coniferous forests of the Eastern Sayan Mountains, Siberia, Russia; b crown fire in the
coniferous boreal forest of eastern Canada; ¢ patchily burned area six years after a surface fire in the
northern boreal primeval rocky Scots pine forest, Karelia, Russia; d burning for ecological restora-
tion in a southern boreal Scots pine forest, Finland. Photo credits a Ilkka Vanha-Majamaa, b Société
de Protection des foréts contre les feux (SOPFEU), ¢ Daria Glazunova, d Erkki Oksanen/LUKE
archive

fires, whereas the less fire-prone pine forests burn with higher severity as crown fires,
one to three times every 300 years (Gromtsev, 2008). Forests dominated by Norway
spruce (Picea abies (L.) H. Karst.) burn as either intense crown fires triggered by
severe droughts at a mean return period of once or twice per millennium or as more
frequent but lower-severity ground fires (Gromtsev, 2008).

Fires in Russian boreal forests are ignited by lightning strikes or by humans. In
Siberia, the occurrence probability of lightning-ignited fires varies with the type
of terrain (Shishikin et al., 2012). In European Russia, where there is a higher
human population density and easier accessibility to the forest than in Asian Siberia,
humans are responsible for igniting more than 65% of fires (Conard & Ivanova,
1997; Shishikin et al., 2012); however, regional variation in the causes of ignition is
great. For example, in northern larch stands, about 90% of wildfires are of natural
origin (Ivanova & Ivanov, 2004), whereas in southern boreal forests, notably in the
Khakasia region, 80% of fires are caused by campfires, the burning of logging slash
on harvested areas, and the agricultural burning of grasses (Shishikin et al., 2012).
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3.1.1.3 Norway, Sweden, and Finland

The boreal part of Fennoscandian forests outside Russia (i.e., Norway, Sweden, and
Finland; NSF) has a natural fire regime resembling that of the adjacent Russian
Fennoscandia, where diverse landscape conditions result in variable fire regimes
in terms of fire frequency, size, and severity (Engelmark, 1987; Gromtsev, 2008).
However, the current fire regime differs significantly from that of the boreal forest
of European Russia and from the more active fire regime of the past because of
human influence (Pinto et al., 2020; Rolstad et al., 2017). Forest fires were previ-
ously common in all three countries but have declined considerably in frequency
from historical levels 150-250 years ago (Chap. 2; Rolstad et al., 2017; Wallenius,
2011). These changes were not associated with climatic shifts (Aakala et al., 2018;
Rolstad et al., 2017) but rather with changes in cultural practices and land tenure. The
mechanization of firefighting and the development of a dense forest road network
have also influenced the efficacy of the active suppression of surface fires (Wallenius,
2011).

The number of fires and the area burned is currently small, having declined dramat-
ically during the twentieth century. For example, from 2007 to 2016, the average
annually burned area was 496 ha in Finland, 842 ha in Norway, and 2,876 ha in
Sweden, corresponding roughly to 0.002, 0.007, and 0.01% of the forested area of
each country (San-Miguel-Ayanz et al., 2018). The area burned annually, however,
varies considerably. A notable example is the two peak fire years in Sweden in 2014
and 2018, during which 12,600 and 22,400 ha burned, respectively (MSB, 2020).
Although human influence on fire ignition has declined over the last century, most
fires are still ignited by humans.

3.1.2 Fire and Forest Management

Fires and forest management are linked in various ways, including fuel management
and the use of fires to guide forest ecosystem management. Fire suppression strategies
and forest fire policies differ markedly around the circumboreal region, as does the
role of fires in managing forest ecosystems.

3.1.2.1 Fire Suppression Policies and Practices

In Canada, fire management agencies have been established in every province and
territory. In regions where forest management licenses are active, these agencies aim
to minimize the number of large fires and their adverse effects on people, property,
and timber (Stocks, 2013; Stocks & Martell, 2016). With early fire detection systems
to locate small fires, e.g., infrared satellite and aerial flyover monitoring, and the use
of initial attack strategies to contain fires, the aim is to extinguish fires at a small
final size (2—4 ha; Martell & Sun, 2008). Despite such fire management systems in



3 Natural Disturbances and Forest Ecosystem—Based Management 95

place, slightly more than 3% of fires become larger than 200 ha and are responsible
for almost 97% of the area burned (Hanes et al., 2019). Cardil et al. (2019) showed
that fire suppression success is greater in regions of mixed boreal forest because of
the presence of deciduous species that are less flammable than resinous ones, with
82% to 92% of fires extinguished before they reach 3 ha compared with 53% to 77%
in regions of coniferous boreal forest. Large fires occur on extreme fire-weather days
when fuels are dry and winds favor fire spread. Since 1959, the area burned by larger
fires has increased on average by about 350 ha per year (Hanes et al., 2019). By
2100, the annual area burned in Canada is projected to increase by two to four times
(Boulanger et al., 2014; Coogan et al., 2019). Such situations may overwhelm the
capacity of fire management agencies (Wotton et al., 2010) and result in a substantial
increase in fire management expenditures (Hope et al., 2016).

In Russia, forest fire monitoring is based chiefly on satellite-derived information
compiled and analyzed by the Federal Forest Service (since 2001) and on reports from
the Federal State Agency “Central Base for aerial forest protection Avialesookhrana.”
It should be noted that up to 100 million ha of unused agricultural lands are now
overgrown by forests in Russia. Such forests represent approximately 10% of all
forests in Russia, although they are not officially referred to as forests (Shmatkov &
Yaroshenko, 2018). Because these patches do not have an official forest status, fires
within these forests are not classified as forest fires and are not officially monitored,
with a notable exception being volunteer monitoring organized by Greenpeace.

Regional forest fire centers and aerial forest protection offices are responsible for
forest fire protection in Russia; however, these organizations lack resources, both
in terms of labor and equipment. During severe fire situations, local forest orga-
nizations—including forest companies—are obliged to participate in extinguishing
fires. Forest fire protection in protected areas, urban forests, and military forests
is organized respectively by the staff of protected areas, regional authorities, and
the Russian Ministry of Emergency Situations. Responsibility for fire protection on
former agricultural lands has not been allocated to any entity, except in cases deemed
as “high emergency.”

Currently, fires in about 45% of Russian boreal forests are not extinguished
because of their remoteness and often low accessibility. Regional authorities define
these control zones without explicit, law-based principles. The proportion of fires
left to burn without intervention by firefighters in the spring—summer of 2020 varied
regionally and monthly, ranging between 50 and 98% of the total number of forest
fires.

In NSF, the detailed implementation of fire detection and suppression differs
among the countries; however, the overall aim is to actively suppress all fires. Satellite
detection and reconnaissance flights are used for the early detection of fires. Given
that most forest areas are easily accessible because of the dense network of forest
roads, fire suppression is generally efficient, which is reflected by the limited area
that burns annually (see above).
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3.1.2.2 Fire as a Driver for Forest Management

At a global level, ecosystem management and habitat restoration increasingly seek
inspiration from natural disturbances, particularly fire, to support both an economi-
cally viable forest industry and biodiversity in managed forests. Four main descrip-
tors of fire regime (annual burn rate, fire size, severity, and, more recently, speci-
ficity) form the basis of ecosystem management and restoration in boreal forests
(Gauthier et al., 2009; Koivula & Vanha-Majamaa, 2020; Lindberg et al., 2020;
Shishikin et al. 2012). In Canada, the annual burn rate helps define management
targets in terms of even-aged vs. uneven-aged forests within landscapes. The vari-
ation in annual burn rates also strongly influences the amount of old-growth forest
present in a given landscape (Bergeron et al., 2001; Weir et al., 2000), which in
turn influences forest composition at the landscape level. Therefore, the amount of
old-growth forest to be maintained in different boreal regions is defined on the basis
of past fire regimes (Bouchard et al., 2015; DeLong, 2007). Fire-size distribution
provides insights into the spatial configuration of different forest types and ages
across the landscape (Gauthier et al., 2004; Perron et al., 2009), whereas variation in
fire severity influences the retention strategies applied in harvested areas.

In Russia, the mosaic of forest patches and landscapes stemming from variable
fire return intervals and burn severities (Kharuk et al., 2016a) leads to differences
in the economic and nature conservation value of forests. Whereas emphasis has
been traditionally placed on fire suppression, there are now calls for region-specific
forest fire management policies. Fire policies should recognize the beneficial func-
tions of fire for pyrophilous and deadwood-dependent species as well as its role in
forest successional processes (Furyaev, 1996). This shift would imply replacing the
current fire exclusion policy with a policy that allows for natural low-intensity fires
and prescribed burning to reduce fire hazards and promote biodiversity (Davidenko
et al., 2003; Goldammer, 2013). From a biodiversity perspective, implementing
fire management strategies in protected areas, where actions may vary from fire
prevention and suppression to doing nothing, is of particular importance (Kuleshova,
2002; Shishikin et al., 2012). Regional policy guidelines for fire should be based on
the scientific knowledge of the (1) landscape-specific fire regimes; (2) regional-
and landscape-specific effects of fire and postfire succession on biodiversity; and
(3) socioeconomic conditions, including human population density, road networks,
economic factors, agricultural use of fire, and forestry activities. Depending on the
region or landscape, different strategies can be prescribed: (1) fire prevention, e.g.,
through establishing fire breaks and education; (2) suppression, including the control,
monitoring, and fighting of fires whenever possible; (3) localization of ignited fires;
(4) controlled or prescribed burning; and (5) regulation of postfire successional
processes by applying different restoration measures. Multilevel educational actions
designed for target groups from preschool children to university students and local
people also play an important role in fire management (Kuleshova, 2002; Shishikin
etal., 2012).

In NSF, there have been a few instances in which fire ecology has been used as a
guide for developing sustainable forest management strategies; these are similar to the
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Canadian ecosystem management approach. Perhaps the most well-known approach
in the European context has been the ASIO model (Angelstam, 1998), which divides
landscapes into four categories according to how frequently the forest burns under
natural conditions: rarely (Aldrig), seldom (Sillan), infrequently (Ibland), or often
(Ofta). In the mixed-severity fire regime, this frequency is often inversely related to
fire intensity. The idea is that the forest management strategy applied in a given area is
tailored according to the category in which the area is classified, emulating the stand
age structure that would naturally occur in the area. This model has been applied
in forest management planning by some large forest owners in Sweden (Angelstam,
1998). In Finland, ASIO has been used in conjunction with the landscape ecological
planning of public lands. However, its role has been small and limited primarily to
identifying parts of the landscape that almost never burn (Karvonen et al., 2001).
Recently, Berglund and Kuuluvainen (2021) outlined a refined version of the ASIO
model relying on an improved understanding of how forest fires shape the boreal
forests of NSF.

In practical forest management in NSF, understanding fire ecology has been more
commonly used as a silvicultural tool and for managing biodiversity rather than as
a management template or guideline. The use of fire in silviculture was common
after the 1950s when prescribed burning following clear-cutting was widely used
as a regeneration tool. However, controlled prescribed burning is expensive; there-
fore, its popularity has declined. For example, the area of annual prescribed burns in
Finland was around 35,000 ha in the 1950s, whereas it is currently only a few hundred
hectares (Lindberg et al., 2020). As a consequence, habitats and structures previously
maintained by frequent fires—mostly early successional habitats with abundant lega-
cies such as burnt wood—have greatly declined (Kontula & Raunio, 2019). These
types of fire-dependent habitats are currently being created by the prescribed burning
of single or groups of retention trees in clear-cut areas—used to promote biodiver-
sity and soil preparation—and through restoration burning (Lindberg et al., 2020).
However, despite the benefits of fire for biodiversity, the areas burned annually in
NSF remain small relative to the past natural fire regime.

Over the years, salvage logging of burned areas has globally gained importance
to compensate for the impact of fire on timber availability (Nappi et al., 2004; Thorn
et al., 2018). This practice negatively impacts the diversity of species occupying
postfire forests, adding to the negative impacts of fire on diversity (Cobb et al.,
2011). Habitat conditions, e.g., shadiness, and associated species communities appear
altered less by insects than by fire or windthrow, whereas subsequent salvage logging
renders these environments similar. Moreover, salvage logging reduces forest-species
richness more in insect-disturbed than in fire- or windthrow-disturbed forests—
reductions to about 57% versus 70-75% from the post-disturbance level (Thorn et al.,
2020). Guidelines for retention within salvage logging areas have been proposed for
reducing the negative impacts of such practices (Nappi et al., 2011; Thorn et al.,
2020).
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3.2 Wind

3.2.1 Susceptibility to Wind Damage

Windthrow occurs when wind speed is strong enough to override tree-root resistance
to uprooting or stem resistance to trunk breakage. Wind is a common disturbance in
a variety of biomes, from boreal (Ulanova, 2000) to temperate (Canham et al., 2001;
Fischer et al. 2013) to tropical forests (Putz et al., 1983). Wind-induced disturbances
vary in frequency, size, and severity both between and within biomes (Everham &
Brokaw, 1996). In different parts of the boreal forest, windthrow return intervals
vary from decades to a few hundred or thousand years (De Grandpré et al., 2018;
Smolonogov, 1995; Waldron et al., 2013).

Wind damage can recur regularly at small scales and low severity or occur less
often but at a large scale and high severity (Miller, 1985). Severe damage is asso-
ciated with infrequent major storms and has led to significant efforts to document
damaged areas and timber losses (Grayson, 1989; Ruel & Benoit, 1999; Valinger
et al., 2014). Nonetheless, although less spectacular and often poorly documented,
small-scale windthrow events can have significant consequences for forest manage-
ment (Rollinson, 1987). In a compilation covering 29 European countries, Seidl et al.
(2014) estimated that wind damaged 32.3 million m®-yr~! of timber during the first
decade of the twenty-first century.

Windthrow severity is influenced by interactions between wind speed, topographic
and edaphic conditions, disturbance history, and the current characteristics of forest
stands and landscapes (Everham & Brokaw, 1996; Ruel et al., 1998; Saad et al.,
2017). Shallow and poorly drained soils restrict rooting depth, which leads to lower
tree resistance to uprooting. However, soil properties interact with tree species and
stand attributes; for example, jack pine (Pinus banksiana Lamb.) is more resistant
than black spruce (Picea mariana (Mill.) BSP) on relatively deep soils but not on
shallow soils, which prevent the development of deep roots. On the other hand, black
spruce is inherently shallow-rooted and is thus better adapted to shallow soils (Elie &
Ruel, 2005). Old-growth Norway spruce—dominated stands on rich soils consist of
large trees with flagged crowns and a shallow root system. Consequently, they are
more vulnerable to windthrow than, for instance, Scots pine or birch forests that are
more deeply rooted (Karpachevsky et al., 1999; Skvortsova et al., 1983; Ulanova,
2000).

The most important characteristics influencing stand vulnerability to windthrow
are tree species composition, size, and age structure. Tree-pulling studies allow a
quantitative comparison of species resistance to windthrow (Achim et al., 2005;
Nicoll et al., 2006; Peltola et al., 2000). Wood properties and the presence of decay
(notably because of Heterobasidion fungi) strongly influence the resistance of trees
to stem breakage (Rich et al., 2007). In eastern Canada, for instance, balsam fir (Abies
balsamea (L.) Mill) has been consistently ranked as the most windthrow-prone tree
species in large part owing to a high level of decay (Ruel, 2000). Among European
boreal tree species, Norway spruce is the most sensitive to uprooting, whereas aspen
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(Populus tremula) is damaged mainly by stem breakage (Skvortsova et al., 1983). In
primeval European boreal forests, susceptibility to windthrow decreases with tree age
structure from even-aged to all-aged stands, increases with the proportion of decid-
uous species, and decreases with site fertility (Fedorchuk et al., 2012; Karpachevsky
et al., 1999; Shorohova et al., 2008).

3.2.1.1 Windthrow Impacts

Immediate and long-term windthrow impacts include (1) an abrupt or continuous
change of forest structure with an increased share of broken and/or uprooted trees
and deadwood; (2) pedoturbation (soil-mixing) with the creation of pit-and-mound
systems (Fig. 3.2); (3) a change in microclimate; and (4) a change in stand vulnera-
bility to subsequent disturbances (Chap. 4; Fischer et al., 2013; Samonil et al., 2010;
Schaetzl et al., 1989; Skvortsova et al., 1983; Ulanova, 2000). In old-growth forests,
pit-and-mound systems may cover an area of up to 90% and remain visible for up
to 200-500 years. In high-severity windthrow, environmental conditions, notably
light availability and soil moisture, are strongly modified, and water balance can
even change across the entire landscape (Karpachevsky et al., 1999). At the land-
scape scale, low- or moderate-severity windthrow results in a scattered pattern tree
mortality of various modes (uprooting, stem breakage, or the formation of snags)
(Fig. 3.3), a complex fine-scale mosaic of living and dead trees, and windthrow gaps
that vary from 0.05 ha to a few hectares in size and have a variable pit-and-mound
topography (Fedorchuk et al., 2012; Schaetzl et al., 1989; Shorohova et al. 2008;
Skvortsova et al., 1983).

Spatial patterns of wind-induced tree mortality lead to multiple post-windthrow
successional pathways in forest ecosystems, depending on the interplay between
windthrow severity and stand attributes, including tree age structure, tree species
composition, and site productivity (Meigs et al., 2017). Biotic and abiotic factors
influence the succession of post-windthrow regeneration (Fischer et al., 2013; Girard
et al., 2014; Ulanova, 2000). Coniferous tree species successfully regenerate where
less than 60% of trees die in a stand (Petukhov & Nemchinova, 2015) and the surface
area of windthrow pits covers less than 15% (Ulanova & Cherednichenko, 2012).

3.2.2 Wind and Forest Ecosystem Management

Windthrow generates timber loss due to falls and wounds on trees, and windthrow
often results in subsequent biotic disturbances, such as bark beetle outbreaks or fungal
infestations. In mountain regions, windthrow may increase the risk of avalanche
and rockfall and consequently threaten human settlement and infrastructure (Scho-
nenberger et al., 2005). Although extended rotation and partial cutting are impor-
tant ecosystem management strategies (Bélisle et al., 2011; Montoro Girona et al.,
2016), increasing rotation length can lead to more windthrow. Thus, wind damage
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Fig. 3.3 Diverse coarse woody debris after a patchy windthrow in a primeval forest in the Vepssky
Reserve, Russia. Photo credit Alexandr Korepin

tends to increase with tree age because of the increased tree height and incidence of
decay (Ruel, 1995), posing a constraint when applying extended rotations to short-
lived species. Increasing intertree spacing through partial cutting heightens the wind
load on trees (Gardiner et al., 1997). There are many examples of increased wind
damage after partial cutting (Chap. 16; Becquey & Riou-Nivert, 1987; Cremer et al.,
1982; Montoro Girona et al., 2019; Ruel & Gardiner, 2019). Windthrow losses can,
however, be minimized through windthrow-hazard evaluation tools, including deci-
sion keys, empirical models, or hybrid/mechanistic models (Gardiner et al., 2008).
In recent decades, progress has been made in developing such tools, especially in
the modeling of complex stands (Gardiner et al., 2008; Hale et al., 2012).

In post-disturbance situations, forest management strategies include (1) allowing
natural successional development; (2) salvage logging followed by natural regen-
eration; and (3) salvage logging with subsequent soil preparation and tree planting
(Brang et al., 2004; Fischer & Fischer, 2012; Fischer et al., 2002; Lassig & Mocalov,
2000; Mocalov & Lissig, 2002; Schonenberger, 2002; Soukhovolsky et al., 2012). A
study from a Bavarian national park in Germany, comparing successional dynamics
after windfall on permanent plots, demonstrated that salvage logging triggers natural
secondary succession through intermediate phases having a dominance of birch or
aspen (Fischer et al., 2002). The costliest silvicultural treatments allow for the regen-
eration of mixed conifer—deciduous forests, although without predisturbance natural
mosaics (Fischer & Fischer, 2012; Lissig & Mocalov, 2000). In mountain forests,
“doing nothing” may ensure natural protection against snow avalanches and rockfall
(Schonenberger et al., 2005).
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The natural landscape—specific regime of wind disturbance can be considered as a
basis, or a reference, for ecosystem-based forest management and ecological restora-
tion. In landscapes dominated by small- and medium-scale windthrow, gap felling
or variable retention felling can be recommended (Koivula et al., 2014). If salvage
logging must be used for some economic or public safety reasons, post-windthrow
attributes of known ecological importance, such as deadwood, living trees, and micro-
topography, should be retained within salvaged cutblocks, with some proportion of
windthrow exempted from logging operations (Thorn et al., 2020; Waldron et al.,
2013). Mimicking partial windthrows in wind-prone forests by conducting partial
cuts can increase the likelihood of subsequent wind damage. However, a widely
shared opinion among foresters in Finland is that damage risks are generally higher
in even-aged than in uneven-aged management regimes, with the notable exception
of root-rot infestations in Norway spruce forests (Nevalainen, 2017).

An additional challenge in incorporating wind disturbance into forest management
is related to alterations of future disturbance regimes. Storms characterized by high
wind speeds are more common in autumn and early winter in northern Europe and
eastern Canada, periods where the frozen topsoil “anchors” trees in the ground,
thereby decreasing the chances of treefall. Because of climate warming, however,
periods of unfrozen soil are predicted to lengthen, resulting in a poorer anchoring of
trees in a season of severe winds. Moreover, the frequency of autumn or early-winter
windstorms may increase; thus, windstorm-caused timber damage could become
more common and widespread (Gregow et al., 2011; Saad et al., 2017). Indeed, in
Europe, the level of damage by wind, reported by Seidl et al. (2014) for the first decade
of the twenty-first century, increased 140% compared with wind damage between
1971 and 1981. Between 1950 and 2000, more than 50% of natural tree mortality
in Europe was due to windthrow, whereas biotic factors were responsible for 16%
(Schelhaas et al., 2003). Although biotic factors appear relatively minor from this
perspective, they can be locally devastating (Hl4sny et al., 2019). These percentages
are likely to change in the near future, however, as windthrow, drought, and insect
outbreaks are predicted to increase, particularly for the boreal region (Seidl et al.,
2020).

3.3 Insects

3.3.1 Insect Outbreaks and Their Characteristics

Forest insect outbreaks occur in all major forest ecosystems throughout the world but
cause the most damage in high-latitude forests. Unlike fire and wind disturbances,
insects are often specific in nature, such that only a limited number of host-tree
species—usually a single genus or family—are affected (Bentz et al., 2020). This
specificity also implies that certain attributes (frequency, size, severity) used to char-
acterize fire regimes do not apply directly to insects (De Grandpré et al., 2018). For
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example, although insect outbreaks may affect a larger total area than fire or wind-
storm, being specific to certain host-tree species, qualities, and sizes, these events
lead to partial mortality except in pure host-species stands (Raffa et al., 2015). Thus,
the losses of timber volume may be less than after windthrow or fire (Kneeshaw
et al., 2015).

Contrary to wildfire, the return interval (the inverse of frequency) for insect
outbreaks is usually calculated on the basis of insect population dynamics rather than
the time required to affect a given area. Spruce budworm (Choristoneura fumiferana)
outbreaks in eastern Canada occur every 30 to 40 years (Jardon et al., 2003; Morin
etal., 2009; Navarro et al., 2018), a return interval similar to that of the mountain pine
beetle (Dendroctonus ponderosae) (Alfaro et al., 2010). For insect species usually
affecting only small areas, population return intervals are rarely calculated. Exam-
ples of such species include the European spruce bark beetle (Ips typographus), the
gypsy moth (Lymantria dispar), and the oak processionary moth (Thaumetopoea
processionea) (Bentz et al., 2020).

The severity of an insect outbreak can be expressed as the number or proportion
of infected trees. Aerial surveys of areas affected by the spruce budworm give stand-
level severity estimates based on annual defoliation. In Québec, these classes are 0—
33% (light), 34—66% (moderate), and 67-100% (severe) (MFFP, 2019). If defoliation
is less than 33%, tree growth is minimally affected (Chen et al., 2017). As the
spruce budworm only eats current year (new) foliage and trees carry five to seven
years of foliage, multiple subsequent years of infestation are required for the spruce
budworm to kill a tree (Lavoie et al., 2021). For example, removing all foliage on
a tree requires five years of 100% defoliation of new foliage, although a tree may
die before the cumulative defoliation reaches 500%. This rule of thumb is useful
for translating defoliation into mortality. Severity has also been measured through
dendrochronological records by inspecting reductions in tree growth rings (Robert
et al., 2018; Thomas et al., 2002).

Tree mortality is another useful indicator of outbreak severity. In mild outbreaks,
only growth reduction may occur, whereas severe outbreaks result in detectable tree
mortality. There is no accepted standard of the level of mortality required for an
outbreak to be considered severe. The mountain pine beetle, for example, feeds on
the phloem of living trees but can only successfully reproduce if it kills the tree and
eliminates its defenses (Safranyik et al., 2010). In contrast, many other insect species
can reach high population numbers (and thus outbreak conditions) while primarily
affecting only tree growth. The forest tent caterpillar (Malacosoma disstria), the jack
pine budworm (Choristoneura pinus), and the oak processionary moth, for example,
rarely directly kill their host trees (Man & Rice, 2010; Sands, 2017). Thus, outbreaks
causing any mortality may be considered severe for these species (Cooke etal., 2012).

Given the host specificity of herbivorous insects and their feeding preferences
(defoliation of some or all leaves versus feeding on phloem or xylem), insects cause
various forms of damage to trees. Hence, forest management based on the emula-
tion of tree structure and microclimatic conditions resulting from insect disturbances
must focus on parameters other than the impacted area or return interval. For the
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spruce budworm, Baskerville (1975) suggested that the insect acts as a super silvi-
culturist in releasing advance, i.e., pre-established, regeneration. Bouchard et al.
(2006), Kneeshaw and Bergeron (1998), Reinikainen et al. (2012), and Burton et al.
(2015) showed that outbreaks of defoliators are essential for maintaining the struc-
tural diversity of forests. Other authors have also evaluated the influence of insects
on tree regeneration and, therefore, the future composition of forests within various
site types. The mountain pine beetle, for instance, can act as an agent that removes
and kills large older lodgepole pine (Pinus contorta Douglas ex Loudon) and, in
turn, releases space and resources for the smaller stems of lodgepole pine or favor
the recruitment of other tree species (Kayes & Tinker, 2012).

3.3.2 Forest Ecosystem Management and Insect OQutbreaks

Lessons from insect outbreaks suggest that if forest management aims to emulate
tree structures resulting from these outbreaks, forest managers should avoid monocul-
tures and even-tree-size stands and favor tree diversity. These features would benefit
wildlife diversity and decrease the likelihood of future outbreaks, as suitable host
trees for these specialists would be less abundant. Koivula et al. (2014) suggest that
partial cutting could emulate insect disturbances as most insect disturbances cause
only partial mortality. Currently, forest managers preferentially harvest the most
valuable companion tree species at maturity (Blais, 1983; Kneeshaw et al., 2021;
Sonntag, 2016). Recent work suggests that insects tend to attack large contiguous
blocks of host-tree species with greater synchrony and severity; therefore, breaking
up such large blocks may be an effective pest management strategy at the land-
scape scale (Robert et al., 2012, 2018, 2020). As the ranges of many insects are
currently expanding, managers should be aware that large blocks of monocultures
should be eliminated or reduced to avoid increasing forest vulnerability to outbreaks
(Kneeshaw et al., 2021).

Climate change may affect the population dynamics of different insect species,
alter outbreak frequencies, and facilitate range shifts to more northern latitudes and
higher elevations. Range expansions of forest insect pests may lead to widespread
mortality of trees within the insect’s new range. However, they may also be associated
with contractions in other parts of the range (Régniere et al., 2012). Insect population
density is regulated by density-dependent and density-independent factors, such as
weather conditions and forest ecosystem characteristics (Isaev et al., 2017). Increases
in temperature, especially in winter months, and drier conditions may contribute to
increases in bark beetle populations and the ability of these beetles to overcome the
defense mechanisms of trees (Raffa et al., 2015; Romashkin et al., 2020). Droughts
have also been implicated by stressing trees and rendering them more vulnerable to
bark beetle attacks, as has been observed for European spruce bark beetle outbreaks
(Maslov, 2010). However, drought effects on defoliators remain equivocal (Itter et al.,
2019; Kolb et al., 2016). Recent reviews have attempted to predict the effects of
climate change on future insect outbreaks (Jactel et al., 2012; Kolb et al., 2016;
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Pureswaran et al., 2018). These studies indicate that, despite expectations of greater
outbreaks, responses are complex, and positive and negative feedback will probably
occur (Haynes et al., 2014). In other words, some outbreaking insects may cause more
damage whereas others will cause less, and this—combined with range contractions
and expansions—adds much uncertainty to projections of future insect influence on
forests.

3.4 Pathogens

Many pathogens influence trees by reducing tree growth and vitality (Hicke et al.,
2012) by acting as predisposing agents to a number of other disturbances. Several
pathogen species also kill trees directly. Because of its harsh climate, the boreal
zone has previously been beyond the distribution of many pathogens. Consequently,
their role in the disturbance regimes of natural forests has been overlooked. Certain
species of fungi may play a significant role in the dynamics of old-growth forests in
northern Fennoscandia (Lannenpii et al., 2008) in causing the small-scale mortality
of individual trees or small groups of trees. Hence, at the landscape scale, pathogens
occur frequently, but their impacts are of low severity and spatially scattered.

Many pathogen species are strictly host specific (Zhou & Hyde, 2001). Partly
because of this host specificity, their role in intensively managed, monospe-
cific, and structurally homogeneous forests appears greater than in natural forests
(Storozhenko, 2001). However, trees in continuous-cover forest management appear
to suffer from Heterobasidion infestations to a greater degree than those growing in
standard even-aged management because of logging-caused damage to retained trees
(Piri & Valkonen, 2013) and difficult root and stump removal. Fungi of the genera
Heterobasidion and Armillaria are considered particularly problematic for forestry
in the boreal zone (Garbelotto & Gonthier, 2013); as they spread through roots, trees
in the next generation are easily infected.

The most aggressive fungal pathogen causing root rot in naturally regenerated
coniferous boreal forests is Armillaria borealis Marx. & Korh. (Pavlov, 2015). Soil
conditions determine the activity of and disturbance severity caused by Armillaria
and Heterobasidion spp. (Fig. 3.4; Pavlov, 2015).

In European Russia, the bacterial dropsy diseases on birch (Betula spp.) and conif-
erous tree species, caused by Erwinia multivora Scz.-Parf., have increased during
the last decades (Voronin, 2018). These bacterial diseases are triggered by drought
and anomalous thaw events, causing fungal outbreaks in Siberian fir and pine forests
(Voronin, 2018).

Climate is an important driver of disease outbreaks, influencing the distur-
bance agent directly or indirectly through host susceptibility (Sturrock et al., 2011).
Changing climate may generate conditions favorable to pathogens by extending
periods of growth and reproduction or causing phenological changes that may result
in a greater overlap of host susceptibility and pathogen aggressiveness. Heteroba-
sidion and Phytophtora species are expected to benefit from a warming climate
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Fig. 3.4 Effects of drought and soil conditions on the resilience of Siberian fir trees against the
pathogenic fungus Armillaria mellea s.1. Redrawn by permission from Springer Nature from Pavlov
(2015). Photo credit Ilkka Vanha-Majamaa

(Pavlov, 2015). Similarly, the widespread Armillaria has the potential to increase
in significance in boreal forests (Dempster, 2017). Like insects, pathogens are also
candidates for invasive spread through human influence (Dukes et al., 2009).

3.5 Drought-induced Forest Decline

Whereas past disturbance studies have rarely considered drought, it is now recog-
nized as a potent disturbance agent that can reduce tree growth (Itter et al., 2019),
increase the vulnerability of trees to defoliation (Cooke & Roland, 2007), and drive
tree mortality (De Grandpré et al., 2019). Mechanisms of drought-induced mortality
include hydraulic failure, xylem embolism, and increased vulnerability to biotic
disturbance agents, such as insects, fungi, and bacteria (Anderegg et al., 2013;
Kharuk et al., 2016b; Voronin, 2018). Repeated drought events can weaken trees and
decrease their resilience to subsequent drought events and secondary disturbance
agents (DeSoto et al., 2020; Haynes et al., 2014; Pavlov, 2015).

Cases of drought-induced disturbances of varying severity have been reported
across the boreal region (Chaps. 11 and 30; Michaelian et al., 2011; Pavlov, 2015;
Zamolodchikov, 2012). In boreal forests, patchy drought-induced mortality is typical,
especially in spruce-dominated primeval forests (Aakala & Kuuluvainen, 2011;
Khakimulina et al., 2016) (Fig. 3.5). Similar patterns of decline and mortality of
the “dark conifers” Abies sibirica and Pinus sibirica have been recorded in the
southern Siberian Mountains and Baikal Mountains (Kharuk et al., 2013a). Birch
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mortality, caused by prolonged drought, has been documented within the Trans-
Baikal forest—steppe (Kharuk et al., 2013b). Notably, all reported cases of mortality
of “dark conifers” in Russia have coincided with drought episodes, often accom-
panied by insect outbreaks (Kharuk et al., 2016b). However, interactions between
drought and insect outbreaks are complex, especially for defoliating insects. Haynes
et al. (2014) showed that outbreaks of only one of five forest insect pests in Germany
were influenced by drought over the past centuries. Similarly, in North America, Itter
et al. (2019) could not find an interaction between the growth reductions caused by
two different defoliators and drought. On the other hand, De Grandpré et al. (2019)
suggested that drought preceded spruce budworm—caused mortality. Another study
indicates that bark beetles respond directly to climate change, whereas the evidence
for defoliators is equivocal (Kolb et al., 2016). In addition to stressing host trees,
drought can impact the insect itself. Thus, the effect of climate change on future
insect outbreaks is difficult to predict. Outbreaks could become more severe if the
trees are more negatively affected than the insect pests, or outbreaks could decrease in
amplitude and severity if insects are more negatively affected than trees (Pureswaran
et al., 2018).

From a forest management perspective, species response to drought is a key issue.
In European boreal forests, the shallow-rooted overstory Norway spruce, which
suffers from drought events over large spatial scales, is predicted to be strongly
affected in the future (Kharuk et al., 2016b). In North America, jack pine is consid-
ered one of the least vulnerable tree species to drought (Peng et al., 2011). An inclu-
sion of drought-resistant trees in forest management has been proposed as a strategy
to mitigate the impacts of drought on forest productivity. However, before advo-
cating large-scale switches from drought-sensitive to drought-tolerant species, it is

Fig. 3.5 Patchy drought-induced mortality of Norway spruce trees in a primeval forest of the
Vepssky Forest Reserve, Russia. Photo credit Aleksandr Korepin
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necessary to point out the complexity of these relationships. Aubin et al. (2018) used
traits to identify drought-resistant trees in western Canada and classified trembling
aspen (Populus tremuloides Michx.) as being highly sensitive to drought, whereas
in eastern Canada, trembling aspen is considered one of the most drought-tolerant
species (D’Orangeville et al., 2018; Héon-Grenier, 2020). Moreover, D’Orangeville
et al. (2018) showed that although species differ in drought sensitivity, the marked
intraspecific variability in this respect underlines the overriding effect of site. The
severity of drought and other disturbances is also related to elevation, terrain topog-
raphy, slope steepness, and aspect (Kharuk et al., 2013a). Even the least vulnerable
trees will experience high rates of growth loss and mortality following drought if
they are growing on shallow soils.

Deep snowpacks in boreal forests ensure that soil water is recharged annually;
thus, cumulative soil moisture deficits may be limited and, consequently, minimize
the effects of drought on boreal trees (Oogathoo et al., 2020; Léger-Beaulieu et al.
In-Review). The timing of dry conditions during a season is also an essential factor
to consider. D’Orangeville et al. (2016) have shown that spring droughts can benefit
boreal soils subject to cold and wet conditions, whereas summer droughts can have
more negative effects. Sdnchez-Pinillos et al. (2022) also show that subsequent low-
severity droughts can cause greater mortality than severe droughts.

Drought has been an increasingly common phenomenon over recent decades and
is projected to be even more frequent and severe in the future. However, its effects
are complex, especially its interactions with other disturbances. As tempting as it
is to identify and favor drought-resistant species, site factors should be the primary
consideration when predicting future impacts. Thus, from a management perspective,
foresters should learn from forest vulnerability to drought. In particular, species and
site conditions should be considered in silvicultural decisions, as certain sites may
be at high risk of drought and should not be managed for timber production.

3.6 Snow and Ice

Snow and ice are often included in the list of typical disturbance agents of the
boreal forest, but their effects have rarely been quantified. Ice storms are a major
meteorological hazard in midlatitude regions (Cheng et al., 2007). They occur when
freezing rain accumulates on trees, and the weight of the accumulated ice breaks
the branches and stems. This can cause widespread damage in temperate forests, but
these events are less common in boreal forests. Nonetheless, Markham et al. (2019)
documented such an event in jack pine forests in Manitoba, where over 2,000 km?
were damaged by ice in 2010. Similar events have been recorded in Manitoba in
1930 and 1958, showing that ice storms are also a potentially important disturbance
agent in parts of the boreal zone.

The impacts of snow and ice on trees and forests resemble those of windstorms
(Peltola et al., 1999; see also Sect. 3.2) in that they mechanically cause tree boles and
branches to break. The breaking can also occur in interaction with high winds that
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exert further forces on the stem. At the tree level, tree architecture and wood properties
play arole. Ice storms and snow do not usually kill all trees in a stand (Markham et al.,
2019), but they may change species composition, size structure, and stand spatial
structure (Jalkanen & Konocpka, 2007; Nykénen et al., 1997). The accumulation of
snow and ice and the resulting damage on trees across spatial scales from stands to
regions depend on weather, e.g., cold and warm fronts, precipitation, air temperature,
wind speed and direction, and locality, e.g., continentality, topography, altitude, and
water table height (Barry & Chorley, 2010).

With changing climate, snow damage patterns are predicted to change
(Kilpeldinen et al., 2010). As climate change brings about more extreme weather
events and warmer conditions in the early winter and spring, the occurrence of ice
storms is also likely to increase in the North American boreal forest (Cheng et al.,
2007).

3.7 Concluding Remarks

Temporal and spatial descriptors of all disturbance types in the boreal forest vary in
time and space and are thus difficult to emulate, predict, and control in an ecosystem
management framework. The relative importance of different disturbance agents
and the variability of current and future disturbance regimes within the boreal region
require developing programs for ecosystem management and ecological restoration
at a regional level. Decades of research have shown that the landscape scale should
be better considered in ecosystem management (Patry et al., 2017). For instance,
the current level of harvesting may, at least locally, be close to (or even beyond)
the capacity of the system to cope with the combined effects of fire and harvesting,
let alone climate alterations. Future climatic conditions are projected to become more
conducive to several disturbance types, including fire, windthrow, insect outbreaks,
and drought. Hence, maintaining the current level of harvesting in the future may
be challenging (Boucher et al., 2018; Gauthier et al., 2015a). Assessments of the
implementation of ecosystem management approaches are crucial in mitigating the
future impacts of increasing disturbance frequency on forest ecosystems.

Partial harvesting, especially with the retention of deadwood and habitat trees
(exceptionally large, usually scattered, individual trees in a stand), can maintain
structural forest features similar to stands affected by insects or windstorms, and these
features are crucial for hundreds of threatened forest species (Gustafsson et al., 2020;
Kneeshaw etal., 2011; Koivula & Vanha-Majamaa, 2020). Descriptors of severity and
specificity may provide a template for developing policies for maintaining biological
legacies in post-harvest and salvage-logged forests (De Grandpré et al., 2018; Nappi
etal., 2011).

Episodic disturbances may foster ecosystem adaptations to the effects of ongoing
and future climatic change by increasing structural diversity with cascading positive
effects on biodiversity, edaphic conditions, biogeochemical cycles, and increased
heterogeneity across various spatial scales. Allowing some forests to be shaped by
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natural processes may be congruent with multiple goals of forest management, even
in densely settled and developed countries (Kulakowski et al., 2017). Emulating
natural disturbances and successional dynamics at landscape and regional scales
should be used to maintain the natural variability in old-growth attributes over time
(Shorohova et al., 2011).

Addressing all forest ecosystem services calls for developing regional strategies
to integrate disturbances into ecosystem management, with actions varying from
prevention, control, and post-disturbance management to passive “rewilding” to the
active emulation of disturbances. These actions have the combined goal of restoring
ecosystem resilience by maintaining tree stand composition, age-class distribution,
and natural-like structures.
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Chapter 4 ®
Selected Examples of Interactions oo
Between Natural Disturbances

Jean-Claude Ruel, Beat Wermelinger, Sylvie Gauthier, Philip J. Burton,
Kaysandra Waldron, and Ekaterina Shorohova

Abstract Understanding natural disturbance regimes and their impacts is crucial in
designing ecosystem management strategies. However, disturbances do not always
occur in isolation; the occurrence of one disturbance influences the likelihood or
the effect of another. In this chapter, we illustrate the importance of disturbance
interactions by focusing on a subset of interactions present in different parts of the
boreal forest. The selected interactions include insects and wind, insects and fire, and
wind and fire. The potential consequences of climate change on these interactions
are also discussed.
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4.1 Introduction

A forest ecosystem management approach that mimics natural forest dynamics
requires a solid understanding of natural disturbance regimes. The previous chapters
(Chaps. 2 and 3) have provided information on disturbance regimes and how climate
change influences them. However, disturbances do not always act in isolation but
often interact (Buma, 2015; De Grandpré et al., 2018). Some disturbances such as
insect outbreaks and windstorms increase the raw material (food or fuel) upon which
other disturbances can build and consequently augment their importance. Conversely,
certain events such as fires and landslides remove or reduce the available biotic mate-
rial on which subsequent disturbances can act, thus decreasing the occurrence of
future disturbances. The marked heterogeneity of disturbances and general patterns
generated by interacting disturbances can lead to complex disturbance regimes and
landscapes (Cannon et al., 2019; Sturtevant & Fortin, 2021).

Interactions can take two major forms: (1) the occurrence of one disturbance
influences the likelihood and impact of a second event, and (2) a disturbance influ-
ences the capacity of the ecosystem to recover from a previous event (Buma, 2015).
Both forms may occur simultaneously. Infrequent, large disturbances would normally
produce minimal long-term change, so long as they remain within the natural range
of variability for disturbance frequency and severity (Kulha et al., 2020). Compound
disturbances that occur within the period where the ecosystem is recovering from
the initial disturbance may lead, however, to the long-term alteration of communities
(Jasinski & Payette, 2005; Paine et al., 1998; Splawinski et al., 2019). Ecosystem
recovery can also be compromised when a disturbance occurs in a community already
affected by a chronic stress, e.g., drought, a situation that may become more common
in the context of climate change (Jactel et al., 2012). However, there are also cases
where a disturbance may reduce the probability, intensity, or severity of subsequent
disturbances (Cannon et al., 2019). The amplifying or buffering nature of these
interactions can even vary with the particular response variable (Cannon et al., 2019).

To assess disturbance interactions, we must discuss both the implicated mecha-
nisms and their respective impacts on the ecosystem. Different forms of disturbance
can affect various ecosystem components, and we require a means of describing these
effects. Buma (2015) has suggested focusing on the legacies from each disturbance
and the mechanisms involved. Traditionally, the amount of canopy removed has been
used to describe disturbance severity in forests; however, Roberts (2007) suggested
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that this measure is insufficient by itself to fully describe the impact of forest distur-
bances. This is particularly relevant when considering disturbance interactions. As
an alternative, Roberts (2007) suggested describing disturbance severity along three
axes: (1) percentage of canopy removed, (2) percentage of understory removed, and
(3) percentage of forest floor and soil removed or disrupted.

In this chapter, we illustrate specific regional interactions between the main natural
disturbances of the boreal forest and discuss the potential effects of global change on
these interactions. We recognize that we do not touch upon all possible interactions
and regions; however, we believe that focusing on these selected cases can help design
future ecosystem management strategies. Finally, we highlight some knowledge gaps
and their associated research needs.

4.2 Windthrow and Insects

Interactions between windthrow and insects are common in the boreal forest biome.
The implicated tree and insect species vary geographically, as does the nature of
the interactions. Windthrow and insect disturbances can interact in two different
manners. Insect damage can open the stand, exposing trees to higher wind speeds
(Gardiner et al., 1997) and making them more susceptible to windthrow. Exam-
ples of this type of interaction include infestations of the spruce budworm (Choris-
toneura fumiferana Clemens) in northeastern North America and the mountain pine
beetle (Dendroctonus ponderosae Hopkins) in western North America. Nonetheless,
windthrow and insects can also interact in a reverse manner. Windthrow can generate
an ample supply of breeding material, supporting a population increase of some bark
beetle species, which can then switch to attack living trees (e.g., HavasSova et al.,
2017).

4.2.1 Windthrow and Defoliators

In the absence of fire, windthrow and outbreaks of spruce budworm represent the main
disturbances in the boreal forest of eastern Canada. Three major spruce budworm
outbreaks occurred during the twentieth century (Navarro et al., 2018), mostly
affecting forests dominated by balsam fir (Abies balsamea (L.) Mill.). Vulnerability
to spruce budworm-related defoliation differs among tree species, balsam fir being
the most vulnerable, followed by white spruce (Picea glauca (Moench) Voss), red
spruce (Picea rubens Sarg.), and black spruce (Picea mariana (Mill.) BSP). Pines
and hardwoods are unaffected.

Windthrow is a common feature of the Canadian boreal forest. Although the
return period of total windthrow may exceed 4,000 years (Bouchard et al., 2009;
Waldron et al., 2013), partial windthrow can be more frequent (Waldron et al., 2013).
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Windthrow occurrence varies with wind exposure as well as soil and stand charac-
teristics (Ruel, 1995, 2000). Vulnerability also depends on species, stem taper, and
rooting depth. Balsam fir, which is the most vulnerable tree species to the spruce
budworm, is also one of the species most vulnerable to windthrow in eastern Canada.

Defoliating insect outbreaks of intermediate severity or outbreaks occurring
in mixed-species stands typically cause partial canopy mortality. Because of the
increased tree spacing resulting from this partial mortality, wind load on residual
trees is increased, potentially leading to windthrow (Girard et al., 2014; Morin,
1990). Spruce budworm-related defoliation can also lead to a reduction of the fine
root biomass of surviving trees (Morin, 1990). This reduced size of the root system
affects a tree’s resistance to overturning. Taylor and MacLean (2009) documented
an increase in wind-driven mortality 11 to 25 years after a spruce budworm-related
defoliation. In mixedwood stands, hardwoods surviving a spruce budworm outbreak
are also more wind resistant, thereby limiting the potential for disturbance interac-
tions. In their study of Newfoundland forests that had previously been attacked by
hemlock looper (Lambdina fiscellaria Guenée), Arsenault et al. (2016) reported a
greater incidence of mappable windthrow patches. In both cases, the increased expo-
sure of surviving trees after widespread insect-caused defoliation provoked elevated
levels of windthrow.

Spruce budworm has a major but variable effect on the main forest canopy and
generally a minor effect on the understory, although advance regeneration may be
somewhat affected (Nie et al., 2018). The impact on the forest floor is, however,
generally negligible. Because balsam fir is more vulnerable than other species, this
perturbation can reduce the proportion of this species in the canopy over the short
term; however, as a shade-tolerant species having relatively few seedbed require-
ments, balsam fir generally dominates the advance regeneration in mixed coniferous
stands. Hence, the impact of the spruce budworm on the longer-term tree species
composition tends to be minor (Girard et al., 2014).

When spruce budworm damage does lead to windthrow, the additional conse-
quences on the understory layer tend to be limited (Girard et al., 2014); however,
substantial changes occur on the forest floor. The creation of a pit and mound micro-
topography by windthrow disrupts the herbaceous layer and exposes mineral soil
or mixtures of mineral soil and organic material. This microtopography contributes
to an increased post-disturbance seedbed heterogeneity, which can improve seedling
establishment and increase plant species richness (Ulanova, 2000). Given the aggres-
siveness of balsam fir regeneration, however, balsam fir typically remains the main
tree species and may even increase its relative abundance (Fig. 4.1; Girard et al.,
2014; Morin, 1990). The effect may differ within stands that have yet to reach the
understory reinitiation stage (sensu Oliver, 1980). In these latter stands, the seedling
bank is not yet developed, and the insect can reduce the production of seeds, thereby
compromising new seedling establishment (Coté & Bélanger, 1991).

Climate change may modify the phenology of both the tree host and the insect.
This modification could lead to the expansion of the insect’s range and increase
damage severity (Pureswaran et al., 2015). Climate warming is expected to reduce
the period when soils are frozen in most regions of eastern Canada. Although there
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Fig. 4.1 Stand originating from the combined action of spruce budworm and windthrow in eastern
Québec, Canada. Photo credit Frangois Girard

is as of yet no clear evidence of an increased occurrence of strong wind events
in the boreal forest, budworm-impacted stands may become more exposed to the
strong winds that typically occur in late fall, without benefiting from the increased
resistance to overturning provided by a frozen soil and snowpack (Saad et al., 2017).
This interaction could become more important in the future because of the possible
extension of the area vulnerable to outbreaks. This frozen soil-windthrow—insect
interaction could therefore become a significant issue in the parts of eastern Canada,
where a low occurrence of fires and an associated abundance of uneven-aged stands
would see an increased use of partial cuttings, further heightening the vulnerability
of these stands to windthrow (Anyomi & Ruel, 2015).

4.2.2 Windthrow and Bark Beetles

Mass outbreaks of bark beetles are natural events, particularly in the long-term
dynamics of coniferous forests. Bentz et al. (2010) identified 14 species of bark
beetles that have the potential to cause landscape-level mortality of trees making
up western North American forests. In European forests, 8% of all forest damage
is caused by bark beetles (Schelhaas et al., 2003). The most destructive species in
Europe is the spruce bark beetle (Ips typographus (L.)) (Wermelinger, 2004). This
beetle almost exclusively colonizes Norway spruce trees (Picea abies (L.) Karst.).
In central Europe, generally two generations of spruce bark beetle develop per year,
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whereas in Fennoscandia and at elevations above approximately 1,500 m asl, only
one generation per year develops.

During its latency phase at normal population levels, the spruce bark beetle
develops at low densities under the bark of dead trunks or stumps. Because of poor
phloem quality, interspecific competition with other bark dwellers, and mortality
imposed by natural enemies, bark beetle populations remain low (Raffa et al., 2008).
Under these conditions, healthy conifers are generally not colonized because the trees
can physically and chemically defend themselves against these attacking insects by
releasing resins containing toxic terpenoid compounds (Krokene, 2015).

However, windthrow in a spruce-dominated forest changes the situation for the
spruce bark beetle. The fallen trees offer an ample supply of fresh, poorly defended
bark, easily colonized by adult beetles (Eriksson et al., 2005). The still-soft and
nutrient-rich phloem of the windthrown trees provides a high-quality substrate for
the development of the bark beetle offspring. The beetles quickly propagate in the
windthrown timber, and their population levels increase. However, at higher latitudes
and under endemic conditions, small windthrow patches may produce too few bark
beetles to allow the subsequent attack of adjacent living trees (Eriksson et al., 2007).
Depending on local conditions, the phloem of windthrown trees becomes desiccated
after one to three years and thereafter unsuitable for further colonization (Dodds
et al., 2019; Wermelinger, 2004).

When the spruce bark beetle attains very high population levels, it attacks living
trees. The beetles initially target nearby trees, particularly those within 250 m of
the windthrown stems (Fig. 4.2; HavaSova et al., 2017; Seidl & Blennow, 2012).
These trees may have root damage caused by the storm, and the previously shaded
stems become exposed to detrimental irradiation from the sun, i.e., sunburn. During
this time, further infestation spots caused by single overthrown trees emerge in the
stand interior. The bark beetles increase their population levels further and become
sufficiently abundant to overcome the defenses of even healthy trees through the mass
attack throughout the stand. Only at this point—extremely high populations of adult
beetles—can bark beetles successfully colonize vigorous trees. The insects profit
from an almost infinite supply of living trees, containing high-quality phloem and
without competing phloem feeders except for their conspecifics. With the positive
feedback of a high-reproductive output and successful colonization through mass
attack, the populations reach a self-sustaining dynamic that may last for several years.
A compilation of the most significant outbreaks of the last few decades in central
Europe and Scandinavia revealed that the propagations last between 5 and 12 years
(Wermelinger & Jakoby, 2019). Often, these outbreak dynamics are sustained by dry
and hot summers, recurring smaller disturbances (e.g., heavy snowfall events), and
heavy seed masts, all of which deplete the energy reserves of the trees (Niisslein
et al., 2000). Post-windthrow spruce bark beetle outbreaks lasting two to six years
have been reported for different boreal forest regions in Russia (Maslov, 2010). In
Sweden, peak infestations were attained in the third summer after the windthrow
event (Kérvemo et al., 2014; Schroeder & Lindelow, 2002), a timing that also holds
for higher elevations in the Alps (Wermelinger, 2004).
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Fig. 4.2 Damage from the bark beetle (Ips typographus) in a subalpine spruce forest in Switzerland.
A windthrow event gave rise to a subsequent infestation of the adjacent spruce trees. Photo credit
Beat Wermelinger

Outbreaks cease for various reasons. These include consistently high host-tree
resistance stemming from sufficient precipitation and relatively cooler weather,
increased bark beetle mortality because of intraspecific competition, natural enemies,
human control measures (Stadelmann et al., 2013), a decreasing supply of host trees,
or a combination of these factors (Marini et al., 2017). Bark beetle populations even-
tually fall below the critical threshold required for successfully attacking live trees,
and the mass infestation thus ends.

The transition from colonizing low-defense substrates in latency to infesting high-
defense trees in the eruptive phase is most commonly triggered by an abiotic distur-
bance. In Europe, windthrow is the main trigger of bark beetle outbreaks (cf. Table
1 in Wermelinger & Jakoby, 2019). More recently, pronounced dry spells have also
led to large-scale infestations by temporarily compromising the defense capacities of
living spruce trees. Moreover, higher temperatures have allowed the production of a
third generation of bark beetles in central Europe (Jakoby et al., 2019) and a second
in Scandinavia (Jonsson et al., 2009; Neuvonen & Viiri, 2017). The interactions
between tree resistance and bark beetle population size are crucial for the dynamics
of an infestation (Fig. 4.3). The number of simultaneously attacking beetles required
to successfully colonize a tree is positively related to the health and vigor of the tree
(Mulock & Christiansen, 1986; Nelson & Lewis, 2008). With climate change, the
projected increased frequency of hot and dry summers (and possibly more storm
events) will favor an increased spruce tree mortality and a distinct decline of this tree
species in central Europe (Jakoby et al., 2019; Jonsson et al., 2007).

In North American forests, the mountain pine beetle is the most devastating bark
beetle. This coleopteran has a similar biology to that of the European spruce bark
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Fig. 4.3 Relationship between tree vitality and population levels of bark beetles required to cross
the threshold (7') separating endemic and epidemic stages. Modified from Wermelinger and Jakoby
(2019) with permission from Haupt Verlag

beetle; however, it is restricted to living pine tree hosts, and outbreaks are often
provoked by drought or a series of mild winters. During an unprecedented mass
propagation in the decades at the turn of the twenty-first century, the mountain pine
beetle expanded its natural outbreak range toward the northeast and to higher eleva-
tions. During this process, the beetle also colonized—in addition to its preferred
host of lodgepole pine (Pinus contorta var. latifolia Dougl. ex. Loud.)—whitebark
pine (P. albicaulis Engelm.) and jack pine (P. banksiana Lamb.) (Raffa et al., 2013).
Several years of higher temperatures, which reduced levels of winter mortality for
this beetle, and the large-scale availability of old, even-aged, and drought-stressed
pine forests (Logan & Powell, 2001; Taylor & Carroll, 2004) allowed the growth and
spread of these extensive and long-lasting outbreaks (Stahl et al., 20006).

Contrary to the previous situations in which windthrow or climate anomalies
triggered bark beetle outbreaks, surprisingly little attention has been given to the
reverse interaction, namely the effect of bark beetle attack on subsequent windthrow
events. As in other cases of insect attack in mixed-species stands, the death of pine
trees exposes nonhost trees to higher wind loads, making them more vulnerable
to wind. In addition, trees killed by the mountain pine beetle will gradually lose
functional integrity in their stem and roots, resulting in the eventual deterioration
and collapse of dead trees over time. Furthermore, the rate of bole collapse may
be accelerated by windsway, and high winds are often directly responsible for the
collapse of beetle-killed trees.

The annual monitoring of tree health and condition during and after an outbreak of
mountain pine beetle in a forest stand dominated by lodgepole pine in central British
Columbia provides an example of windthrow following a bark beetle outbreak. An
eddy flux tower documented a remarkable recovery of the stand’s function as a net
carbon sink within three years of the outbreak despite 90% of the tree layer having
died (Brown et al., 2012). The status of these dead trees over 15 years (Fig. 4.4)
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showed a clear uptick in the rate of bole collapse between 2013 and 2014. This
collapse—31% of the total number of fallen trees—was related to a wind event
in December 2013 that had sustained average wind speeds of 36 km/h. Unfortu-
nately, there were no nearby lodgepole pine stands unaffected by the mountain pine
beetle for comparison purposes. Nonetheless, the observed treefall rates were much
higher than background rates in stands dominated by living trees. It is interesting
to note that stronger winds had been recorded several times in 2009 but without a
noticeable increase in windthrow. Wind drag is reduced soon after a tree dies as
needles gradually fall off; however, the stem and root resistance remain unaffected
during the initial three years after a beetle attack. This example illustrates the impor-
tance of case-specific and dynamic lag effects in detecting and understanding distur-
bance interactions (Burton et al., 2020). Furthermore, in accelerating post-beetle tree
collapse, wind contributes to the accumulation of boles resting on the ground and
having contact with the forest floor. This accumulation further accelerates fungal
attack and decomposition and elevates the rate of CO, release due to tree decay
(Kaytor, 2016). Although inadequately documented, greater concentrations of fallen
beetle-killed trees could plausibly result in more intense wildfires (Jenkins et al.,
2012), especially if fallen trees are jack-strawed, i.e., collapsed at multiple inter-
secting angles with many boles elevated above the ground and staying well dried,
leading to a three-way interaction between insects, wind, and fire.

Bark beetle attacks in living stands markedly reduce canopy cover, especially in
pure stands of host species; however, the understory and the forest floor are normally
minimally affected. When dead trees are subsequently damaged by wind, the level
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Fig. 4.4 Progression of treefall after a mountain pine beetle attack of a lodgepole pine stand in
central British Columbia, Canada, accelerated by extreme winds in late 2013. Unpublished data
from Dale Seip and Vanessa Foord, Government of British Columbia
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of soil disturbance is typically less than the soil disturbance experienced with the
windthrow of living trees, as the root systems of the dead trees will have degraded
to some extent. The amount of advance regeneration then likely influences stand
regeneration.

When a bark beetle outbreak develops from wind-killed trees, the on-site effects
will mostly reflect the wind’s impact: a reduced canopy cover, a minor effect on
the understory, and the local perturbation of the forest floor. However, the conse-
quences of the beetle outbreak will extend to neighboring stands, where it will mostly
affect canopy cover. After the collapse of the infestation, the development of a new
stand in managed forests depends largely on silvicultural measures such as planting
and fostering preferred tree species. In unmanaged or extensively managed forests,
natural regeneration and future stand development depend on multiple factors,
including elevation, climate conditions, the spatial magnitude of the infestation, the
density of advance regeneration, and the proximity of seed trees. In high-elevation
natural spruce forests, even-aged spruce stands are likely to develop.

4.3 Fire Interaction with Other Disturbances

Large fires are frequent in the boreal forest of North America. In Canada, for instance,
almost 2 million ha of forests burn every year on average, with some years experi-
encing more than 8 million ha burned (Hanes et al., 2019). Broad-scale fires have also
been increasing in size since 1959 (Hanes et al., 2019). These disturbances are one of
the main factors controlling the age structure, and thus composition, of boreal forest
stands (Gauthier et al., 2009). Fire can eliminate or greatly reduce the abundance of
the hosts of several insect species at the landscape level, thereby reducing the chance
of these insect populations exploding to an epidemic level in the region. This scenario
is the case for balsam fir, one of the major hosts of the eastern spruce budworm, and
a species not adapted to regenerate quickly after a fire. On the other hand, fire can
also favor species such as trembling aspen (Populus tremuloides Michx.), which
can become dominant over large areas and be possibly affected by the forest tent
caterpillar (Malacosoma disstria Hiibner). The large areas of lodgepole pine orig-
inating from the 1880-1920 fires in British Columbia provided a large continuous
food source for the growth of the mountain pine beetle population in the late 1990s
(Burton, 2010). With the forecasted increase in fire activity (Boulanger et al., 2014),
the abundance of the preferred hosts for different insect species will change. Shorter
fire-return intervals will likely increase the proportion of early successional species,
favoring certain insect species. It should be noted, however, that negative feedbacks
emerge when fire-return intervals are short. Successive fires within a short period do
not allow forest fuels to accumulate, resulting in a de facto decrease in fire risk (Erni
et al., 2018; Heon et al., 2014).

Short intervals between successive fires can be responsible for a change in
ecosystem state in which closed forests are replaced by open woodlands owing to
a lack of seeds for forest regeneration (Jasinski & Payette, 2005; Splawinski et al.,
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2019). Short intervals between insect disturbances and fire can also produce such a
state change (Simard & Payette, 2001).

Surface fires are frequent in the European boreal forest (Shorohova et al., 2011),
and surviving trees are subjected to subsequent windthrow and bark beetle attacks
(Fig.4.5; Ananyev etal.,2016). A similar situation has been described for surface fires
and insect outbreaks in Siberian light coniferous forests dominated by Siberian larch
(Larix sibirica Ledeb.); within two years of a fire, 18-30% of surviving trees were
attacked by insects (Isaev, 1962). In dark coniferous forests, dominated by Siberian
pine and fir (Pinus sibirica Du Tour and Abies sibirica Ledeb., respectively), forest
fires typically induce fungal diseases (Pavlov, 2015) and insect outbreaks (Kharuk
et al., 2016, 2017).

Fire ignition, spread, behavior, and burned area can also be affected by the fuel
inputs from tree and shrub mortality stemming from other disturbances, such as
drought, insect outbreaks, and windthrow. The pulse created by this influx of dead and
dry fuel can vary in duration depending on the tree species, the rate of the mortality
process, and the regional weather/climate conditions. Recent drought has caused
significant episodes of mortality, increasing the fuel load available to burn when
the weather becomes conducive for fire, thereby increasing fire intensity (Ruthrof
et al., 2016). Windthrow can increase the probability, intensity, and/or severity of
subsequent fires by increasing the fuel load (Fig. 4.6). In Siberia, outbreaks of the
Siberian silkmoth (Dendrolimus sibiricus Tschetv.) increase the risk of fires. Forest
stands affected by an outbreak burn seven times more frequently than unaffected

Fig. 4.5 Bark beetle—induced decline and wind breakage six years after a surface fire in a mixed
primeval boreal forest, Vodlozersky National Park, Russia. Photo credit llkka Vanha-Majamaa
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stands, and the burned area in a silkmoth-affected forest is 20 times larger than in
unaffected stands (Kharuk & Antamoshkina, 2017). On the other hand, fire kills
the natural enemies of silkmoth and thus can trigger an outbreak (Baksheeva et al.,
2019).

Interactions between fire and other disturbances can also affect the postfire
recovery potential by removing propagule sources (Cannon et al., 2019). However,
these interactions are complex and influenced by disturbance intensity and severity,
which are often highly heterogeneous, and the interval between disturbances. The
degree to which plant community recovery reflects the compound effects of a bark
beetle outbreak and fire disturbance depends strongly on fire severity (Edwards et al.,
2015). In some situations, such as low-intensity fire conditions, buffering effects can
also be observed, i.e., by reducing fuels that otherwise might support more severe

Fig. 4.6 Fuelload in a black spruce stand after severe windthrow in eastern Québec, Canada. Photo
credit Kaysandra Waldron
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fires, thereby conferring a degree of forest resistance to subsequent disturbances for
some time (Cannon et al., 2017, 2019).

The action of fire strongly influences the legacies of interactions between fire and
other disturbances. Windthrow involves a reduction of forest cover, an increase in soil
disturbance, and some modification of the understory layer (Waldron et al., 2013).
Insect defoliation has a similar effect on the forest cover but with less effect on the
understory layer and forest floor. However, when one of these disturbances precedes
a fire event, its effects will become relatively minor relative to that of fire, which has
a dominant impact on all constituents. When surface fires lead to windthrow or bark
beetle attacks, the second disturbance will add to the canopy reduction, although the
understory and the forest floor will remain dominated by the impact of fire.

4.4 Interactions Between Natural Disturbances and Forest
Management Practices

In addition to interactions between natural disturbances, forest management practices
can also interact with disturbances. For instance, partial cutting is a central element
of many forest ecosystem management strategies (Bergeron & Harvey, 1997). By
opening the forest canopy, standing trees become exposed to higher wind speeds, and
damage due to increased wind has often been observed (Coates et al., 2018; Hanell &
Ottoson-Lofvenius, 1994; Hautala & Vanha-Majamaa, 2006; Montoro Girona et al.,
2019; Ruel & Gardiner, 2019). Salvage logging often follows high-severity distur-
bances and greatly modifies the legacies from natural disturbances, including the
removal of residual living trees, the reduction of snags and downed woody debris,
and the added disturbance to the understory and forest floor. These added effects can
damage advance regeneration, increase fire risk (Donato et al., 2006), and decrease
biodiversity (Thorn et al., 2018). Salvage logging in black spruce—dominated stands
defoliated by the spruce budworm could increase the defoliation of black spruce
regeneration. In turn, this loss of regeneration would influence stand development
trajectories and eventually increase future stand vulnerability to the insect (Cotton-
Gagnon et al., 2018). Partial cutting in defoliated stands would also lead to increases
in regeneration defoliation although to a lesser extent than in clear-cut stands (Lavoie
etal., 2021).

4.5 Conclusion

This chapter has focused on disturbance interactions where the occurrence of one
disturbance influences the likelihood of another. We have shown that the interactions
may significantly impact ecosystem processes and attributes. There are knowledge
gaps in our understanding of these effects, and further research is required. For



136 J.-C. Ruel et al.

example, other instances of compound disturbances can occur when two consecutive
disturbances occur in sequence, without a causal relationship between them. These
can also lead to significant effects on ecosystems, but their occurrence and impacts are
less predictable without a direct relationship. The lack of suitable controls typically
constrains evaluations of the interactive or compound effects of natural disturbances;
that is, the effects of disturbance A without disturbance B and those of disturbance B
without disturbance A are difficult to study under similar conditions as experienced
for the interacting disturbances. As climate and weather influence many of these
interactions, further research should target the possible effects of climate change on
these interactions. Research should also expand the temporal scale being analyzed
because studies of disturbance interactions are often conducted opportunistically
and over the short term, covering only the initial years post-disturbance. The age
structure of forest landscapes further influences the vulnerability of certain stands to
disturbances and their possible interactions, an effect that must be better documented
and understood.
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Abstract Living trees are fundamental for boreal forest biodiversity. They
contribute to stand structural diversity, which determines the range of habitat niches
available for forest-dwelling species. Specific characteristics of living trees, such as
species, age, and presence of microhabitats, determine how species utilize trees for
food, as nesting places, or as growing substrates. This chapter explores the associa-
tions between living trees and aboveground biodiversity, reviews the factors such as
soil productivity, hydrological regime, stand successional stage, and forestry activi-
ties that influence the characteristics of living trees and stand structural diversity, and
presents the consequences of current and future climate change on boreal biodiversity.
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5.1 Introduction

Living trees play a crucial role in supporting biodiversity and providing ecosystem
functions in boreal forests. Numerous forest-dwelling species are directly dependent
on living trees; for example, trees provide a substrate for epiphytic and saprotrophic
species, which in boreal forests consist mainly of bryophytes, lichens, and fungi.
Trees also provide shelter and nesting places for invertebrates, mammals, and birds.
Trees are equally a fundamental part of forest food webs as their foliage, flowers,
seeds, and bark are food sources for various species. Finally, living trees are crucial
as they form the structure of forest stands, which in turn influences the number of
different habitat niches available and, thus, biodiversity (Chase & Leibold, 2003).

This chapter describes the linkages between living trees and their role in devel-
oping stand structure in boreal forests and generating aboveground biodiversity. Most
existing studies on these topics come from Europe (especially Fennoscandia) and
North America, whereas less research has been conducted in Asian boreal forests.
Although we aim to cover the entire boreal region, our main focus in this chapter
will be on the regions from which a greater amount of knowledge is available. The
discussion of stand structural diversity is limited to the features directly connected
with living trees, such as tree species diversity, canopy structure, and tree-related
microhabitats. We then explain the main natural factors that influence the structural
diversity both at the tree and stand scales, such as climate, primary productivity, and
stand succession. In addition, we describe anthropogenic disturbances and related
changes, most importantly commercial rotation forestry, that shape the structural
diversity of living trees and the associated biodiversity in the boreal region. Finally,
we discuss the potential effects of future climate change.

5.2 Structural Diversity of Living Trees

The structural diversity of living trees (hereafter structural diversity) in a forest, as
well as how it changes during forest succession, is an important driver of biodiver-
sity. Structural diversity can be described as tree species richness, variability in tree
age and size distribution, the occurrence of several canopy layers vertical diversity,
and the presence of canopy gaps or denser patches of trees horizontal diversity, as
well as smaller-scale variations, e.g., foliage density (Franklin & Van Pelt, 2004).
Traditional successional models suggested that structural diversity was higher in old
boreal forests, whereas young stands that originated naturally from a stand-replacing
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disturbance were more uniform in structure (e.g., Brassard & Chen, 2006). It is now
clear, however, that in a variety of forest types, high diversity can be present at any age
because of variable seedbed quality and the presence of legacy trees post-disturbance
(Kuuluvainen, 2002; Lecomte et al., 2006; Martin et al., 2019). Furthermore, even
when a classical succession sequence exists, the age at which structural diversification
begins depends on growing conditions and differs among stand types. For example,
in Canadian boreal forests, white spruce (Picea glauca) stands develop a high struc-
tural diversity after 160 years of age, whereas structural enrichment begins after
only 80 years in balsam poplar (Populus balsamifera) stands (Timoney & Robinson,
1996).

In boreal forests, tree species richness is low compared with temperate or tropical
regions (Esseen et al., 1997). Mid- and late-successional boreal forest stands are
typically dominated by a few coniferous species; in western Europe, these dominant
taxa are Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), and in eastern
Europe and Asia, they are Siberian and Yezo spruce (Pinus obovata and P. jezoensis,
respectively), Siberian fir (Abies sibirica), Scots and Siberian pine (Pinus sibirica),
and Siberian and Dahurian larch (Larix sibirica and L. gmelinii, respectively) (Shoro-
hovaetal.,2011). In North America, the dominant conifers are white and black spruce
(Picea glauca and P. mariana, respectively) and tamarack/larch (Larix laricina). In
central and eastern North America, balsam fir (Abies balsamea) and jack pine (Pinus
banksiana) are also present, and in western North America, alpine fir (Abies lasio-
carpa) and lodgepole pine (Pinus contorta) are significant components of the forest
(Larsen, 1980). The most important broadleaf tree species throughout the boreal
region are birches (Betula spp.) and aspens (Populus spp.). Broadleaf trees occur
mainly in young stands or as an admixture in the older, conifer-dominated stands
(e.g., Bergeron, 2000), although there are some exceptions, such as Erman’s birch
(Betula ermanii), which also forms stands in older successional stages in the Russian
Far East.

Tree species richness is generally correlated with the other aspects of structural
diversity (Juchheim et al., 2020). There is a functional feedback loop, where a hori-
zontally diverse stand structure with canopy gaps and openings can promote the
establishment of light-demanding tree species in mature stands and thus promote
tree species richness (Brassard & Chen, 2006; Kuuluvainen, 1994). In turn, species-
rich stands are usually structurally diverse, as tree species vary in size and physical
construction. Moreover, other habitat qualities that influence forest-dwelling species,
such as soil conditions and water availability, are also affected by tree species and
may therefore be more heterogeneous in mixed stands than in monospecific ones
(Barbier et al., 2008).

Furthermore, tree species richness is important for the diversity of forest-dwelling
species, as many are associated with a particular tree species or tree species group.
Reasons for these associations are various; for example, tree species—specific bark
characteristics are important for epiphytes (Ellis, 2012) and bark-dwelling inverte-
brates (Nicolai, 1986), and the chemistry and nutritional qualities of wood, foliage,
and seeds affect the species that use these resources as a food source. The strength
of the associations varies from a preference to strict specialization, but in general,
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species that consume foliage or other soft tissues of trees tend to be stricter in their
specialization than species utilizing bark or wood (Sundberg et al., 2019). For most
boreal forest trees, the total number of associated species is unknown. An exception
is a recent report by Sundberg et al. (2019), which listed the number of associated
species for all Swedish tree species. According to the report, the most common
indigenous tree species, Norway spruce, was host to the highest number (1,100) of
associated species, but note that this number includes species on both living trees and
deadwood. However, less common tree species can also be important for biodiversity
if they provide specific, valuable habitats for forest-dwelling species. For example,
many species throughout the boreal region, particularly epiphytes and cavity-nesting
birds, are associated with aspens, which provide these taxa more favorable habitats
than the more common coniferous trees (e.g., Boudreault et al., 2000; Cadieux &
Drapeau, 2017; Kivinen et al., 2020).

In addition to the specific tree species, the habitat value of a single tree is affected
by its age and size; old and large trees are particularly important for biodiver-
sity. Although tree age and size are often correlated, there are exceptions; on low-
productivity sites, in particular, old trees can remain small but have a high biodi-
versity value (Cecile et al., 2013). With aging, trees develop specific characteristics
and microhabitats, such as different bark structures or holes and cavities, that are
important for various species (Michel & Winter, 2009); for example, rough bark
typical of old trees hosts more arthropod species than smooth bark associated with
younger trees (Nicolai, 1986), and certain epiphytic lichens are specifically associ-
ated with thick bark or deep bark crevices (Ranius et al., 2008). Table 5.1 presents
further examples of important tree-scale microhabitats. In addition, old trees are valu-
able because they have been available for colonization for a longer time than young
trees, which increases the chances for the establishment of dispersal-limited sessile
biota (Ellis, 2012). Tree size, in turn, can be important because larger trees provide
more habitat space and, in some cases, improved habitat quality; for example, many
cavity-excavating birds prefer larger-diameter trees that are more stable and, because
of thicker cavity walls, offer safer nesting places (Remm et al., 2006).

5.3 Factors Influencing the Structural Diversity of Living
Trees

Natural key factors determining the structural diversity of living trees in unman-
aged boreal forests are successional stage, disturbance history, and site productivity
(Liira & Kohv, 2010; Moussaoui et al., 2016). The natural disturbance dynamics
and stand successional sequence in boreal forests are explained elsewhere in this
book (Chap. 3); therefore, we focus here more on the effects of productivity and its
interaction with succession. For forestry purposes, productivity is usually defined as
the ability to produce wood biomass per unit area over a given time (Bontemps &
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Table 5.1 Important microhabitats occurring on living trees in boreal forests, with examples of

associated species

Microhabitat

Occurrence and examples of species utilizing the microhabitat

Tree cavities and rot holes

Cavities are created by excavating birds (woodpeckers, in the
boreal region) or, more rarely, by wood-decaying fungi.
Woodpecker-excavated cavities are more prevalent on large
broadleaf trees, and decay-induced cavities are more common on
old trees (Andersson et al., 2018; Parsons et al., 2003). Cavities
provide habitats for many insects and other invertebrates and
nesting and hiding places for various birds and some mammals,
such as bats (Esseen et al., 1997). Humid and shaded hollows are
also colonized by some lichens, especially calicioids (Tibell,
1999)

Broken or irregular treetops

Broken or irregular tops of large trees provide nesting places for
large birds of prey, e.g., Golden Eagle (Aquila chrysaetos) and
Osprey (Pandion haliaetus) (Kuuluvainen, 2002)

Dead branches and treetops

Dead branches of living trees are an abundant microhabitat: they
can constitute half of the total deadwood surface area in managed
conifer-dominated boreal forests (Svensson et al., 2014). They
serve as a substrate for saproxylic insects, fungi, and lichens
(Larrieu et al., 2018), including rare species, e.g., the lichen
Erioderma pedicellatum on dead branches of old spruces in the
Russian Far East, Alaska, and eastern North America (Fig. 5.3c;
Lauriault & Wiersma, 2020; Tagirdzhanova et al., 2019)

Bark pockets

Partially loose pieces of bark form a pocket between the bark and
the tree trunk. These pockets are essential for many invertebrates
and, if sufficiently large, can also be used as nesting places by
some birds (e.g., treecreepers, Certhidae) or as day roosts by bats
(Winter & Moller, 2008)

Cracks, scars, and bark loss

Cracks on the trunk provide nesting and hiding places for
invertebrates, e.g., spiders and flat bugs; larger ones can also serve
for birds and bats (Michel & Winter, 2009). Cracks and scars also
host some crustose lichens and various fungi and microorganisms
(Roll-Hansen and Roll-Hansen, 1980). Exposed wood is used by
saproxylic invertebrates, fungi, and lichens (Larrieu et al., 2018)

Fire scars

Charred, exposed wood resulting from earlier forest fires occurs
on fire-resistant conifers (e.g., Pinus sylvestris) and usually on
larger trees, which are more likely to survive a fire. The fire scars
serve as a substrate for species specialized on charred wood, e.g.,
the lichens Carbonicola anthracophila, C. myrmecina, and
Hertelidea botryosa (Fig. 5.3d; Andersson et al., 2009; Lohmus &
Kruustiik, 2010)

Resin and sap flows

Resinoses can host specialized fungi, such as Chaenothecopsis
spp. (Titov, 2006) or the discomycetes Sarea resinae and S.
difformis (Beimforde et al., 2020). Sap flows provide a food
source, e.g., for several beetle species

(continued)
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Table 5.1 (continued)

Microhabitat Occurrence and examples of species utilizing the microhabitat

Cankers and burls Cankers and burls provide substrates for epiphytic bryophytes and
lichens. They are also used by certain Lepidoptera (Larrieu et al.,
2018)

Witch brooms Brooms are dense branch growths caused by pathogenic fungi,

e.g., Chrysomyxa arctostaphyli on white and black spruce (Paragi,
2010). They provide nest sites and food sources for arthropods,
birds, and small mammals, such as red squirrels (Tamiasciurus
hudsonicus) (Tinnin et al., 1982)

Fungal fruiting bodies Fungal fruiting bodies are used as habitat or food sources by
various insects, such as beetles (Jonsell et al., 2001). They also
host other fungi, e.g., calicioid fungi, such as Phaeocalicium
polyporaeum (Titov, 2006), and lichens, e.g., Bacidina spp. and
Chaenotheca spp.

Epiphytes Epiphytic lichens and bryophytes provide habitats for various
invertebrates, such as spiders, mites, and tardigrades (Ellis, 2012)
and host lichenicolous fungi and epibryophytic lichens, e.g.,
Mpycobilimbia spp.

Bouriaud, 2014) and combines the effects of soil conditions—nutrient availability
and hydrology—and regional temperature (Fig. 5.1). The latter is an important factor
in the boreal forest because in high-latitude or high-altitude regions, low tempera-
tures can restrict the rate of cell division in trees (Rossi et al., 2007) and lead to slower
tree growth. Another significant factor is paludification, i.e., the accumulation of soil
organic matter, which can reduce productivity, especially in old boreal stands. In
eastern Canada, for example, paludification can decrease black spruce productivity
by 50% to 80%, particularly during the first centuries after a fire (Simard et al., 2007).

In general, the structural diversity of living trees increases with soil productivity
in natural conditions (e.g., Boucher et al., 2006; Liira & Kohv, 2010). At higher
site productivity, total stand volume is larger, and greater numbers of tree species
and larger ranges of diameters and heights can co-occur. For example, in Estonian
hemiboreal forests, high-productivity spruce—deciduous mixed stands have twice
the stand volume, a significantly higher tree species richness, and a greater number
of tree diameter classes than low-productivity Scots pine stands (Liira & Kohv,
2010; Lohmus, 2004). Furthermore, the speed of structural development depends
on productivity; trees grow faster on fertile soils, which accelerates the development
toward stand complexity (Boucher et al., 2006; Larson et al., 2008). In boreal Canada,
Boucher et al. (2006) found the tree size diversity of >200-year-old low-productivity
black spruce stands to be low, whereas productive black spruce stands had an uneven-
sized structure at a younger age. Productivity also affects the recruitment rate of new
tree species, particularly for shade-tolerant coniferous species. The recruitment of
these species occurs faster in more productive sites and may not happen at all at
low-productivity sites (Boucher et al., 2006; Larson et al., 2008).
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Fig. 5.1 Conceptual scheme of stand-scale predictors for the diversity of tree-dwelling biota. Some
growth conditions are related to each other; all growth conditions influence the various elements of
structural diversity, which in turn determine the live-tree biota

The occurrence of large or old trees is primarily determined by stand age, although
large trees are also found more frequently in more productive sites. Because many
tree-scale microhabitats develop with increasing age and decreasing tree vitality, their
occurrence is generally correlated with that of old trees; however, various processes
influence the dynamics of microhabitat development and loss (Fig. 5.2).

In addition to the processes listed above, the structural diversity of living trees
and the associated biodiversity are subject to human-induced changes, particularly
forest management. Management effects are often greatest in the most productive and
economically valuable stand types (Martin et al., 2020). The effects vary depending
on the applied practices, but typically, management simplifies the structural diversity
of living trees and decreases habitat diversity.

In particular, intensely managed stands, i.e., clear-cut, reinitiated through planting,
and thinned several times before final harvest, have a uniform structure lacking the
multiple canopy layers, gaps, and other small-scale variations typical of natural stands
(Cyr et al., 2009; Esseen et al., 1997). Because clear-cutting targets primarily old
stands, a rejuvenation of the forest landscape has occurred throughout the boreal
region (Bergeron et al., 2006). This rejuvenation is due to the short rotation periods
used in even-aged forestry (roughly 70—120 years for conifer stands). Therefore, the
number of large and old trees, and consequently the number of associated species,
is low in production forests (Linder & Ostlund, 1998). Even shorter rotation periods
may be adopted in the future as the risk of pest and storm damage in older stands
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Fig. 5.2 Factors and processes contributing to the dynamics of tree-scale microhabitats. The rates
of microhabitat development and loss determine the frequency of their occurrence; these processes
are, in turn, influenced by tree species and physiology, environmental conditions, and disturbances,
as well as forest management. Reprinted from Korkjas et al. (2021) with permission from Elsevier

is expected to increase because of climate change (Felton et al., 2016; Gauthier
etal., 2014). Furthermore, the frequency and severity of natural disturbances such as
fires, windthrow, and insect outbreaks are predicted to increase with climate change
(e.g., Seidl et al., 2020). These enhanced disturbances may further decrease the
proportion of old forests, especially if the frequency and intensity of salvage logging
also increase (Lindenmayer et al., 2008).

Management also shapes tree species diversity because species of higher economic
value are promoted by planting and thinning. In Fennoscandia, this has led to a
decrease in broadleaf and mixed stands and increased conifer stands, with negative
consequences for the associated biodiversity (Ostlund et al., 1997). The planting of
non-native or hybrid trees, such as lodgepole pine in Fennoscandia (Elfving et al.,
2001), can have even more drastic effects on biodiversity because stands of non-
native trees often host different communities of associated species than native stands
(Bicklund et al., 2016; Roberge & Stenbacka, 2014). The planting of non-native
trees is relatively rare in the boreal region but may become more common in the
future if non-native trees are deemed more profitable under a changing climate or
more resilient against new pests and pathogens that will colonize the boreal region
as the climate warms (Felton et al., 2016).

Climate change-related risks are also likely to affect the management of native
trees. Broadleaf trees, for example, may be promoted as they are expected to be less
susceptible to many climate-related risks. This scenario could have positive effects
on biodiversity in regions where the number of broadleaf trees has been reduced
(Felton et al., 2016). A warmer climate can also result in hemiboreal and temperate
tree species migrating northward, affecting the distribution of native boreal trees
(Gauthier et al., 2015).



5 Living Trees and Biodiversity 153

5.4 Living Trees and the Diversity of Forest-Dwelling
Species

In the previous sections, we provided an overview of how the structural diversity of
living trees can affect boreal forest—-dwelling species. The remainder of the chapter
will illustrate these processes in more detail by presenting three groups of forest-
dwelling organisms having different relationships with living trees: (1) epiphytic
lichens and bryophytes, which depend on living trees as a substrate; (2) forest-
dwelling birds, which utilize trees for foraging and nesting places; and (3) understory
plants and epigeic lichens, which are influenced indirectly by living trees through
stand microclimate, for example.

5.4.1 Epiphytic Lichens and Bryophytes

In most parts of the boreal region, epiphyte communities are formed solely by lichens
and bryophytes; ferns as epiphytes are rare and occur only locally, e.g., in Norwegian
boreal and boreonemoral rainforests (DellaSala et al., 2011). Lichens tend to grow
on the whole tree, whereas bryophytes mostly form wefts, mats, tufts, or pendants
on the lower parts of tree trunks and branches (Marmor et al., 2013; Tarasova et al.,
2017). Although epiphyte biomass in boreal forests is relatively modest compared
with tree foliar biomass (Botting et al., 2008), epiphytes contribute to nutrient and
mineral cycling (e.g., Botting et al., 2008; Knops et al., 1991), participate in forest
wood webs (e.g., Pettersson et al., 1995), and provide valuable nesting material for
birds and mammals (Hayward & Rosentreter, 1994; Wesotowski & Wierzcholska,
2018).

In general, the epiphyte diversity in boreal Europe and eastern Canada is rela-
tively well known and rich (>500 species), whereas fewer studies have examined
other Canadian regions and northern Asia. Both lichens and bryophytes include
obligate and facultative epiphyte species. Among macrolichens, pendulous taxa of
the genera Alectoria, Bryoria, Evernia, Ramalina, and Usnea dominate on conifer
branches (Fig. 5.3a; Esseen et al., 1997). Diverse assemblages of crustose lichens,
which are often host-tree specific, inhabit both smooth and coarse bark of tree trunks
(e.g., Androsova et al., 2018; Hyvirinen et al., 1992; McMullin et al., 2008). Exam-
ples of obligate epiphytic bryophytes include the mosses Orthotrichum obtusifolium
and Pylaisiella polyantha and the liverworts Frullania spp., which all grow on aspens
in the Canadian boreal forest. Tree bases and exposed roots of living trees are inhab-
ited mainly by facultative epiphytes, e.g., Ptilidium pulcherrimum and Pleurozium
schreberi, which often form a special “bryophyte sock” at the base of the tree. The
bryophyte sock can house multiple species, and although most of these species can
also grow on other substrates, tree bases are often the most abundant and, therefore,
the most critical microhabitat.
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Fig. 5.3 a Pendulous lichens, e.g., witch’s hair lichen Alectoria sarmentosa, dominate on conifer
branches throughout the boreal region. Broadleaf trees host many specialized lichen species, e.g., b
lungwort lichen Lobaria pulmonaria, here on Salix caprea. Certain lichen species require specific
microhabitats; ¢ the globally threatened boreal felt lichen Erioderma pedicellatum occurs on dead
spruce branches, whereas d the small clam lichen Carbonicola anthracophila colonizes only burned
bark or wood, here accompanied by a generalist tube lichen Hypogymnia physodes. Photo credits
a b Aino Haméldinen, ¢ Dmitry Himelbrant, and d Piret Lohmus

The quality of living trees as epiphyte habitat is determined by tree characteristics
that affect the availability of light, water, and nutrients. Bark structure and chemistry
are particularly important in this respect (Brodo, 1973; Gustafsson & Eriksson, 1995).
Rough bark with furrows and crevices can provide a large variety of microhabitats
and favors specific assemblages of epiphytes such as calicioid lichens (pin lichens)
(Holien, 1996). Furthermore, rough bark generally has better water holding capacity,
which increases the water supply for epiphytes and favors their establishment (Snill
et al., 2004). Another critical factor is bark stability; unstable, easily exfoliating
bark is an unfavorable substrate for most epiphytes. In addition to the structural
factors, bark pH has a strong effect on epiphytes, as most species have a specific pH
range that they can tolerate (Bates, 1992; Brodo, 1973). Bark pH can influence, for
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example, the availability of nutrients (Bates, 1992), the germination of bryophyte
spores (Wiklund & Rydin, 2004), or the competition for space between micro- and
macrolichens (Hyvirinen et al., 1992).

Bark characteristics differ among tree species, which leads to distinct epiphyte
assemblages (e.g., Kuusinen, 1996). Most epiphytic species show at least some degree
of preference for certain host tree species (Ellis, 2012; Kuusinen, 1996), although
the association with tree species is often rather loose. Tree species differ in the total
number of epiphytic species and the number of specialized species they host. In Euro-
pean boreal forests, for example, Populus tremula and Salix caprea are considered
particularly important for epiphyte diversity, as they have a high number of specialist
epiphytes (Kuusinen, 1996). Similarly, in North America, Populus tremuloides hosts
a high epiphyte richness (Bartels & Chen, 2015). Bark characteristics are further
affected by tree age; the bark of older trees is usually thicker and rougher than that of
young trees. Concurrently, epiphytic communities change as the trees age. Although
both young and old trees have associated epiphyte species, species richness is usually
highest on old trees (e.g., Lie et al., 2009). In addition to the specific bark qualities,
a longer colonization time can contribute to the high diversity on old trees (Lie et al.,
2009).

Rotation forestry generally negatively affects epiphyte diversity, as it decreases
the overall diversity of live-tree habitats and the amount of important substrates,
such as old deciduous trees. Climate change is also expected to affect boreal forest
epiphytes. Changes in temperature and precipitation can directly affect epiphyte
growth and survival (e.g., Smith et al., 2018). However, the effects vary among
species (Lobel et al., 2018) and forest types (Barbé et al., 2020). Furthermore, indirect
effects through changes in tree species composition, disturbance regimes, or forestry
practices are also likely. For example, climate change may lead to an intensification
of forestry through shorter rotations or increased demand for biofuels (Felton et al.,
2016), which can have negative impacts, particularly for epiphytes dependent on
old-growth forest characteristics. Together, these effects and interactions can change
epiphyte assemblages in complex and unexpected ways (Smith et al., 2018).

5.4.2 Forest Birds

Birds have developed many ecological adaptations to forest environments that allow
them to utilize a very broad spectrum of habitats (Villard & Foppen, 2018). Moreover,
because of their high mobility, birds as a group are capable of rapid responses to
habitat changes in forest environments (Wesotowski & Fuller, 2012). Their ability to
fly allows them to fully explore the three-dimensionality of forests created by trees,
leading to an exceptionally high diversity of bird species assemblages in forests
(Flade, 1994; James & Wamer, 1982; MacArthur & MacArthur, 1961).

Living trees provide birds with food, nesting sites, and shelter but are also used
as a physical structure for several other activities, including perching, singing, and
courting. Some boreal birds consume different vegetative parts of trees. For example,
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the Eurasian Western Capercaillie (Tetrao urogallus) and Spruce Grouse (Falcipennis
canadensis, Fig. 5.4) in North America are highly dependent on the needles of conif-
erous trees during winter. The winter diet of Hazel Grouse in Eurasia consists almost
exclusively of catkins, buds, and twigs of alder, birch, and other broadleaf trees. The
Great Spotted Woodpecker (Dendrocopos major), Eurasian Siskin (Spinus spinus),
and several crossbill species (Loxia spp.) with a circumboreal distribution are special-
ized in eating seeds from mostly coniferous trees, and waxwings (Bombycilla spp.)
are dependent on berries provided by trees. Furthermore, invertebrates on living
trees are a key food source for many bird species. The rapidly increasing biomass of
herbivorous and predatory invertebrates in the spring secures nourishment for most
arboreal passerines, both resident and migratory, and provides necessary proteins for
the development of their chicks. In addition, saproxylic invertebrates occurring in
living trees are an important food of forest birds, especially woodpeckers (Picidae),
nuthatches (Sittidae), treecreepers (Certhidae), and tits (Paridae).

Many forest birds use trees as nesting sites. This behavior encompasses common
passerines like the Common Chaffinch (Fringilla coelebs) in Eurasia or the Least
Flycatcher (Empidonax minimus) in North America that usually build open nests in
tree canopies; however, it also includes large birds of prey such as Osprey (Pandion
haliaetus), which often build their nests on the tops of living trees. Living trees and
snags are particularly important for cavity-nesting birds, including primary excava-
tors, i.e., woodpeckers, and species using existing cavities created by woodpeckers
and decay. In boreal forests, decay-formed cavities are rare, and therefore most
cavities are made by woodpeckers (Andersson et al., 2018; Cockle et al., 2011).
Thus, since several dozen bird species in boreal forests are obligate secondary cavity
nesters, woodpeckers can be considered keystone species. For most forest birds,
living trees and shrubs also provide shelter for both day- and nighttime roosting on
branches, underneath the low branches or in cavities. For example, in a Norwegian
study, Finne et al. (2000) found that 90% of daytime roosting sites of capercaillie
were located underneath the low branches of Norway spruce trees.

Fig. 5.4 Male Spruce
Grouse (Falcipennis
canadensis) on jack pine
(Pinus banksiana); jack pine
needles are a key food item
for this species. Photo credit
Marjorie Wilson
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The intersection of the species-habitat dependencies discussed above, interspe-
cific interactions, the regional species pool, and landscape context leads to a highly
variable bird assemblage for a particular boreal forest stand. The post-disturbance
successional gradient will generate a range of bird assemblages from one of open
or early-succession species (often generalist and migratory species) to specialized
residents dependent on old-growth stands, generally characterized by a high struc-
tural diversity (Drapeau et al., 2000; Helle & Monkkonen, 1986; Imbeau et al., 1999;
Jansson & Andrén, 2003). Structural differences, including the dominance of partic-
ular tree species, are greater and have a more marked effect on differentiating bird
assemblages in the Nearctic than in the western Palearctic; this is possibly explained
by the lower level of specialization in the latter (Monkkonen, 1994).

A greater number of native tree species and a longer time since a stand-replacing
disturbance generate a higher diversity of bird assemblages. In particular, the pres-
ence of broadleaf trees heightens bird species diversity, especially in boreal Europe
(Jansson & Andrén, 2003). The occurrence of large and old trees provides nesting
and foraging opportunities for many species, including specialized cavity nesters
and large birds of prey. In addition, multilayered stands have richer bird assem-
blages than stands with even-aged woody vegetation (e.g., Klein et al., 2020). Thus,
from a conservation and management perspective, promoting these features of struc-
tural diversity can support a higher diversity of forest bird assemblages. For example,
green tree retention applied during the logging of boreal forests may positively affect
several species, but it can only partially counteract the loss of mature forest (Basile
etal., 2019; Price et al., 2020; Soderstrom, 2009; Venier et al., 2015). There is a need
for more research on how different natural processes interact with human actions
across landscapes and in the context of climate change (Mikusinski et al., 2018). A
recent study in the boreal forests of Alberta (Cadieux et al., 2020) predicted declines
in bird species associated with older coniferous forests because of climate change,
and this process is expected to be accelerated by forestry. Similarly, in Finnish boreal
forests, habitat alteration due to forestry compounds the negative impact of climate
change on bird assemblages (Virkkala, 2016). To counteract such adverse devel-
opments, Stralberg et al. (2019) proposed large-scale recovery plans and adaptive
forest management, the designation of critical habitat, and land protection. These
measures are based mainly on the appropriate management of living trees at stand
and landscape levels.

5.4.3 Plants and Lichens in Forest Understories

Despite not directly growing on living trees, vascular plants, bryophytes, and lichens
in boreal forest understories are nevertheless influenced by the structural diversity that
governs the microclimate and nutrient availability on the forest floor. In boreal forests,
particularly in older conifer-dominated stands, epigeic bryophytes and lichens prevail
in the forest understory rather than vascular plants (Bergeron & Fenton, 2012; Esseen
etal., 1997). Bryophytes dominate the forest floor in mesic sites, whereas lichens are
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more common in drier sites and in the most northern parts of the boreal region (Esseen
et al., 1997). Vascular plants are more abundant in younger stands and nutrient-rich
broadleaf stands.

Canopy tree species composition is an important determinant of understory diver-
sity, and stands of different tree species typically host distinct understory assem-
blages. Canopy closure and, concurrently, light availability can differ notably among
tree species, depending on the size and arrangement of leaves (Barbier et al., 2008).
In eastern Canadian boreal forests, for example, the highest light levels are observed
in Betula stands; the light levels then decrease in the order of Populus, Pinus, Picea,
Abies, and Thuja stands (Messier et al., 1998). Furthermore, tree species composi-
tion affects water availability in the understory, as the amount of throughfall and
water absorbed by tree roots varies among tree species. For example, throughfall
is generally higher in broadleaf stands than coniferous ones and in stands of early-
successional rather than late-successional tree species (Barbier et al., 2008). In addi-
tion, nutrient availability is generally greater in broadleaf and mixed stands than in
coniferous stands because of the presence of nutrient-rich leaf litter (Hart & Chen,
2006). Therefore, vascular plants that benefit from higher levels of light and nutrients
are usually more diverse and abundant in broadleaf and mixed stands. Bryophytes
and lichens, in turn, suffer from increased competition from vascular plants and are
affected by the leaf litter of broadleaf trees, which can inhibit their establishment and
growth (Bartels & Chen, 2013). The cover and diversity of bryophytes and lichens
are therefore generally higher in conifer-dominated stands.

In addition to tree species composition, microclimate on the forest floor is influ-
enced by variations in canopy openness. Large canopy gaps and other openings that
lead to increased light levels positively affect vascular plants and some species of
lichen, e.g., Cladonia spp. (Boudreault et al., 2013). Bryophytes, which are generally
shade tolerant, do not benefit from increased light; instead, their cover decreases in
large canopy gaps because of intensified competition with vascular plants. However,
since bryophytes require high moisture levels, they can benefit from small canopy
gaps, which do not have notably higher light levels but rather greater water avail-
ability owing to higher throughfall and the lower transpiration by live trees (Hart &
Chen, 2006; Muscolo et al., 2014). In addition, small gaps formed by tree uprooting
provide an important microhabitat for bryophytes (e.g., Schistostega pennata) and
lichens (e.g., Chaenotheca furfuracea) in the form of root plates and bare mineral
soil (Jonsson & Esseen, 1990; Lohmus et al., 2010).

The relationships described above make epigeic species vulnerable to changes in
canopy closure and tree species composition because of, for example, forest manage-
ment. In Sweden, managed forests have become denser, which has led to an increased
proportion of shade-adapted plants in the understory (Hedwall et al., 2019). In North
America, however, most studies have shown that the vascular plant flora of boreal
forests (MacDonald et al., 2015), and to some degree epigeic lichens (Lafleur et al.,
2016), are resilient in the face of most forest management regimes. Bryophytes,
however, are more vulnerable (MacDonald et al., 2015; Paquette et al., 2016). Climate
change is expected to affect understory species directly through altered temperature
and precipitation and decreased snow cover. The latter, accompanied by frost damage,
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is predicted to be one of the most significant climate change—related factors influ-
encing boreal forest understories and could lead to altered species composition and
notable decreases in the abundance of dominant species (e.g., Kreyling et al., 2012).

5.5 Conclusions

Live trees are essential for the biodiversity of boreal forests. Although forest-dwelling
species groups have different relationships to live trees and therefore require different
tree habitats or characteristics, the diversity of all groups generally increases with
a greater structural diversity of live trees. Rotation forestry simplifies this diversity
and negatively impacts the various species that depend on live trees. In the past
decades, however, different restoration and management methods, such as retention
harvest, have been developed to mitigate these negative impacts. Promoting habitat
diversity at both the tree and stand scales (e.g., retaining trees of various species, ages,
and containing different microhabitats) by creating a variable canopy structure or
applying continuous cover forestry can help maintain the diversity of forest-dwelling
species in managed stands. In turn, higher biodiversity can increase forest ecosystem
resilience to climate change (Drever et al., 2006; Loreau, 2000).

Climate change will affect living trees and the associated biodiversity through
various direct (e.g., higher disturbance severity and frequency) and indirect (e.g.,
changes in forest management) pathways. Although the responses of boreal tree
species to climate change have been examined in various studies (e.g., Boulanger
et al., 2017; Peng et al., 2011), the reaction of other forest-dwelling aboveground
organism groups is less well known. With various complex effects and interactions,
the overall changes in communities (e.g., species abundance, diversity, and distri-
bution) are difficult to predict (but see Villén-Peréz et al., 2020). Finally, if forest
management practices are modified because of climate change adaptation or mitiga-
tion (e.g., an increased proportion of broadleaf trees), the effects on forest-dwelling
species should be assessed and compensated where necessary.
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Chapter 6 ®)
Deadwood Biodiversity oo

Therese Lofroth, Tone Birkemoe, Ekaterina Shorohova, Mats Dynesius,
Nicole J. Fenton, Pierre Drapeau, and Junior A. Tremblay

Abstract Deadwood is a key component for biodiversity and ecosystem services in
boreal forests; however, the abundance of this critical element is declining worldwide.
In natural forests, deadwood is produced by tree death due to physical disturbances,
senescence, or pathogens. Timber harvesting, fire suppression, and salvage logging
reduce deadwood abundance and diversity, and climate change is expected to bring
further modifications. Although the effects of these changes are not yet fully under-
stood, restoring a continuous supply of deadwood in boreal forest ecosystems is
vital to reverse the negative trends in species richness and distribution. Increasing
the availability of deadwood offers a path to building resilient forest ecosystems for
the future.
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6.1 Introduction

Deadwood, which includes standing dead trees, stumps, and downed logs in both
terrestrial and aquatic habitats, is an important driver of biodiversity in boreal forests
(Fig. 6.1; Thorn et al., 2020b). Deadwood abundance and its composition—charac-
terized by deadwood diameter, decay class, tree species, and position—influence the
diversity and abundance of a variety of organisms, including bryophytes, lichens,
fungi, beetles, birds, and mammals (Fig. 6.2; Stokland et al., 2012). Saproxylic
species live in and/or feed on deadwood for at least some part of their life cycle.
They use deadwood as a direct or indirect food source (e.g., herbivores, detrivores,
fungivores, predators, parasitoids) and/or as a nesting site or shelter. Epixylic species,
such as bryophytes and lichens, live on the deadwood surface, and tree seedlings
often establish on decomposing downed logs (Stokland et al., 2012). The ecosystem
services that deadwood-associated organisms provide, e.g., decomposition, nutrient
turnover, and pollination, make them an integral component of the boreal food web
(Harmon, 2021; Miiller et al., 2020). The extensive variability in deadwood-related
habitats favors a high diversity of specialized species and intricate species interac-
tions. Consequently, any anthropogenic disturbance that changes the abundance and
diversity of deadwood alters this biodiversity and ecosystem functioning. The main
factor currently influencing deadwood abundance in boreal forests is large-scale
intensive forestry, including biofuel harvesting (Hof et al., 2018), although the influ-
ence of climate change is also growing (Cadieux et al., 2020; Tremblay et al., 2018).
In this chapter, we first review deadwood characteristics and dynamics across the
boreal biome. We then provide a brief overview of the various groups of organisms
associated with the specific forms of deadwood in terrestrial and aquatic habitats.
Finally, we examine the anthropogenic factors, including forestry and climate change,
that alter deadwood forms and abundance in boreal forests.
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Fig. 6.1 Examples of deadwood types in boreal forests; a kelo tree, b fallen tree, ¢ dead top caused
by the fungus Cronartium flaccidum or Peridermium pini. Photo credits a, ¢ Ekaterina Shorohova,
b Therese Lofroth

6.2 Deadwood Composition and Dynamics in Natural
Forests

The volume and diversity of deadwood vary greatly with site productivity, tree species
composition, forest age, and disturbance history (Table 6.1; Martin et al., 2018;
Shorohova & Kapitsa, 2015). High productivity sites, producing more and larger
trees, also produce more abundant and larger deadwood (Shorohova & Kapitsa,
2015). Tree species vary in size, wood quality, and dominant mortality mode (i.e.,
uprooting, decline, or stem breakage), eventually resulting in different types of dead-
wood (Miiller et al., 2020). Special deadwood qualities are formed from injured
and slow-growing trees that form dense and resin-rich wood (Fig. 6.1). Deadwood
dynamics include the generation and loss (e.g., through combustion, decomposi-
tion, and overgrowth by vegetation) of deadwood. The cumulative effects of these
processes, adding and removing deadwood, are reflected in the deadwood volume
and composition in a given area (Fig. 6.3).

Late-seral and post-disturbance forests are the two most deadwood-rich habi-
tats in natural boreal forest landscapes (Siitonen, 2001; Stokland et al., 2012). These
stands are shaped by small-scale mortality processes that provide a relatively constant
recruitment of recently dead trees (Aakala et al., 2008; Boulanger & Sirois, 2006),
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Fig. 6.2 Many species depend on deadwood for larval development, foraging, or nesting. Examples
of the deadwood-dependent species include a the buprestid beetle (Chalcophora mariana) that
depends on large pine trunks in sun-exposed habitats, b the Black-backed Woodpecker (Picoides
arcticus), nesting in a dead tree, and ¢ the Pileated Woodpecker (Dryocopus pileatus) nesting in
a trembling aspen (Populus tremuloides). Photo credits a Kristina Viklund, b David Tremblay, ¢
Réjean Deschénes

which have been identified as critical ecological attributes to many support specialist
forest-related species (Martin et al., 2020, 2021). Larger-scale disturbances concen-
trated in time and space, such as fire, storm felling, and insect outbreaks, produce large
pulses of deadwood (Bergeron et al., 2004; Taylor & MacLean, 2007). Following
these pulses, deadwood volume decreases over the next 50-100 years before grad-
ually increasing, although to a much lower level, when either these stands reach
maturity (Harmon, 2021) or another disturbance occurs (Fig. 6.4). After intense
disturbances in late-seral boreal forests, deadwood volumes might exceed hundreds
of m3-ha~! and average 210 m3-ha~! (Table 6.1; Shorohova & Kapitsa, 2015). Less
severe disturbances also affect deadwood quality by injuring trees; these trees later
produce tar-rich deadwood that, in turn, provides critical resources for specialized
fungi, wood-boring arthropods, and avian and arthropod predators (Nappi et al.,
2010).

Standing dead trees (snags) often constitute a significant part of the basal area of
trees in natural boreal forests (Nilsson et al., 2002). Tree species differ in standing
times after death, leading to variable snag dynamics across boreal forests (Aakala
etal., 2008; Taylor & MacLean, 2007). In eastern Canada, Angers et al. (2011) found
that the standing time of snags ranged from 15 years for trembling aspen (Populus
tremuloides) to close to 30 years for jack pine (Pinus banksiana). In Europe, tree
species such as Scots pine (Pinus sylvestris) can form barkless tar-rich snags having
a characteristic hard and silvery-gray surface; these snags are known as kelo trees
(Fig. 6.1). The formation and decay of kelo trees require centuries, and these snags
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Table 6.1 Examples of estimated deadwood volumes across the boreal biome for various mature
unmanaged forest types experiencing different disturbance regimes

Region Forest type Disturbance | Mean (+ Range References
regime SE) total (m3-ha—1)
deadwood
volume
(m3-ha=1)
Northwestern Spruce-dominated Wind/gap 147.7 £10.8 | - Shorohova
Russia dynamics and Kapitsa
(2015)
Northwestern Pine-dominated Fire 744 £ 13.1 |- Shorohova
Russia and Kapitsa
(2015)
Western Canada | Mixedwood Fire 76.1 =415 |3-93 Work et al.
(SD) (2004)
Western Canada | Coniferous Fire 939+ 189 |- Work et al.
(SD) (2004)
Eastern Canada | Black spruce (Picea | Fire 3-155 Martin et al.
mariana) (2018)
Eastern Canada | Mixedwood Fire/Postfire 0-708 Hély et al.
succession (2000)
Finland/western | Scots pine (Pinus Fire 117 Rouvinen
Russia sylvestris)—dominated and Kouki
(2002)
Fennoscandia | Coniferous Fire/gap 20-120 Siitonen
dynamics (2001)
Finland and Norway spruce Gap 60 41-170 Aakala
northwestern (Picea abies) dynamics (2010)
Russia
Eastern Scots pine (Pinus - 69.5 22.2-158.7 | Karjalainen
Fennoscandia | sylvestris) and
Kuuluvainen
(2002)
Eastern Canada | Black spruce (Picea |- 713+£112 |- Tremblay
mariana) >90Yy) et al. (2009)
495+ 14.2
(<90'y)

form a distinct habitat for specialized wood fungi and lichens (Niemeli et al., 2002;
Santaniello et al., 2017). The extremely slow recruitment of kelo trees and their
suitability as firewood have made them a rarity in modern landscapes, and long-
term conservation and restoration strategies are needed for these unique habitats
(Kuuluvainen et al., 2017).

Innatural forests, deadwood is lost through consumption by fire, decomposition by
fungi, bacteria, and animals, and overgrowth by ground vegetation. Although forest
fires create deadwood, they also consume existing pre-fire deadwood (Hyde et al.,
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Fig. 6.3 Several natural processes impact deadwood dynamics, including wildfires, which add
(by damaging living trees) and consume deadwood; a hollow trunk after fire, b overgrowth is an
important process that incorporates deadwood into the soil. Photo credits Ekaterina Shorohova

2011). The nonfire decomposition rate of deadwood varies with climate, site condi-
tions, tree species, deadwood size (Shorohova & Kapitsa, 2016), and the composition
of the decomposer community (Bani et al., 2018). In addition, many wood attributes,
including annual ring width, wood density, and chemical composition (e.g., resin
content), affect the decomposition rate (Edman et al., 2006; Venilédinen et al., 2003).
Finally, the burial of downed deadwood within the soil organic layer affects, for
example, accessibility to deadwood for colonization by saproxylic insects and its
utility as habitat for epixylic bryophytes. Burial is faster in sites with a soft organic
layer, such as peat, and with fast-covering ground vegetation, such as vascular plants
and Sphagnum mosses (Fig. 6.3; Dynesius et al., 2010). More than a quarter of
the carbon originating from deadwood in boreal forests is estimated to be stored in
buried, downed deadwood. Therefore, although this wood is no longer important for
aboveground biodiversity, it continues to perform important ecosystem functions,
such as nutrient cycling and carbon storage (Stokland et al., 2016). Deadwood burial
is affected by several factors that can be altered by climate change, such as microcli-
mate and the depth of the organic layer (Dynesius et al., 2010; Stokland et al., 2016).

Fig. 6.4 Deadwood 1
dynamics for forests under
even-aged management,
after a stand-replacing fire in
natural forest, and in a
late-seral natural forest

—
/
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Burial also interacts with decomposition, as buried deadwood typically decomposes
at a much slower rate than aboveground deadwood (Stokland et al., 2016).

6.3 Deadwood Substrates and Their Associated
Biodiversity

Deadwood provides numerous ecological niches, and a multitude of species interact
within the deadwood food web (Fig. 6.5). Species assemblage composition and rich-
ness in deadwood are affected by tree species, sun exposure, decay stage, wood
density and diameter, type of rot, cause of death, and whether the stem is standing,
lying, charred, or in contact with the ground (Hidgglund & Hjéltén, 2018; Johansson
et al., 2017; Kushnevskaya & Shorohova, 2018).

A well-known example of niche differentiation linked to deadwood diameter is
bark beetles selecting wood on the basis of bark thickness. For example, the emerald
ash borer (Agrilus planipennis) attacks ash trees that have a stem diameter within
a limited range (Timms et al., 2006), and the six-toothed beetle (Ips sexdentatus)
is restricted to the base of old large-diameter pines (Gilbert et al., 2005). Some
saproxylic organisms function as keystone species, e.g., the primary spruce bark
beetle (Ips typographus), which affects more than 100 associated species (Weslien,
1992). Several invertebrate species use deadwood primarily as nesting sites. Solitary
bees and wasps dig their nest tunnels into soft decaying wood or use tunnels made by
other insects. Social wasps and honeybees build their nests in hollow trees, and ants

Fig. 6.5 Species interactions are an essential part of deadwood dynamics. a The lepidopteran
Scardia boletella (Tineidae) seen here recently hatched from the saproxylic tinder fungus (Fomes
fomentarius). Scardia boletella is vulnerable to forest management and is listed as endangered in
Norway. b Carpenter ants (Camponotus sp.) in a dead balsam fir (Abies balsamea), here excavated
by the Pileated Woodpecker (Dryocopus pileatus). Photo credits a Tone Birkemoe, b Pierre Drapeau
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(e.g., Camponotus spp.) excavate their nests into living or dead trees (King et al.,
2018; Westerfelt et al., 2015). Many dipterans use emergence holes and galleries
from other insects as nest sites (Dennis et al., 2018).

Below we describe the biodiversity associated with three types of fully dead trees:
snags, logs, and underwater deadwood.

6.3.1 Dead Standing Trees (Snags)

Lichens thrive on snags and often on decorticated stems, such as kelo trees. In
Fennoscandia and the Pacific Northwest of North America, more than 40% of the
analyzed lichen species occurred on deadwood, and 10% were found solely on dead-
wood (Spribille et al., 2008). The pin lichens (calicioid lichens) are the most special-
ized of the wood-living lichens, and for many species in this group, kelo trees consti-
tute the main substrate (Santaniello et al., 2017). The specific lichen flora varies with
snag decay, and there is a distinct shift in assemblage makeup, from species that
colonized before tree death to species colonizing the barkless surface after bark loss.
After bark loss, the tree species becomes less important as a factor influencing the
lichen flora (Lohmus & Lohmus, 2001).

The decay processes of standing deadwood are intrinsically related to saproxylic
insect activity (Siitonen, 2001), particularly for wood-feeding species that colonize
dying and dead trees. Saint-Germain et al. (2007) found that wood-feeding insects
were most abundant in black spruce at the beginning of the decay sequence on fresh
snags, whereas they observed opposite wood-feeding insect patterns in aspen, as
insects reached large numbers in snags at the middle- to late-decay stages. These
results highlight the importance of considering the entire range of decay classes of
standing deadwood for conservation planning in managed forest landscapes. In a
study of the substrate requirements of red-listed saproxylic invertebrates in Sweden,
Jonsell et al. (1998) found that a high proportion of these species require sun-exposed
deadwood, of which snags are a significant proportion. Typically, snags are inhabited
by species that thrive in drier and more exposed habitats (Hjdltén et al., 2012); an
example is the beetle Peltis grossa that thrives in snags within clear-cuts (Weslien
etal., 2011). Hence, leaving standing, sun-exposed deadwood in clear-cuts could be
an effective means of increasing the breeding substrates for saproxylic invertebrates;
however, such retention strategies may not be adequate for species living in late-seral
forests that depend on shaded sites.

Insects colonizing snags and dying trees are critical food resources for wood-
peckers (Hammond & Theimer, 2020). Forest stands after natural disturbances often
represent significant foraging opportunities for these bird species; this includes
burned areas (Nappi et al., 2010; Versluijs et al., 2020) and forest stands affected
by insect outbreaks (Rota et al., 2015). However, landscapes characterized by high
amounts of late-seral forest are also important and provide snags continuously
over time (Martin et al., 2021; Nappi et al., 2015). Individual woodpecker species
specialize in specific decay stages of dying and dead trees (Hammond & Theimer,
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2020), again underlining the importance of a continuous input of standing deadwood
to ensure a steady supply of suitable foraging trees for the woodpecker community
(Nappi et al., 2015).

Dying trees and snags provide cavities for nesting, roosting, and denning for
10—40% of species of birds (including the families Picidae and Sittidae and the
order Stringiformes) and mammals (from the order Microchiroptera and the families
Mustelidae and Sciuridae) in forest ecosystems (Kotowska et al., 2020; Parsons et al.,
2003). In boreal forests, most cavities are produced by avian excavators, mostly
woodpeckers, whereas few cavities originate through natural tree-decay processes
(Wesotowski & Martin, 2018). At least 1878 species worldwide (18.1% of all bird
species in the world) nest in tree cavities, and at least 338 of these species use
cavities created by woodpeckers (Picidae) (van der Hoek et al., 2017). Cavity-using
communities form interspecific hierarchical networks called nest webs (Martin &
Eadie, 1999), where cavity-bearing tree species, cavity-producing agents (excavators
and decay processes), and nonexcavating cavity users interact. Cavities are created
every year, reused over time, change as they age (Edworthy et al., 2018), and are
formed both in living trees showing signs of decay and in dead trees (Drapeau et al.,
2009; Edworthy et al.,2018). Aspens (Populus spp.) are particularly important cavity-
bearing trees—either natural or excavated cavities—in both North American and
European boreal forests (Andersson et al., 2018; Parsons et al., 2003).

6.3.2 Downed Deadwood (Logs)

The characteristics of lying and standing deadwood differ. Downed deadwood is
generally moister because it has more extensive ground contact and is shaded; sun-
exposed logs also occur, particularly after a severe disturbance. Logs contribute to
the structural diversity of the forest floor and provide nest sites, food, and cover for
both mammals and amphibians (Fauteux et al., 2012). Because downed deadwood
in boreal areas is hidden in winter under snow, its importance as foraging sites
for woodpeckers and other birds is more limited than for snags; however, downed
deadwood is still used, and its use is likely underestimated (Tremblay et al., 2010).

Large-diameter logs host a higher number of species (and specialized species)
than small-diameter logs (Juutilainen et al., 2011). The larger, longer-lasting, and
more varied deadwood habitat of larger logs partially explains this difference, often
offering larger proportions of heartwood, an important habitat for some species. For
example, the hairy pine borer beetle (Tragosoma depsarium) inhabits pine logs larger
than 25 cm in diameter having large proportions of heartwood and a slow decay rate
(Wikars, 2004). The polypore fungus Fomitopsis rosea also occurs more frequently
in larger logs and is favored by the higher wood density of slow-growing trees
(Edman et al., 2006). However, in old-growth forests having a high availability of
deadwood, the total log volume per hectare rather than log size may be more critical
for species diversity and composition, as demonstrated for mosses, liverworts, and
lichens growing on logs (Kushnevskaya & Shorohova, 2018).
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The saproxylic insects of logs include several feeding guilds that shift in domi-
nance as the log decomposes. First, the cambium consumers and their associated
predators and parasitoids colonize the freshly fallen tree, followed after a few years
by wood borers, which feed on the wood, and fungivores (Gibb et al., 2013). Species
feeding on the short-lived but nutritious cambium have short generation times,
whereas larger wood-boring taxa have life cycles lasting 3-15 years, e.g., Trago-
soma depsarium, Pytho kolwensis, and Chalcophora mariana (Fig. 6.2; Siitonen &
Saaristo, 2000; Wikars, 2004).

Logs are essential hibernation sites for many epigeic and litter-dwelling arthro-
pods, e.g., carabid beetles and mollusks. For wood ants and small mammals, logs
can also serve as pathways when foraging (Boucher et al., 2015; Westerfelt et al.,
2015).

Logs harbor a rich flora of wood-decaying fungi. There is a turnover of fungal
species during log decomposition, as wood density and C:N ratios decrease and
moisture and lignin contents increase (Rajala et al., 2011). In unmanaged boreal
forests, Ascomycetes colonize recently fallen spruce logs, whereas Basidiomycete
fungi—responsible for brown rot—peak during the intermediate decay stages. White
rot fungi constitute approximately one-fifth of all fungal species in decomposing
logs, except at the latest decay stages when ectomycorrhizal fungi become dominant
(Rajala et al., 2012). Bark attached to logs also hosts diverse fungal communities
that vary during decomposition (Kazartsev et al., 2018).

Many boreal bryophytes (i.e., mosses and liverworts) grow on fallen logs, and logs
are often bryophyte biodiversity hot spots. Several ecological groups of deadwood-
associated bryophytes can be distinguished (Kushnevskaya et al., 2007). Facultative
epiphytes grow on the lowest parts of living tree trunks and also colonize other parts
of fallen logs until the midstages of decay (e.g., Ptilidium pulcherrimum). Epixylic
specialists grow mainly on logs and stumps. Some species (e.g., Lophozia ciliata)
colonize the bark, whereas others colonize softened barkless logs (e.g., Crossocalyx
hellerianus, Riccardia palmata, and Lophocolea heterophylla). Opportunistic gener-
alists colonize at any stage of decay, and epigeic species normally cover the forest
floor but overgrow the logs as they decay (Dynesius et al., 2010; Kushnevskaya &
Shorohova, 2018).

6.3.3 Deadwood in Water

Deadwood has several vital ecological functions in aquatic environments. Deadwood
alters river flow and serves as habitat for fish. In lakes, woody debris in the littoral
zone has proven important for prey fish abundance and predatory fish growth potential
(Ahrenstorff et al., 2009). Driftwood, i.e., stranded deadwood, harbors a rich fungal
flora and contributes significantly to the deadwood biodiversity in coastal regions
(Blanchette et al., 2016). In forest ecosystems, deadwood can link terrestrial and
aquatic habitats. A key species here is the beaver, which creates substantial amounts
of deadwood both directly by felling trees and indirectly by flooding forests. The
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deadwood in water includes rare deadwood types (e.g., aspen in Fennoscandia) in
areas otherwise rarely affected by stand-replacing disturbances (Thompson et al.,
2016).

6.4 Species Interactions in Deadwood

Insects and fungi are the most species-rich taxa in deadwood. Coexisting at least since
the late Silurian (Misof et al., 2014; Sherwood-Pike & Gray, 1985), this tight coupling
has resulted in reciprocal adaptations and intricate interactions with profound impacts
on deadwood dynamics; however, relatively little is known about these interactions
(Birkemoeetal., 2018), possibly because of the cryptic nature of fungi. One important
and direct interaction is through feeding (Fig. 6.5a), which is likely to have a signifi-
cant functional importance for biodiversity and deadwood decomposition. Fungi live
on insects as parasites, pathogens, and mutualists; insects feed on various forms of
fungi, including yeast cells, mycelia, and fruiting bodies. Many insect species feed
directly on fungi, and adding fungi to the diet might be essential for beetles that
feed primarily on wood, which has low nutritional value. For instance, it has been
calculated that the longhorn beetle Stictoleptura rubra would require 40—85 years to
reach adulthood if all its nutrients were obtained from wood, or 13-28 times longer
than its maximum recorded life-cycle length (Filipiak & Weiner, 2014).

Bark and ambrosia beetles bring their mutualistic fungi to the colonized trees;
however, recent studies indicate that insects also disperse nonmutualistic wood-
decaying fungi (Jacobsen etal., 2018; Seibold et al., 2019). A study identifying wood-
living fungi from beetles landing on recently cut wood showed that the networks
between beetles and fungi were comparable in strength to seed dispersal networks
(Jacobsen et al., 2018) and thus of potential importance for deadwood biodiversity.
However, the study must be replicated in other systems to determine whether these
findings can be generalized.

Insects also farm fungi, as observed in termites and several ambrosia beetles.
Conversely, some fungi protect insects by reinforcing nest-wall structures (Schlick-
Steiner et al., 2008), fighting microbial pathogens (Fldrez et al., 2015), or degrading
tree defenses that would otherwise be detrimental to insects. Indirect interactions,
where fungi or insects modify the deadwood habitat, could also significantly affect
the insect/fungal communities and their functions.

In addition to the interactions between insects and fungi, multiple interactions exist
within these two highly diverse groups. Among insects, predator/prey interactions are
important for regulating populations. For instance, the bark beetle Tomicus piniperda
produces fewer offspring when predators are present in high numbers (Schroeder &
Weslien, 1994). Fungi in deadwood live in constant chemical warfare with other
fungi (Hiscox et al., 2018), and the war zones can be observed as dark lines in
deadwood. Many fungi also feed on other fungi (Maurice et al., 2021). Insects also
compete, facilitate colonization, and produce priority effects, i.e., when initially
colonizing species determine what species can colonize later. Priority effects have
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been observed for insects and fungi in the succession and colonization of deadwood
(Weslien et al., 2011).

Various other taxa also interact within deadwood. Bacteria is an often overlooked
but vital part of the deadwood community. Bacteria interact with wood-decaying
fungi (Johnston et al., 2016), affecting the wood decay rate and fungal species compo-
sition. Recently, nematode parasites of insects were also found to modify the wood
decay rate (Davis & Prouty, 2019). Larger organisms, such as shrews, mice, and
woodpeckers, forage for invertebrates in deadwood.

6.5 Forest Management Impact on the Deadwood Profile

Forest management significantly impacts the abundance and diversity of dead-
wood in boreal forests. Even-aged management, converting deadwood-rich, uneven-
aged mature, and old forests into even-aged stands, remains the most common
forestry harvesting approach. Furthermore, forest management promotes fast-
growing healthy trees and reduces the abundance of slow-growing, injured, and
unhealthy trees. Consequently, forest management has caused a decline of many
boreal deadwood-associated species (Siitonen, 2001). Deadwood species are gener-
ally lower in managed forests than in natural ones, and harvesting intensity and
time amplify these differences (Junninen et al., 2006). Consequently, regions with a
long forest management history have smaller populations of specialized deadwood-
associated species found in fewer sites (Miiller et al., 2013; Nordén et al., 2013). For
example, the amount of deadwood in intensively managed forests in Fennoscandia
is considerably lower (4—10 m*-ha~") than that found in natural stands (Fig. 6.4) (for
volumes in natural stands, see Table 6.1). Timber harvesting by thinning and final
felling has caused this decline, exacerbated by the more recent practice of extracting
woody debris left after harvesting for biofuels (Hof et al., 2018). In contrast, less
intensive management, in which stands are allowed to self-thin during development
and smaller pieces of deadwood generated during harvest are left on-site, helps reduce
declines in deadwood abundance. Thus, significant volumes of deadwood have been
documented in Russian managed forests, with an average of 28.0 m*-ha~! (Maly-
sheva et al., 2019) and ranging from 1 to more than 100 m*-ha~! in the Novgorod
region (Shorohova & Tetioukhin, 2003). Forestry also changes the diameter and decay
stage distributions of deadwood and disrupts the recruitment of new large deadwood
items (Martin et al., 2021). In unmanaged forests, large stems often constitute the
majority of deadwood volume. For example, in spruce-dominated boreal old-growth
forest, large-diameter (>30 cm) dead trees can comprise 42-54% of the volume,
whereas smaller-diameter stems (<10 cm) represent only 1.7-2.7% (Nilsson et al.,
2002; Siitonen, 2001); this pattern is reversed in younger to middle-aged managed
forests (Stenbacka et al., 2010).
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6.6 Effects of Climate Change on Deadwood
and Associated Biodiversity

Timber harvesting has disfavored deadwood-associated species for decades if not
centuries, particularly in Europe (Stokland et al., 2012). More recently, climate
change has put additional stress on forest ecosystems and their biodiversity, as a
changing climate alters nutrient cycles and disturbance regimes (Tremblay et al.,
2018; Venildinen et al., 2020). Climate change mitigation may also impact forestry
practices; for example, logging and biofuel harvesting may increase to substitute for
fossil-based products.

Changes in nutrient cycles and disturbance regimes will influence deadwood abun-
dance and diversity in various ways. In boreal areas, forests are expected to grow
either faster or slower depending on site-specific conditions (Marchand et al., 2019;
Miquelajauregui et al., 2019), altering the input of deadwood and deadwood quality,
e.g., fast growth versus slow growth. The decomposition rate is also expected to
increase in locations where temperature is currently a limiting factor (Davidson &
Janssens, 2006); however, the effect on the decomposition rate will largely depend
on local habitat factors (Bradford et al., 2014).

Natural disturbances (fire, windthrow, and insect outbreak) are generally expected
to accelerate in the future, albeit showing large geographic variability (Chap. 3); this
may limit the long-term development of deadwood in some areas, as trees may not
have sufficient time to grow large before another severe disturbance strikes (Kuulu-
vainen & Gauthier, 2018; Seidl et al., 2020). Moreover, the projected reduction of
large deadwood because of climate change will be exacerbated by forest management
policies having caused a skewed age-class distribution with a low proportion of old
forest (Berglund & Kuuluvainen, 2021; Lamarre & Tremblay, 2021). Shorter distur-
bance return intervals may accelerate the development toward higher proportions of
young stands and small-diameter deadwood.

These changes in deadwood abundance, type, and diversity affect deadwood-
associated species in multiple manners. First, the quantity of insects that emerge
from a burned tree is proportional to tree diameter (Saint-Germain et al., 2008),
resulting in cascading effects on predators that depend on this resource, e.g., the
Black-backed Woodpecker (Picoides arcticus) (Nappi & Drapeau, 2009; Nappi et al.,
2010; Tremblay et al., 2020). These effects contribute to a projected decline of up to
92% in the potential productivity of the Black-backed Woodpecker under the worst-
case climate forcing scenario (RCP8.5) (Tremblay et al., 2018). Second, a lower
abundance of large trees related to an increased fire frequency would reduce the area
of forests housing large standing or downed deadwood stems, which are typically
associated with a high species diversity of bryophytes and lichens (Dittrich et al.,
2014).

Climate change will also alter the distribution and phenology of wood-inhabiting
species, affecting interactions and food chains. Higher temperatures and a longer
growing season will affect insect phenology. Depending on the length of the growing
season, the European spruce bark beetle (Ips typographus) can produce one to six
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generations per year, and the area prone to outbreaks of this species is expanding
northward (Romashkin et al., 2020). Likewise, warmer winters in western North
America have contributed to continuous outbreaks of the mountain pine beetle
(Dendroctonus ponderosae) on lodgepole pine (Pinus contorta) and other pine
species, turning the forests from carbon sinks into carbon sources (Kurz et al., 2008).
Indirect consequences of climate change also include potential effects on insect-
fungus interactions. For example, phenological mismatches (i.e., relevant species
life stages no longer co-occur) may emerge between insects and fungi. Insect visits
of fungal fruiting bodies, and thus spore dispersal, may be disrupted given that
sporulation is generally determined by environmental cues other than insect emer-
gence and flight. Similarly, controls on populations may be disrupted if predators and
their prey no longer co-occur (Ekholm et al., 2020). Such phenological mismatches
will add uncertainty to the current difficulty in predicting insect outbreaks, including
significant uncertainties in terms of outbreak duration, intensity, and spatial variation
(Biedermann et al., 2019; Boulanger et al., 2016).

6.7 Conclusions and Future Perspectives

Deadwood profiles, the frequencies and severity of natural disturbances, and manage-
ment history vary across the boreal zone. Deadwood abundance and quality have
decreased dramatically in many managed areas, especially in northern Europe,
and deadwood-associated biodiversity has declined accordingly. Moreover, climate
change will likely affect the formation and dynamics of deadwood to produce
concomitant effects on deadwood-associated organisms and the intricate interactions
and networks associated with this habitat.

A means of adapting to this massive challenge is implementing new silviculture
approaches that mimic natural disturbance patterns and their effects on standing and
fallen deadwood. The retention and maintenance of these biological legacies is a
tenet of ecosystem-based management, which proposes a diversification of forestry
practices (Gauthier et al., 2009). These approaches include longer rotations, reten-
tion forestry, continuous-cover silviculture, and enhanced patch retention of living
and dead trees in clear-cuts (Felton et al., 2020). When included in forest landscape
planning, such approaches are likely to attenuate habitat alteration and biodiversity
loss associated with conventional forest management (Fig. 6.6; Berglund & Kuulu-
vainen, 2021; Drapeau et al., 2016). For deadwood management, this will necessarily
require incorporating baseline data on deadwood dynamics and recruitment and the
biodiversity it supports (Tremblay et al., 2015). Given that deadwood dynamics—
including recruitment and decay processes—are tree species—specific and support
taxonomic and functional diversity, live and deadwood retention strategies will have
to be flexible in regard to the dominant tree species or forest cover types under
management (Angers et al., 2011). Careful and rigorous planning in managed boreal
forest landscapes is thus vital to account for a wide range of tree ages and sizes,
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species, and deadwood decay stages to ensure a steady supply of suitable substrates
for biodiversity (Drapeau et al., 2009; Edworthy et al., 2018).

In severely impoverished areas, ecological restoration is needed to maintain
deadwood-associated biodiversity. Prescribed burning, tree felling, pushing over,
and girdling, together with green tree retention, have already proven successful
(Hagglund & Hjiltén, 2018; Higglund et al., 2020), and future research must further
evaluate the effects of such efforts on biodiversity (Fig. 6.6). It is possible to restore
some deadwood qualities such as intermediate size classes and early decay stages
in the short term. Recent reviews (Koivula & Vanha-Majamaa, 2020; Sandstrom
et al., 2019) show that the artificial addition of deadwood supports a wide range of
saproxylic species; however, the species composition on artificially created wood
differs from communities in trees that died naturally. Some species require the active
creation and conservation of their specific habitats, such as thick-diameter deadwood,
slow-grown wood, resin-rich wood, wood from injured trees, and wood in forests
with continuous canopy cover. For substrates and qualities that require a long time
to regenerate (e.g., large logs of late-decay stage, wood from old trees), it is essential
to conserve what is left, but also to implement artificial aging, for example by partial
bark removal.

Conflicts between deadwood restoration and pest and fire management can occur
because deadwood is often regarded as a source of pest species and wildfire fuel.
Salvage logging may lead to ecological traps, i.e., species are attracted to a habitat that
is too degraded for their survival (Hale & Swearer, 2016), for saproxylic organisms
on burned areas, and pest control can reduce the recruitment of deadwood (Thorn
et al., 2020a, 2020b). More research is needed to better balance these conflicting
goals in an era of climate change.

Management practices that ensure the continuous availability of deadwood in
managed boreal forests require monitoring and modeling. Modeling the potential of
different forest types to produce and maintain deadwood could be a means forward,

Fig. 6.6 Inheavily managed landscapes, the restoration of deadwood may be necessary. Restoration
examples include a created high stumps and retention trees at a clear-felling site and b the scouring
of tree stems to reduce tree vitality. Photo credits a Therese Lofroth, b Joakim Hjiltén



182 T. Lofroth et al.

and accurate models are vital for reliable estimates of deadwood volume and produc-
tion in both natural and managed stands (e.g., Mikkonen et al., 2020). To conclude,
both forestry and climate change are interactive challenges for conserving the biodi-
versity of deadwood-associated species (Tremblay et al., 2018). Conservation and
restoration efforts must be designed appropriately to provide a continuous supply of
highly variable forms of deadwood.
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Chapter 7 )
Embracing the Complexity oo
and the Richness of Boreal Old-Growth

Forests: A Further Step Toward Their
Ecosystem Management

Maxence Martin, Ekaterina Shorohova, and Nicole J. Fenton

Abstract Boreal old-growth forests are specific and often undervalued ecosystems,
as they present few of the structural attributes that usually define old forests in the
collective culture. Yet, these ecosystems are characterized by exceptional naturalness,
integrity, complexity, resilience, as well as structural and functional diversity. They
therefore serve as biodiversity hot spots and provide crucial ecosystem services.
However, these forests are under significant threat from human activities, causing a
rapid and large-scale reduction in their surface area and integrity. The multiple values
associated with boreal old-growth forests should be therefore better acknowledged
and understood to ensure the sustainable management of boreal landscapes.
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7.1 The Old-Growth Forest Concept: A General Overview

Forests considered as “natural” have an important place in our collective conscious-
ness for cultural, ethical, spiritual, artistic, and aesthetic reasons (Frelich & Reich,
2003; Kimmins, 2003; Pesklevits et al., 2011; Satterfield, 2002). Interest in these
forests has also grown continuously during the twentieth century as a source of
inspiration for establishing sustainable management strategies (Puettmann et al.,
2009). Theories of how to maintain forest biodiversity and ecosystem services include
forest management based on natural disturbance dynamics (Gauthier et al., 2009) and
managed stands containing forest-specific structural elements that are co