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Abstract:

Climate change is expected to drastically change the environmental conditions
which forests depend. Lags in tree species movements will likely be outpaced by a more
rapidly changing climate. This may result in species extirpation, a change in forest
structure, and a decline in resistance and resilience (i.e., the ability to persist and recover
from external perturbations, respectively). In the northern Great Lakes region of North
America, an ecotone exists along the boreal-temperate transition zone where large
changes in species composition exist across a climate gradient. Increasing temperatures
are observed in the more southern landscapes. As climate change is expected to
substantially affect mid-continental landscapes, this region is especially vulnerable to
climate change. My research assessed the effects of climate change under business as
usual (BAU) management as well as alternative management strategies. To do so, |
simulated forest change in two landscapes (northeastern Minnesota and northern lower
Michigan) under three climate change scenarios (current climate, low emissions, and high
emissions), and four management scenarios (BAU, modified silviculture, expanded
reserves, and climate suitable planting) with a spatially-explicit forest simulation model
from year 2000 to year 2150. Specifically, I explored how climate change would affect
relationships between tree species diversity and productivity (Chapter 2); how expanded
reserves and modified silviculture may affect aboveground biomass (AGB) and species
diversity (Chapter 3); how climate suitable planting may affect functional diversity, and

AGB (Chapter 4); and how alternative management may affect the resistance and



resilience of forests to multiple disturbances interacting with climate change (Chapter 5).
Under the BAU management scenario, | found that current and low emissions
climate scenarios did not affect the relationship between species diversity and
productivity; however, under a high emissions climate scenario, a decline in simulated
productivity was coupled with a stronger positive relationship between diversity and
productivity. Under the high emissions climate scenario, overall productivity declined in
both landscapes with specific species declines projected for boreal species such as balsam
fir (Abies balsamea) and black spruce (Picea mariana). Under alternative management
scenarios, | simulated a limited ability to increase tree species and functional diversity,
AGB, and net primary productivity under climate change. The limits of management
were especially apparent under the high emissions climate scenario. In a novel approach
to measuring resilience, | plotted the recovery of both initial species composition and
AGB to stochastic fire events for each simulation. This approach assessed both a general
response (i.e. AGB) with a more specific response (i.e. species composition). My results
suggest that climate change will reduce the resilience of northern Great Lake forest AGB
and species composition and that management effects will be largely outweighed by the
declines expected due to climate change. My results highlight the necessity to consider
even more innovative and creative solutions under climate change (e.g., planting species

from even further south than I simulated).
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Chapter 1: Introduction

The forests of the Great Lake states are unique ecosystems along the temperate -
boreal forest transition zone. To the north, boreal tree species such as black spruce
(Picea mariana), white spruce (Picea glauca), and balsam fir (Abies balsamea) are
prominent components of communities. Temperate northern hardwoods such as northern
red oak (Quercus rubra), sugar maple (Acer saccharum), and American basswood (Tilia
americana) are prominent components of communities to the south. Within the northern
Great Lake ecotone (ecological transition zone), a large mix of boreal and temperate
species and ecological services and functions exist (Curtis 1959, Heinselman 1996). As
many of these species are at the limits to their range, communities within this ecotone are
vulnerable to substantial forest shifts as environmental conditions change (Fisichelli et al.
2013).

Human communities are sustained in part through the ecosystem services that
these functioning forests provide (e.g., wood products, clean water, and recreation).
Since the turn of the century, intensive harvesting practices have logged nearly all
northern Great Lake landscapes (Karamanski 1989, White and Mladenoff 1994).
Although timber harvesting continues to dominate northern Great Lake disturbance
regimes, the value of a diverse suite of ecosystem services is recognized. Recreation and
tourism bring $18.5 billion annually to northern M1, W1, and MN (Kling et al. 2003).
Jobs related to the wood products industry remain critically important for many

communities bringing $9.7 billion annually to MN alone (Deckard and Skurla 2011).



Within the Upper Midwest, the Boreal Hardwood Transition ecological region in
the US covers almost 55 million acres (USFWS 2010). Approximately 45.9 percent of
this area is under some form of protected status to limit development, but the distribution
and size of these reserves varies throughout the region (USFWS 2010). The arrowhead
region of northeastern Minnesota and the northern lower peninsula of Michigan provide
two examples of northern Great Lake forested landscapes that represent a range of unique
forest types and conditions to support them (Figure 1.1). Northeastern Minnesota is
largely contiguous forest, with a high proportion of Federal and state lands including the
Boundary Waters Canoe Area Wilderness Area and several protected State Parks along
Lake Superior. In contrast, the distribution of protected forests in the northern lower
peninsula of Michigan is much more fragmented with development with less forest land

off-limits to resource extraction (Gustafson and Loehle 2006).

GLOBAL CHANGES:

Over the next century, the pace of climate induced change is projected to exceed
the ability of forests to naturally adapt (Soja et al. 2007, Iverson et al. 2008). This lag
may result in species extirpation, a change in forest structure, a loss in productivity, a loss
in species diversity, and ultimately a decline of ecosystem resilience (Soja et al. 2007,
Iverson et al. 2008), which is particularly concerning in areas such as the Great Lake
states whose economies rely in part on multiple ecosystem services provided by these
forest ecosystems. Incorporating climate changes and interactive disturbance effects
have already presented serious threats to ecosystem services in North America (e.g.,
Bentz et al. 2010). The Upper Midwest and Great Lakes landscapes are experiencing an

anthropogenic global warming trend affecting northern forests beyond our ability to



manage them with traditional methods (Kling et al. 2003, IPCC 2007). Given the
magnitude and uncertainty of expected global change, ecologists and natural resource
managers are struggling to determine the stability of future ecosystems.

Throughout the last century, ecologists have debated the measures of a healthy
functioning ecosystem (Costanza 2012). Ecosystems were described early on by Tansley
(1935) as being “a biotic community or assemblage and its associated physical
environment in a specific place.” Pickett and Cadenasso (2002) support Tansley’s
definition, however caution that the definition alone covers an inconceivably large
selection of examples. Costanza and Mageau (1999) describe a sustainable ecosystem in
which there is an interaction of strong vigor, organization, and resilience. Vigor is
described as being analogous to productivity with measurements such as gross primary
production (GPP). Organization is related to the structure and diversity that a system
supports. Finally, resilience is the ability to maintain the vigor and organization in the
face of external stress such as disturbance.

To understand ecological resilience we must recognize the relationship of
succession and disturbance. Much of our early understanding of succession is attributed
to Frederick Clements (Clements 1916) who argued that vegetation could be grouped into
discrete communities which followed a predictable pathway to a climax community
(Tansley 1935). Gleason rejected this concept arguing that species acted individually
rather than in groups, and that species persistence on a landscape did not follow clear
“successional” pathways but rather acted independently (Gleason 1926). The modern
view of succession both engages and disputes concepts from both Clements and Gleason
incorporating the view that natural disturbance regimes cause ecosystems to be constantly

3



in a state of flux. For this reason, there is not just one “climax” condition, nor is any
single condition a concluding measure of a healthy ecosystem. Indeed, rather than
focusing on a single condition in space and time, ecologists are increasingly interested in
the disturbance processes that continue to affect patterns in ecosystems (Foster et al.
1998).

By accepting natural disturbance regimes as driving factors in ecological
processes (e.g., floods, hurricanes, fires), an stable equilibrium paradigm, inherent in
Clementsian succession, becomes harder to accept (Holling 1973). We observe, for
example, species disappearing and reappearing as natural systems are continually in
transient states. These dynamics result in ecological questions that require assessments
of larger spatial and temporal scales (Hanski 1994, Reiners and Driese 2001). Climate
change is a disturbance factor expected to stretch environmental conditions of forests
beyond the recent historical range of variability. We need a better understanding of the

interactions of future climate as a disturbance agent provided by questions in this thesis.

RESISTANCE AND RESILIENCE:

By including disturbance regimes in our understanding of ecosystems, the term
stability has been used to describe ecosystem health (Pimm 1984). Grimm et al. (1992)
give warning to the term “stability” used in ecology as it is often used without a clear
definition, context, or scale and can have confusing meanings. Stability properties,
however, can be useful descriptive parameters to understanding systems. These
properties can be described as being 1) unchanged, 2) returning to a reference state
following a disturbance, or 3) persisting through time. The use of the term stability must

then reference clear definitions of its meaning within an appropriate context (Grimm et
4



al. 1992).

The resistance and resilience of a system both describe elements of stability.
Resilience is a measure of the ability of a described system to recover from disturbance
(Gunderson 2000). Pulse disturbances can be described as disturbances that are repetitive
but short in duration (e.g., fire, wind, harvesting); press disturbances can be described as
ongoing persistent perturbation (e.g., climate change) (Glasby and Underwood 1996).
Resilience is a good measure of pulse disturbance effects and the interaction of climate
change with other disturbances (e.g., recovery of a forest following a fire under climate
change). Resistance of a system can be defined as the ability of a system to persist
through time with little change (Landres et al. 1999, Minckley et al. 2012). Resistance is
an informative measure of direct climate change effects such as the ongoing effects of
increased temperature on a species (press disturbances).

Holling (1973) first introduced the word resilience to describe aspects of
ecological change as that which “determines the persistence of relationships within a
system and is a measure of the ability of these systems to absorb changes of state
variables, driving variables, and parameters, and still persist.” Holling and Meffe (1996)
define ecosystem resilience as the “magnitude of disturbance that can be absorbed or
accommodated before the system changes its structure by changing the variables and
processes that control system behavior.” With this definition, there exist multiple
alternative states rather than a single stable equilibrium, and that change can happen in
unexpected and discontinuous ways such as an sudden insect outbreak (Edburg et al.
2012) or population collapse (O'Dowd et al. 2003). Commonly, resilience refers to

prevention of “state-changing” or “threshold” crossing conditions (Gunderson et al.



2010). Many systems may not result in a sharp transition. Rather, a decline in resilience
may be apparent after a slow decline in an ecosystem services or a lack of ability to
recover from a disturbance.

A complex system’s identity is composed of the system’s components, the
relationship between the components, and the spatial and temporal scale of interest
(Cumming and Collier 2005). Within a temporal scale of interest (e.g., 50 years), the
persistence of a system’s identity is one measure of resistance (Millar et al. 2007). The
persistence of a system through a historical range of variability can be a useful
benchmark to understand the stressors and disturbances that have allowed a system to
persist (Landres et al. 1999, Keane et al. 2009). Zhang and Hebda (2005) point out the
resistance of British Columbia’s old growth coastal forests which have maintained
themselves for several millennia given a large range in historical climate. There is
concern, however, that by changing the stand structure from old growth to second
growth, for example, the systems may become less resistant (more vulnerable) to the
effects of global change. For example, within British Columbia’s coastal old growth
stands, arthropod diversity is high, which is critical since they are natural predators to
invasive insects reducing herbivory in mature stands (Winchester 1998).

In some cases, a seemingly uniform system may provide conditions for a
disturbance that make the system vulnerable for a state change. In the northeastern pine
barrens of New Jersey, for example, fire has been largely excluded from the fire
dependent ecosystems where uniform monocultures of pitch pine (Pinus rigida) are
increasing in fuel load (Clark et al. 2009). In the Rocky Mountain monocultures of aging

lodgepole pine (Pinus contorta), the potential for mountain pine beetle outbreaks are



especially high in stands above 80 years old, but the risk of outbreaks is lower than older
stands which have lost the thick phloem layer preferred by the host (Geiszler et al. 1980,
Taylor and Carroll 2004). The resistance and resilience for both examples may be
enhanced by frequent low intensity disturbances that keep the fire and insect fuel loads

lower and create a mosaic of diverse forests within a landscape scale.

Measuring resistance and resilience:

To measure resistance and resilience, one must define “of what clearly defined
system” and “to what disturbance” is being measured (Carpenter et al. 2001). For
example, the resistance and resilience of a jack pine (Pinus banksiana) forest may be
defined in several ways. The forest may be defined as being resistant and resilient by
simply maintaining forest cover with at least 70% jack pine overstory; or it may include a
diversity of jack pine age cohorts with at least 25% jack pine less than 30 years old, 25%
of the jack pine between 31 and 60 years old, and 50% of the jack pine greater than 61
years old. Along with identity, it is vital that resistance and resilience specific definitions
include a description of which disturbance or other external factors are being considered
(Carpenter et al. 2001). The jack pine forest may be resistant and resilient to herbivory,
harvesting practices, and stand-replacing wildfire, but not resistant to long term climate
change. Finally, to define a system’s resistance or resilience, one must include a
definition of relevant temporal and spatial scales (Levin 1992, Cumming et al. 2006). An
analysis of a small forested stand that is protected from the disturbance regime of the
surrounding forest will show a resistance and resilience threshold vastly different from an
analysis that includes the surrounding forest. Temporal scale will also clearly affect a

system’s resistance and resilience. Cumming et al. (2006) point out the challenge for



forest managers to manage both at short time scales (e.g., the response to an aggressive
invasive species) and long time scales (e.g., management of long lived and slowly
reproducing species like shade tolerant trees).

Cumming and Collier (2005) suggest that the identity of an ecological (or social)
system be defined by: 1) the system components, 2) the relationships between the
components, 3) the location and spatial scale at which the system is applicable, and 4) the
temporal scale at which the definition is applicable. The spatial scale must capture an
adequate resolution and extent to adequately observe, for example, species extirpating
and later occupying certain patches in a metapopulation (Wiens 1989). When analyzing a
population at a small extent, the population of a keystone species within a patch may be
observed to be increasing. However across the larger metapopulation, the species may be
in decline. Also, resources used by a population do not always stay within the home
range or spatial extent of that population. Bobcats (Felis rufus) in Maine have been
found to increase their home-range as the density of their major prey, snowshoe hare
(Lepus americanus) declined (Litvaitis et al. 1986). If one was to study the bobcat
population, they would have to include a large enough spatial extent as to capture the
increase in home range.

Direct measurement of resistance and resilience relies on actually crossing the
boundaries which define the system. Outside of experimental manipulation and models,
land managers are rightly wary of pushing systems beyond their limit to measure them
(Groffman et al. 2006). Rather than measure resistance and resilience itself, empirical

work is often limited to measuring surrogates for the functions that define those systems



(Bennett et al. 2005). Simulation models offer a safe and explorative methodology to

experimentally assess the resistance and resilience of a system.

Relationship between diversity and resistance:
Many natural resource systems provide an ecosystem service such as carbon

storage which is provided by a relatively few dominant species. Understanding how
these services are affected by diversity has been identified as a research priority (Kremen
2005). Walker et al. (1999) successfully tested a hypothesis that points out the
importance of other, minor species in those communities when only a few dominant
species provide the bulk of an ecosystem function. The minor species that may
seemingly be redundant act in two ways to protect ecosystem function. First, minor
species that are analogous in environmental tolerances to the dominants can act as
“insurance.” When a species-specific disturbance reduces dominants, the similar minor
species are able to compete successfully, preserving the original function (Naeem and Li
1997). Second, minor species can be functionally comparable to the dominant species
but have different ranges of environmental tolerances (Walker et al. 1999). As
environmental conditions change, the less abundant species provide response capability.
The different tolerances of minor species allow the system to adapt and change at
different scales (Peterson et al. 1998) and conditions (Walker et al. 1999), providing
identical or comparable functional services that the dominants do, creating the building
blocks for resistance and resilience.

There are exceptions to the redundancy role of low-abundance species including
species that are either: a) habitat specialists that may be on the edge of their range, b)

unique keystone species that play a large role even in low abundance, or ¢) minor species
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that maintain themselves but do not have an observable interlinking role in the ecosystem
(Walker 1992). Functional diversity therefore can be split into diversity to maintain
current function and diversity to maintain future function. Future functional diversity is
met in part by the redundancy of species. Folke et al. (2004b) describes the two diversity
groups as being functional diversity and response diversity. Functional diversity includes
the species groups that provide specific services or functions to a system. Response
diversity includes the species that respond to new conditions. If a system has both species
that perform the exact same function as the more dominant ones, and do not demonstrate
response diversity traits, they are theoretically redundant and may not add to the
insurance value. Nevertheless, our understanding of the functional properties of
individual species is limited to our current evolving knowledge. Although species
number alone does not adequately capture the role of redundancy and diversity, species
functional groups have different functions (e.g., biomass vs. nitrogen fixation) which
supports the benefit of having more species overall (Namkoong 2008). My knowledge
about complete species function and interacting species function is limited. Holling
(1978) points out regarding uncertainty that “however intensively and extensively data
are collected, however much we know of how the system functions, the domain of our
knowledge of specific ecological and social systems is small when compared to that of
our ignorance.” Given our ignorance of functional and response diversity, there remains
an inherent value in protecting species diversity (Wilson 2010).

Many studies have demonstrated that diversity is a surrogate for stability or that
vulnerable systems are a product of low diversity. Taylor and Carroll (2004) modeled
forest disturbance dynamics in British Columbia and showed that a low diversity in
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species and age-class following a fire suppression disturbance regime can lead to the
susceptibility of large-scale mountain pine beetle (Dendroctonus ponderosae) outbreaks
beyond the historical range of variability. Carpenter and Kitchell (1993) show that by
experimentally increasing lake fish diversity and ultimately changing the food web, the
lake becomes more resilient to algal blooms. Danell et al. (2003) show that large
ungulate browse disturbance is often limited to a single plant species. The reduction of
one preferred species at browse height can lead to the replacement of another plant
species that may have a different functional characteristic than the original.

David Tilman in 1982 began a long-term research study to experimental test the
diversity-stability hypothesis in a prairie system in Minnesota (Tilman and Downing
1994, Tilman et al. 2006). In his work, he showed that more diverse communities would
preserve more ecosystem function. In addition, their work showed that more diversity
resulted in higher overall biomass and productivity (Tilman et al. 2006). There has been
some critique of Tilman’s work regarding whether his studies show that diversity is
directly responsible for stability, pointing out that “hidden treatments” (e.g. indirect
effects of selecting drought tolerant species) can falsely indicate diversity as a driver for
stability (Huston 1997, McCann 2000). Indeed, some studies have shown that stability
declines with increased diversity (Sankaran and McNaughton 1999). It is clear that the
diversity-stability debate will only be understood by clearly and thoroughly defining the
“of what” system identity and “to what” disturbances (Carpenter et al. 2001). Research
priorities remain that explore under what conditions diversity-productivity relationships

may flip from positive to negative.

11



FOREST IDENTITY:

Given the value of ecosystem function for ecologists and managers, functional
diversity may be a more appropriate surrogate for stability than simply species richness.
The challenge is to identify ecosystem functions or services that make up the goals or
priorities for management. Often ecologists are focused on the species richness as an
indicator of stability (Loreau et al. 2001). Along with the species themselves, it is vital to
consider the functions these species provide along with the interactions between species
(Bghn and Amundsen 2004). Although novel forest types are likely to emerge in the face
of climate change (Williams et al. 2007), the current suite of forest types provide valuable

ecosystem services that are vulnerable to the effects of climate change.

DRIVERS OF FOREST IDENTITY:

Like many forested systems, northern Great Lake forests are resistant and resilient
to the disturbance regimes that define them. The combination of harvesting, wind, and
fire play a distinct role in defining the identity of the described forest types. Other
drivers of forest change (e.g., climate change) are discussed as threats to identity.
Timber Harvesting:

Before the turn of the 20" century, wind and fire were the dominant disturbances
in the Great Lakes region. With westward expansion, timber harvesting quickly
dominated disturbance regimes as the need for pine lumber and later aspen pulp drove
intensive forest management across the region (Karamanski 1989, Heinselman 1996).
Nearly all forests in the Great Lakes region were harvested for timber and agriculture at
one time (Pyne 1997). Today, these forests are characterized by younger more dense

forests than their historic counterparts and are more homogeneous as the pine and spruce
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forests gave way to an aspen-birch matrix (Hanberry et al. 2012). Forest management
continues to be the dominant disturbance to northern Great Lake Forests; however the
timber harvesting trends are changing. In Minnesota, for example, clearcutting continues
to be the dominant type of silviculture system, however repeat surveys of silviculture
practices (1991, 1996, 2008) indicates a decline in clearcut prescriptions made up by an
increase in the use of patchcutting, clearcutting, seed tree, shelterwood, single-tree, and
group selection systems (D' Amato et al. 2009). Additional trends include the increased
use of residuals within clearcuts, and using more artificial regeneration (i.e. planting) for
species establishment.

Timber harvest in the Great Lakes region is managed by a diverse set of
landowners with a diverse set of objectives. In northern Minnesota, owners include State,
County and United States Forest Service (USFS), Private Industrial Forests (PIF), and
Private Non-Industrial Forests (PNIF). In northern lower Michigan, landowners include
state DNR, USFS, PNIF, and a small component of PIF.

Wind:

Generally, wind blowdown events in the Great Lakes Region are low in frequency
and small in size (Lorimer and White 2003, Schulte and Mladenoff 2005, White and Host
2008). These disturbance events, in the absence of management, create heterogeneous
forest structures with multiple cohorts and various gap sizes (Hanson and Lorimer 2007).
The exceptions are derecho events, a family of down bursts causing straight-line
thunderstorm winds that can affect hundreds of kilometers in a narrow band. Several of
these events have knocked down thousands of hectares of forest in recent decades

(Frelich 2002). Windstorm events generally affect the oldest, most vulnerable cohorts
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(i.e. tall trees most exposed to the wind coupled with those experiencing age related
decay). Frelich (2002) approximated rotation periods throughout the Great Lakes
Region for intense wind storms. In Northeastern Minnesota, Frelich’s estimates include a
rotation period >2000 years and in northern lower Michigan rotation periods between
1000 and 2000 years. White and Host (2008) estimate that blowdown events occur on
between 0.02 to 0.29 percent of the landscape every year in northeastern Minnesota.
Fire:

In the northern Great Lake forests, fire events occur with large variability in
severity and frequency. Fires in northern hardwoods forests are generally rare with more
frequent fires occurring in the pine near-boreal forest types with fire rotations between
50-200 years (Frelich 2002). However, several infamous fires have made history in the
region including the Peshtigo Fire burning 50,000 hectares in October of 1871, and the
Hinckley Fire burning 100,000 hectares in September 1894 (Heinselman 1973). Large
Great Lake Fires are not limited to the distant past, however. Today, human factors along
with environmental factors are largely shaping the contemporary fire regime of the Great
Lakes region (Cardille and Ventura 2001, Cardille et al. 2001). Human access is a large
driver to fire activity in the Great Lakes region with a large proportion of fires started by
human causes. Increased access to forests generally increases fire activity with the
exception of large fires where access to forests (e.g. road density) can decrease fire
activity (Cardille et al. 2001).

Large fires such as the Pagami Creek Fire in August 2011 was started by
lightning, and burned 37,000 hectares in northern Minnesota threatening homes and

businesses (Sherry 2012). Due to the largely diverse cover types and fuels, large
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infrequent fires in the Great Lakes Region, along with many more smaller fires, result in
a mixed severity fire regime (Frelich 2002). White and Host (2008) estimate percent area
burned annually in North Eastern Minnesota to be between 0.1 and 0.6 percent of the pat
landscape. In northern lower Michigan, Cleland et al.(2004) estimate the percent area

burned annually to be between 0.09 and 0.13 percent.

CLIMATE CHANGE THREAT TO IDENTITY:

By late in the 21% century, mean winter temperatures in the Great Lakes region
are projected to increase by 3-7°C, and mean summer temperatures are projected to
increase by 3-11°C (Kling et al. 2003, IPCC 2007). As this central continental region is
not buffered by oceans, future climate fluxes are expected to be higher than much of the
continent (IPCC 2007). In northeastern Minnesota and northern lower Michigan, longer
growing seasons and greater variability in precipitation are also expected (lverson et al.
2008, Frelich and Reich 2010). While, future precipitation projections do not depart
drastically from current climate, monthly temperature trends in both Minnesota and
Michigan indicate substantial increases in temperature over time (Stoner et al. 2012). In
addition, observed increases in temperature over the last century corroborate future
projections (Andresen et al. 2012).

Changes to incoming solar radiation also have the potential to change forest
dynamics (Gough et al. 2008, Xu et al. 2009); however future solar radiation projections
are uncertain. Prior to the early 1990’s, many reported a decline in solar radiation;
however during the 1990’s many sites across the globe report an increase in solar
radiation (Wild et al. 2005). The interacting changes of temperature, precipitation, and

solar radiation are all expected to alter forest species composition, productivity and
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disturbance regimes (Scheller and Mladenoff 2005, Scheller and Mladenoff 2008). Some
research indicates that CO fertilization effects on photosynthesis will initiate an increase
in Net Primary Productivity (NPP) (Mickler et al. 2002). If increasing NPP is observed
at a landscape scale due to the fertilizing effects of CO,, this may be considered increased
resistance to NPP. Additional research has shown that soil nitrogen is a constraint on
carbon dioxide fertilization of plant biomass (Reich and Hobbie 2012). Furthermore, no
increase in NPP has been observed globally by satellite measurements for the last 30
years of increased atmospheric carbon dioxide (Running 2012). In addition, ozone
concentrations in the midwest are expected to decrease net primary production
(Ainsworth et al. 2012)

With the additional threat of climate change interacting with pulse disturbances
(Glasby and Underwood 1996) forests may be more vulnerable to and slower to recover.
For example, in the last twenty years, billions of trees across millions of hectares in North
America have been killed by bark beetles. These recent outbreaks have included the
largest beetle outbreaks in recorded history (Bentz et al. 2010). Much research has been
done on bark beetles response to climate as insects life cycles are very much tied to
temperature. A decrease in life stage transitional time results in faster population growth
(Bentz et al. 1991). Increases insect-induced mortality has the potential to substantially
alter forest carbon balance, slowing NPP and increasing respiration (Seidl et al. 2008).

Low species and age diversity forests are often vulnerable to the interacting
effects of climate change and invasive species. Compared to the single tree species
forests of the Rocky Mountains, the northern Great Lake forests are inherently more
diverse. Their resistance and resilience to climate change may depend on the ability to
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maintain, if not improve, structural complexity to buffer the effects of global change.
In addition to direct climate change effects measured by the ability of forest to

resist change; timber harvesting, fire, and wind are pulse disturbances resetting

successional trajectories that interact with climate change and can be measured by

resilience ability. This research addresses both resistance and resilience to change.

MANAGING FOR RESISTANCE AND RESILIENCE:

Land managers recognize that landscapes are changing around them. Although
there is considerable disagreement about management objectives and associated actions,
many land managers are seeking information that will guide current decisions for future
conditions. Millar et al. (2007), Spies et al. (2010), Puettmann (2011), and Swanston and
Janowiak (2012) each provide excellent frameworks for resistance, resilience, adaptation,
and mitigation options to global change.

For some managers, tactics that prevent climate effects may seem most desirable.
Short-term gains may be achievable by improving defenses to rapid environmental
change. These strategies are aimed at improving defenses against direct effects of
changing climate. Specific tactics might include placing fuel breaks in the wildland
urban interface to lower the risk of catastrophic fire, eradicating an invasive species from
a highly sensitive area, or blocking an invading epidemic from a local high-value area.
These are recognized as valuable in the short term in high value sites; however, the
tactics may not provide long-term refuge to the long-term effects of global change
(Hansen and Hoffman 2011).

To allow forests to respond to change and still persist, several potential adaptation

tactics have been identified (Millar et al. 2007, Spies et al. 2010, Puettmann 2011,
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Swanston and Janowiak 2012). These practices are specifically aimed at promoting
resilience through mimicked natural processes rather than resistance to change. These
tactics come with the recognition that forests will not stay within a historical range of
variability.

Climate Suitable Planting:

To augment natural seedling establishment, intensive planting of a desired species
following a disturbance may increase forest resilience when an undesirable state
changing potential is otherwise possible (Spittlehouse and Stewart 2003). Even with
augmented planting however, successful establishment of a desirable native species may
become increasingly difficult as climate changes (Ledig and Kitzmiller 1992). There is
growing interest in exploring climate suitable planting (CSP) where southern species are
planted beyond their current range (O’Neill et al. 2008). This prescription is designed to
help facilitate migration and increase diversity while attempting to mitigate the effects of
climate change (Millar et al. 2007, O’Neill et al. 2008). For the protection of rare and
endangered species, assisted migration has been proposed by some. This management is
fraught with controversy since opponents focus on the negative effects of invasive
species. For example, Davidson and Simkanin (2008) suggest that assisted migration
should only be considered if the recipient ecosystem has less value than the individual
transported species. Others, however, have described potential benefits to non-native
species (Schlaepfer et al. 2011). With management concerns over invasive species, much
effort is spent on preventing and removing non-natives species. Accepting that some of
these species provide function in novel locations and assemblages may allow more

migration of climate suitable species without planting assistance (Williams et al. 2007).
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Manage for complexity:
Managing for complexity may allow heterogeneous forests to develop and thereby

be resilient to uncertainty (Puettmann et al. 2009). Risks associated with a single species
or a single age cohort can be minimized by creating diverse stands thereby spreading
rather than concentrating risk (Naeem and Li 1997, Walker et al. 1999). By supporting
redundant functional response type species with different environmental tolerances,
functional insurance is enhanced (Walker 1992).

Gunderson and Holling describe the panarchy conceptual model (Gunderson and
Holling 2002), a system’s adaptive cycle, where there exists a period during
reorganization when the system can flip into an alternative state. Historical forest
structures indicate synchronized periods of drought across broad landscapes (Pyne 1997).
At potentially large spatial scales, these synchronized periods may represent the
vulnerable points of low resilience in the panarchy model. For example, landscape scale
droughts in the western United States have resulted in landscape scale tree mortality
(Breshears et al. 2005). Management for asynchrony, and therefore higher resilience, can
be achieved by creating diverse age classes, species mixes, and genetic diversity (Millar
et al. 2007). The panarchy model assumes that low resilience may result in an alternative
state. In many systems however, low resilience may result in a gradual decline or slow
recovery from disturbance. Complexity may decrease vulnerability of both state
changing systems and systems prone to more gradual declines.

Promote Connected Landscapes:
The use of protected areas, reserves, and buffers to improve adaptive capacity is

well supported (e.g., Hewitt and Kellman 2002, Murphy and Lovett-Doust 2004).
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Preserving contiguous forests is generally recognized as being critical, both as a means to
maintain ecological connectivity and to allow for range shifts of vegetation and wildlife.
Increased connectivity facilitates species migration in response to global change (lverson
et al. 2004) and climate refuges have the potential to harbor both species and genetic
diversity (McLachlan et al. 2005).

Riparian corridors create a connected (often linear) protected area that directly
spans an altitudinal, and therefore temperature, gradient. These gradients provide both
aquatic species and terrestrial species an “avenue to track appropriate climate conditions”
(Hansen and Hoffman 2011). Riparian corridors are often protected at a limited distance
from the high water mark from extractive activities. Expanding these existing reserves in
width will create larger areas of connected corridors with greater within reserve

heterogeneity.

Climate Mitigation-Sequestered Carbon and Reduction of Emissions:
Forests have potential for increased carbon sequestration at local and regional

scales. Globally, however a boundary limit to terrestrial NPP may have been reached
(Running 2012). Nevertheless, current forests continue to play a pivotal role in current
carbon sequestration and management. There is increasing interest to manage forests for
carbon sequestration, including afforestation, reforestation, increasing NPP within
existing forests, and long-term storage of sequestered carbon in wood products (Skog and
Nicholson 1998, Jandl et al. 2007, D’ Amato et al. 2011). One of the challenges of
carbon sequestration is the tradeoff between fast growth associated with mitigation of
green-house gas emissions and managing for adaptation for resilient forests (D” Amato et

al. 2011). These tradeoffs must consider the risk associated with fast-growing, uniform
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stands that are vulnerable to insects, disease, and fire. Emissions from wildfire, insects
and disease represent a large source of unintentional release of forest carbon into the
atmosphere. By reducing the vulnerability to the sources of forest emissions, forests can

provide more carbon mitigating function.

PROJECTING FOREST CHANGE:

Without broad, empirically based experiments on forest resistance and resilience,
many studies suggest using forest simulation models to assess forest resilience and
adaptation scenarios (Rehfeldt et al. 2006, Campbell et al. 2009, Moritz and Agudo
2013). Simulation models provide ecologists non-invasive opportunities to
experimentally push systems beyond their thresholds and assess the efficacy of
adaptation options (Seidl et al. 2011). Landscape simulation models provide unique
opportunities to push large-scale systems (i.e. larger than empirically possible) beyond
the thresholds that define their identity. In addition, resilience of systems under future
conditions can be simulated as experiments (e.g., using future climate change projections)
(Cumming et al. 2005). For models to be useful however, the relationship among the
ecological system, empirical observations, resilience surrogates, and model components
should be explicit and transparent (Carpenter et al. 2005).

With projections of declining forest resistance and resilience due to climate
change come tremendous amounts of uncertainty. Along with the largely stochastic
nature of forests, it is important to acknowledge the large uncertainty in the economy,
emissions scenarios, and Global Circulation Models (GCM)s. Each of these sources of

uncertainty contributes to the climate change projections across the globe.
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SIMULATION MODEL.:
| used a combination of data assimilation and modeling to address effects

of climate change to forest landscape change. These tools provide valuable means to
quantify landscape change and uncertainty associated with future conditions (Moritz and
Agudo 2013). 1 used LANDIS-II, a spatially explicit landscape model that is process-
driven, flexible, and well-tested to measure the abundance of tree species and forest types
over time (Scheller et al. 2007a). LANDIS-II simulates disturbance, management and
succession in a framework that emphasizes spatial interactions across the landscape and
among processes (e.g., climate change, harvesting, succession, fire, wind, and seed
dispersal) over many decades (Figure 1.2) (Details of LANDIS-II are described in
chapter 2). | focused on the biomass of tree species within species functional groups as
trees play a foundational role in a forest ecosystem (Ellison et al. 2005).

| used the PnET-11 ecosystem model (Aber et al. 1995) coupled with the PnET-II
for LANDIS-II tool (Xu et al. 2009) to calculate for every five-year time step species-
specific parameters including maximum aboveground net primary productivity per year
(ANPPq.x) and probability of establishment (Pest). These parameters are the primary
mechanisms whereby climate change was incorporated into the simulations. ANPPpax iS
calculated largely driven by nitrogen availability and is further adjusted by incoming
photosynthetic active radiation (PAR), the deviance of temperature from species-specific
optimal temperature parameters, and water availability (Aber et al. 1995). Water
availability is calculated from precipitation as an input to the soil after subtracting
drainage (based on the Soil Water Holding Capacity (SWHC)) and transpiration (based
on photosynthesis and water use efficiency) (Aber and Federer 1992). SWHC is largely a
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function of soil texture. Peg is calculated by the product of photosynthesis adjusting
factors of light, and water availability. Pe is further adjusted by the deviance between
growing degree days and species-specific optimal growing degree days (Xu et al. 2009).
Other inputs to calculate the PnET-II parameters included percent foliar nitrogen content,
and maximum foliar mass area (See Appendix: Table Al).

A number of studies have assessed the sensitivity and uncertainty of PnET-II
parameters. Pan et al. (2004) described the relative importance of foliar nitrogen
concentration to predict forest productivity using PnET-Il. Conifer growth was found to
be less sensitive to variation in foliar nitrogen. Larger variation in deciduous foliar
nitrogen concentration however, resulted in large variation in growth (Pan et al. 2004).
Using a Bayesian approach to reduce uncertainty, Radtke and Robinson (2006) identified
input parameters: light intensity, growing season, optimal temperature for photosynthesis,
and foliar nitrogen concentration as being sensitive to ANPP predictions. Using the
coupled PnET-11 for LANDIS-I1 tool to predict forest type composition in Minnesota, Xu
et al. (2009) found that temperature, PAR, CO,, and precipitation all contributed to the
greatest uncertainty in predicted forest type composition. Using a version of PnET,
Peters et al. (2013) assessed climate input parameters to predict ANPP under current and
climate change scenarios in northern Great Lakes landscapes. ANPPax predictions of
deciduous forests was most highly correlated with summer temperature, summer
precipitation, and soil water holding capacity. Alternatively, spruce-fir current ANPPax
was more correlated with annual temperature and precipitation (Peters et al. 2013).

These analyses highlight basic input parameters of most significance for simulations of
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forest change. Climate, model, and management uncertainty is described in subsequent

chapters.

OBJECTIVES:

My objectives were to assess the resistance, resilience, and the changing attributes
of forests in the northern Great Lakes region to the effects of climate change. My work
encompasses a broad range of variation given the large uncertainty in both management
and climate change. | compared business-as-usual management to alternative
management strategies that may increase resilience. In addition, | compared current
climate to a low and high emission climate scenario.

Specifically, 1 addressed the following questions and hypotheses in subsequent
chapters: How might climate change under business-as-usual management affect
northern forests and the relationship between tree diversity and productivity?
Hypothesis: The relationship between diversity and productivity will become more
positive as productivity declines (Chapter 2). How might additional forest reserves and
modified silviculture affect biomass and species diversity? Hypothesis: Forest reserves
and modified silviculture will increase AGB and species diversity (chapter 3). How
might climate-suitable planting treatments affect forest landscape change and species and
functional diversity? Hypothesis: Climate-suitable planting treatments will increase
AGB, species, and functional diversity (chapter 4)? How might climate change and
alternative management affect the resistance and resilience of forests? Hypothesis:
Climate change will decrease and alternative management will increase resistance and
resilience of forests (Chapter 5).

| examined these questions in the northern Great Lake region since this region is
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expected to experience fast rates of climate change compared to continental edges where
climate change is expected to be more buffered by oceans (IPCC 2007). Additionally, the
upper Midwest represents an ecotone on the boreal-temperate forest transition zone
where many species are at the southern edge of their ranges. The paired landscapes of
northeastern Minnesota and northern lower Michigan (Figure 1.1) enabled me to compare
forest change across a broad gradient of both environmental conditions. Warmer
temperatures and less intensive harvesting are expected in the more southern Michigan
landscape whereas the more northern Minnesota landscape is expected to experience
more intensive harvesting and cooler temperatures.

My research both advances science and informs managers about the potential of
Great Lakes’ forests, and our management of them, to adapt to changing climate.
Important decisions must be made promptly to address forest management in the face of
climate change. My approach to studying the effects of alternative management

strategies will provide insight and caution to the ability to manage future forests.
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Figure 1.1: Study areas: Northeastern Minnesota and northern lower Michigan.
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Figure 1.2. Conceptual diagram of modeling framework. A) Climate and soils data are
input into PNET-I1 and a climate envelope model to project tree species maximum growth
and probability of establishment. These parameters are inputs to the LANDIS-I11 forest
simulation model. B) Across interacting cells, LANDIS-1I simulates spatial processes
such as seed dispersal, harvesting prescriptions, and fires. At the cell level the biomass of
species-age cohorts is tracked through successional processes of establishment, growth,

and mortality.
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Chapter 2: Climate Change Effects on Northern Great Lake (USA) Forests: A Case
for Preserving Diversity

ABSTRACT:

Under business as usual (BAU) management, stresses posed by climate change
may exceed the ability of Great Lake forests to adapt. Temperature and precipitation
projections in the Great Lakes region are expected to change forest tree species
composition and productivity. It is unknown how a change in productivity and/or tree
species diversity due to climate change will affect the relationship between diversity and
productivity. | assessed how forests in two landscapes (i.e. northern lower Michigan and
northeastern Minnesota, USA) would respond to climate change and explored the
diversity-productivity relationship under climate change. In addition, | explored how tree
species diversity varied across landscapes by soil type, climate, and management. | used
a spatially dynamic forest ecosystem model, LANDIS-I1, to simulate BAU forest
management under three climate scenarios (current climate, low emissions, and high
emissions) in each landscape. | found a positive relationship between diversity and
productivity only under a high emissions future as productivity declined. Within
landscapes, climate change simulations resulted in the highest diversity in the coolest
climate regions and lowest diversity in the warmest climate region in Minnesota and
Michigan, respectively. Simulated productivity declined in both landscapes under the
high emissions climate scenario as species such as balsam fir (Abies balsamea) declined
in abundance. In the Great Lakes region, a high emissions future may decrease forest

productivity creating a more positive relationship between diversity and productivity.
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Maintaining a diversity of tree species may become increasingly important to maintain

the adaptive capacity of forests.

KEYWORDS: Biodiversity; Climate change; Forest management; Forest simulation

model; LANDIS-II; Michigan (USA); Minnesota (USA).

INTRODUCTION:
Over the next century, the pace of climate change is projected to exceed the
ability of forests to naturally adapt (Soja et al. 2007, Iverson et al. 2008, Loarie et al.

2009, Kuparinen et al. 2010, Svenning and Sandel 2013). For example, continental

declines in quaking aspen (Populus tremuloides) throughout North America are linked to

climate change (Worrall et al. 2013). Generally, substantial shifts in the ranges of tree
species are expected under climate change (Zhu et al. 2012). However, a lag in species
response may result in tree species extirpation, loss of forest structure and productivity,
decline in species diversity, and ultimately a decline of ecosystem resilience (Soja et al.
2007, Scheller et al. 2008, Frelich and Reich 2010, Fisichelli et al. 2012). The changes
will likely exceed land-owners’ ability to successfully manage forests with traditional
forestry strategies. Within the northern Great Lakes region, vulnerability to climate
change will likely depend on both latitude and proximity to the boreal-temperate
transition zone (Fisichelli et al. 2013). More specifically, adaptation to climate change
may depend on the potential mix of species capable of providing ecosystem services

under changing environmental conditions. “Insurance” species are those that may

a
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currently occur in low abundance however have a response capability (i.e. the ability to
provide ecosystem services) beyond the range of environmental tolerances provided by
the more dominant species (Naeem and Li 1997, Walker et al. 1999).

The northern Great Lakes region experienced (Andresen et al. 2012) and is
expected to experience fast rates of climate change compared to continental edges where
climate change is expected to be more buffered by oceans (IPCC 2007). Additionally,
the upper Midwest represents an ecotone in the boreal-temperate forest transition zone
where many species are at the southern edge of their ranges (Curtis 1959). By late in the
21 century, mean winter temperatures in the Great Lakes region are projected to increase
by 3-7°C, and mean summer temperatures are projected to increase by 3-11°C (Kling et
al. 2003). In addition, longer growing seasons and greater variability in precipitation are
also expected (IPCC 2007). Current greenhouse gas emission observations have been
measured at or above the highest projected emissions scenario (A1FI) provided by the
Intergovernmental Panel on Climate Change (IPCC 2007, Peters et al. 2012). These
results give interest and urgency to understanding future forest dynamics in the Great
Lakes region. The Global Circulation Model (GCM) developed by NOAA’s Geophysical
Fluid Dynamics Laboratory (GFDL) using the A1FI (‘*high’) emissions scenario and
future downscaled climate projections throughout the Great Lakes region indicate that
temperature will increase in all seasons throughout the year (IPCC 2007, Stoner et al.
2012). In addition to future projected temperature increases, observed increases in
temperature over the last century corroborate projections (Andresen et al. 2012).

Having diverse species with a broad range of environmental tolerance may build
forest resistance (the ability to persist through disturbance with little change) and
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resilience (the ability to rebound following disturbance) to the effects of changing
environmental conditions (Folke et al. 1996, Chapin et al. 1998). Some studies suggest
that the relationship between diversity and productivity is more positively correlated in
less productive sites compared to highly productive sites (Loreau et al. 2001, Whittaker et
al. 2001, Paquette and Messier 2011). In productive temperate forests with deep, rich
soils, competitive exclusion allows single species to dominate and increase overall
productivity (Paquette and Messier 2011). In less productive boreal forests, positive
diversity-productivity relationships have been found indicating less competitive exclusion
(Lei et al. 2009, Paquette and Messier 2011). Nevertheless, even in highly productive
forests, homogeneous forests may be vulnerable to the effects of a single host pathogen
(e.g. bark beetle damage (Bentz et al. 2010)). If a loss of biodiversity is experienced,
large impacts to productivity may result (Tilman et al. 2012).

The resilience of northern Great Lakes forests is, in part, generated by their
natural disturbance regimes (Frelich 2002). The combination of harvesting, wind, and fire
play a distinct role in facilitating the function of the extant major forest types. Within
the northern Great Lakes forests, the most frequent and severe disturbances come from
timber harvest by diverse land owners (Figure 2.1) (Karamanski 1989, Heinselman
1996). Through a long history of harvesting in the region, these forests are now
characterized by denser stands than their historic counterparts and are more homogeneous
(Hanberry et al. 2012). In recent decades, an overall decline in harvest intensity and rate
has been observed (Woodall et al. 2011), along with an increase in partial harvest systems

(D' Amato et al. 2009).
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Generally, wind and fire events in the Great Lakes region are low in frequency
and small in size (Lorimer and White 2003, Schulte and Mladenoff 2005, White and Host
2008). Frelich’s estimated annual percent area damaged by wind was less than 0.05% in
Northeastern Minnesota, and in northern lower Michigan between 0.05% and 0.1%.
White and Host (2008) estimated that blowdown events historically occurred on between
0.02% and 0.29% of the landscape annually in northeastern Minnesota. White and Host
(2008) estimate percent area burned annually in Northeastern Minnesota to be between
0.1% and 0.6% of the landscape. In northern lower Michigan, Cleland et al.(2004)
estimate the percent area burned annually to be between 0.09% and 0.13%.

Associations of tree species (‘forest types’ or ‘species assemblages’), within the
Great Lakes region include a mix of boreal and temperate forest types with specific
threats, adaptation to disturbances, and vulnerability to climate change (Handler et al. in
press-a, Handler et al. in press-b). Given the value of ecosystem services specific to
species assemblages (e.g., habitat for the federally listed Kirtland warbler (Dendroica
kirtlandii) in jack pine (Pinus banksiana) barrens (Walkinshaw 1983)), or differences in
carbon storage and productivity between different forest types (Gheorghe et al. 2010)),
the persistence of unique forest types provides insurance for the production of future
ecosystem services. Under changing conditions, a diverse suite of forest types may help
to maintain or increase productivity (Hooper and Vitousek 1997).

My objectives were to assess how climate change projections under business as
usual (BAU) forest management may affect northern forests. Specifically, | addressed
the following questions: 1) With the risk of declining productivity, how might climate
change affect the relationship between species diversity and forest productivity? 2)
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Given the value of biodiversity, how might regional differences in climate change, soil
productivity, and forest management affect tree species diversity in the Great Lakes
region? 3) Because many ecosystems services — including productivity — are dependent
upon tree species and assemblages, | also asked how might specific tree species and

forest types respond to climate change?

METHODS:

Study Areas:
Northeastern Minnesota and the northern lower peninsula of Michigan provide

two examples of northern Great Lakes forested landscapes that represent a range of forest
types and conditions. The Minnesota landscape is largely un-fragmented within the
boreal-temperate ecotone (Curtis 1959). With the exception of the Boundary Waters
Canoe Area (BWCA) and several protected state parks along Lake Superior, northeastern
Minnesota is largely actively managed for timber (D' Amato et al. 2009). In contrast,
northern lower Michigan is situated within the northern temperate forest. Northern lower
Michigan forests include less actively managed forests but also fewer large tracts of
protected contiguous forest land (Gustafson and Loehle 2006, The Conservation Biology
Institute 2010). Both landscapes include a large proportion of private non-industrial land
whose goals and management regimes vary (Potter-Witter 2005). | chose the landscape
extents based on ecological boundaries comprised of 1.6 and 2.6 million hectares of
forest land in Minnesota (White and Host 2000) and Michigan (Albert 1995),

respectively (Figure 2.1).
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Experimental Design:
My experimental design includes BAU management in my two landscapes under

three climate scenarios (current climate, low emissions future, and high emissions future;
see below). | used as consistent an approach as possible to parameterize the model across
both the Minnesota and Michigan landscapes. For all simulations, | used a two-hectare
resolution and a 150-year simulation horizon starting at year 2000.

I modeled forest change using the LANDIS-I1 (v6.0) forest landscape model
(Scheller et al. 2007a). LANDIS-II is a widely used forest simulation model that
simulates successional processes, including disturbance, seed dispersal, growth, and
mortality. These processes are spatially dynamic and interact across the landscape. The
landscape is made up of interconnected cells within zones or ‘ecoregions’ of
homogeneous climate and soil. Within each cell, regeneration, growth, and mortality
occurs and trees are represented as species age-cohort combinations. The LANDIS-II
framework is comprised of user-selected extensions that vary in process and complexity.
| utilized the Biomass Succession extension (v3.1) (Scheller and Mladenoff 2004),
Biomass Harvest (v2.1) (Gustafson et al. 2000), Base Fire (v3.0) (He and Mladenoff
1999), and Base Wind (v2.0) (Scheller and Mladenoff 2004). | ran these extensions at a
5-year time step.

Seed dispersal is an important process within LANDIS-11. A cell can act as a seed
source if species-cohorts have grown to reproductive maturity. Seed dispersal probability
declines exponentially from the edge of the source cell allowing 5% probability assigned

to long distance seed dispersal and 95% probability assigned to short distance dispersal
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(Scheller et al. 2007a). Short and long dispersal distances are species dependent (Burns
and Honkala 1990).

| used the PnET-I11 as an input to the LANDIS-11 model (Xu et al. 2009) to
calculate species-specific parameters including maximum aboveground net primary
productivity per year (ANPPax), and probability of establishment (Pes) at every time
step. These parameters are the primary mechanisms whereby climate change was
incorporated into the simulations. | calculated Pes; using monthly maximum and
minimum temperature, precipitation, and photosynthetic active radiation (PAR) within
unique soil regions in each landscape. | calculated the Maximum Aboveground Biomass
(AGBmax) based on the species-specific relationships observed between AGBmax and
ANPPax (Thompson et al. 2011). Other inputs to calculate the PnET-11 parameters
included percent foliar nitrogen content, maximum foliar mass area, and soil water
holding capacity (See Appendix: Table Al).

ANPP max, AGBmax, and Peg; are input parameters to the Biomass Succession
extension which grows, matures, and causes age-related mortality of species cohorts
(Scheller and Mladenoff 2004). ANPP.x determines the growth potential of above
ground biomass moderated by age and competition (Scheller and Mladenoff 2004). Pest
determines the establishment of a new cohort, given a seed source (or seedling source in
the case of planting) and adequate light, based on a climate envelope approach (Xu et al.
2009). At the beginning of each simulation, Biomass Succession “spins-up” initial
biomass based on the simulated past growth of each species-age cohort, dependent on
their age at the beginning of the simulation. Growth is limited by a species specific
growth curve parameter which determines how fast actual ANPP achieves ANPP .
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Maximum biomass of a species-cohort is further limited by competition within a cell as
represented by potential growing space, minus space occupied by other species-cohorts.
Age-related mortality is represented by an increasing decline in AGB close to the age of
maximum lifespan by species. Following age-related mortality, a cohort’s biomass is
added to a detritus pool where a species-specific decay rate decomposes the biomass and

where each species detritus becomes available to be altered by disturbance.

Ecoregion Delineation:
Within the landscape extents, | identified relatively homogeneous soil regions

within climate regions to create unique ecoregions. In Minnesota, | used seven
previously defined climate region boundaries (White and Host 2000, Ravenscroft et al.
2010). In Michigan, I used a cluster analysis to delineate nine relatively homogeneous
climate regions from the PRISM observed climate database (Daly and Gibson 2002).
The inputs for the cluster analysis included 30-year average monthly minimum
temperatures for April, May, June, September, October, November, and average annual
precipitation. | choose the fall and spring months to delineate temperature as they show
large climate variability around thresholds for photosynthesis (i.e. photoperiod, freeze,
and thaw temperatures). To delineate soil regions, I calculated soil water holding
capacity (SWHC) values (cm of water within one meter of soil depth) in northern lower
Michigan (SSURGO Soil Survey Staff 2011) and northeastern Minnesota (STATSGO
1994). The SSURGO database provided a preferable finer resolution however was
unavailable within most of the northeastern Minnesota landscape. Within each

landscape, | binned SWHC into 10 soil regions in ArcGIS (ESRI 2011). Finally, within

36



each landscape, | nested my soil regions within climate regions to create unique

“ecoregions” (Figure 2.2).

Initial Communities:
Inputs to LANDIS-II include an initial conditions map with species-age cohorts

assigned to every forested cell. For the Minnesota landscape, | utilized previously
developed initial community data (Ravenscroft et al. 2010). For the Michigan initial
community data, | imputed FIA plot data spatially to a combination of two forest cover
maps: | leveraged the Forest Biomass Information System (FBIS) (Falkowski IN PREP)
imputation map of stand age and Forest Inventory and Analysis (FIA) forest type
(Falkowski et al. 2010). Likewise, I utilized an additional Michigan Department of
Natural Resources forest classified map from the Integrated Forest Monitoring,
Assessment, and Prescription Stage 1 map (IFMAP) (MDNRS 2001). Both maps were
provided at 30-meter resolution. To resample to two-hectare resolution and preserve the
proportion of forested land within the landscape, | used a combination of the “majority”
rule for contiguous regions (forested cells) and “nearest neighbor” rule for fragmented
regions (non-forested cells) to resample the landscape within ArcGIS (ESRI 2011).

As the IFMAP forest types were less aggregated than the FIA/FBIS forest types, |
identified the one-to-many (IFMAP forest type to FBIS forest types) relationship with a
look-up table. Assuming that the FIA forested plots from the northern lower peninsula of
Michigan represent the distribution of forest types present, | adjusted the look-up table to
best match percent of cells assigned to a given forest type with percent of the FIA plots
with that forest type. Based on the final look-up table, I assigned an IFMAP forest type

to every FIA forest type. Although the FBIS map provided more precise forest type
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detail, the accuracy of the data was less robust than the IFMAP forest type. For every
cell with a matching FBIS and IFMAP forest type, | randomly imputed a FIA plot with
the matching FBIS Forest type and FBIS stand age. For cells whose forest type values
did not match between FBIS and IFMAP, | randomly imputed a FIA plot with the
matching combination of: IFMAP forest type, FBIS stand age, and county from where
the plot came.

To populate the initial communities map, | selected all the forested FIA plots from
within the northern Lower Peninsula of Michigan and converted individual trees to
species age cohorts. | used site index curves to estimate the age of each tree in my FIA
plots (equation 4.7.2.2 in Dixon and Keyser (2008) based on Carmean et al.

(1989)). When multiple site index curves were provided for a species, | choose the curve
coefficients with the closest geographic match to the northern Great Lake region. This
method resulted in a better fit of FIA estimated biomass to LANDIS-Year 0 biomass
compared to multiple regression equations using height, diameter, and crown class to
predict tree age based on the assumption that stand age is equal to the average age of

trees in the plot. Finally, 1 aggregated the calculated tree ages to five-year age cohorts.

Climate Data:
| simulated three climate futures. 1 utilized greenhouse gas emission scenarios as

representative of plausible futures. Emission scenarios are based on specific future
changes in population, technology, and environmental priorities. | simulated current
climate based on randomly selecting simulation years from 30 years of past observed
climate (1969-1999) (Daly and Gibson 2002). | simulated a low emissions climate

future based on the Parallel Climate Model (PCM) GCM (Washington et al. 2000) and
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the B1 emission scenario (IPCC 2007). The B1 emission scenario represents the lowest
future increase in fossil fuel use. | simulated a high emission climate future based on the
GFDL GCM (Delworth et al. 2006) and the A1FI emission scenario (IPCC 2007). The
ALFI emission scenario represents the most fossil fuel intensive future described by IPCC
and represents the closest emission scenario to current observed global emissions
(Raupach et al. 2007). | chose these emission projections to bracket a range of uncertain
climate futures. PCM climate projections are considered to have low sensitivity to
emissions while GFDL projections are considered to be more moderately sensitive to
emissions. | choose the combination of the B1 emission scenario coupled with the PCM
global climate model and the A1FI emission scenario coupled with the GFDL global
climate model to bracket a large range of plausible futures. These emission and GCM
combination scenarios are also being used in other coordinated research efforts covering
the region and will ensure consistency among model projections (Peters et al. 2013).
Climate change projections for the GCMs and emission scenarios | utilized are
summarized in Handler et al. (in press-a) and Handler et al. (in press-b) for Minnesota
and Michigan, respectively. For each unique climate region, | accessed downscaled
temperature and precipitation data through the USGS data portal

http://cida.usgs.gov/climate/gdp/ (Stoner et al. 2012). To estimate projected PAR, |

accessed point source projected radiation data from meteorological stations throughout
the landscape. After observing the low variability in PAR across observation sites, | used
mean monthly PAR within each climate region.

The IPCC climate projections include climate futures to year 2100 (IPCC 2007).
To simulate forest change to 2150, I interpolated climate variables (maximum and
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minimum temperature, precipitation, and PAR) for the remaining 50 years based on
trends and variability in each climate variable within the original 100 years of data using
the Amelia library in R (R Development Core Team 2011). Climate projections under
both emission scenarios indicate increased temperature in all seasons over the next 100
years (Figure 2.3). As expected, the lower latitude (more southern) Michigan landscape
and the higher emission climate scenario (more greenhouse gases) indicate higher
temperatures than the Minnesota landscape and the low emission scenario, respectively.
Precipitation is more variable; nevertheless a decrease in precipitation is projected under
the high emission climate scenario in summer months after 2050 (Stoner et al. 2012)
(Figure 2.4).

In order to aggregate climate regions for analysis, | calculated average July
temperatures for each climate region in each landscape from 30 years of historic
observations (1969-1999) (Daly and Gibson 2002). | then grouped each of the 9 climate
regions in the Michigan landscape and the 7 climate regions in the Minnesota landscape
into 5 aggregated and ordered climate regions in each landscape based on the mean July
temperature. For analysis of climate change, the aggregation and ordering assumes that
the regions would stay ordered relative to each other (e.g. the warmest regions within a
landscape will be the future warmest regions within a landscape). The warmest
aggregated climate region in the Minnesota landscape was cooler than the coolest

aggregated climate region in the Michigan landscape (Figure 2.5).

Disturbance Regimes:
To estimate the wind and fire patch size and disturbance rotation period, | used

historical assessments of disturbance in Minnesota (White and Host 2008) and Michigan

40



(Whitney 1986, Zhang et al. 1999, Cleland et al. 2004). | assumed constant fire and wind
disturbance regimes for each climate scenarios. Compared to timber harvesting in the
region, wind and fire disturbances represent minor disturbance regimes. | adjusted the
mortality parameters of American beech (Fagus grandifolia) and ash (Fraxinus spp.) due
to the current and expected pathogens beech bark disease and emerald ash borer,
respectively. As these vectors primarily affect the older age cohorts for ash (Kashian
and Witter 2011) and beech (Busby and Canham 2011), | adjusted the mortality shape
parameter to allow the species to live to their maximum longevity but reduced their
maximum biomass at an earlier age. | calibrated these values with the LANDIS-II-Site
v2.3 tool (Brian Miranda, personal communication) which is designed to simulate
succession on a single site using parameters from Biomass Succession extension to
LANDIS-II.

| simulated harvesting and management with the Biomass Harvest extension
(Gustafson et al. 2000, Syphard et al. 2011). The Biomass Harvest extension selects and
removes biomass based on specific timber harvest prescriptions. Stands are selected for
harvest based on a user defined ranking (e.g. when cohorts reach economically
merchantable age). Within a selected stand, user defined prescription criteria are applied,
including patch size, percent biomass removed, whether harvests are repeated, species
specific removal, planting, etc. Rotation periods define the amount of the landscape
harvested within each prescription and management area for each time step (Gustafson et
al. 2000).

To simulate BAU management, | simulated current harvesting regimes practiced
in northeastern Minnesota and northern lower Michigan. | delineated stands within
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management areas based on ownership groups (Figure 2.1). In the Minnesota landscape,
| utilized landowner group specific BAU harvesting regimes previously described
(Ravenscroft et al. 2010). 1 adjusted these prescriptions based on expert opinion
(Anthony W. D’ Amato, personal communication) (See Appendix: Table A2). In the
Michigan landscape, | included specific prescriptions used by Michigan DNR and the
Huron-Manistee National Forest and made adjustments for Private Non-Industrial Forest
Land (Potter-Witter 2005) and Private Industrial Land (Christopher Webster, personal
communication) (See Appendix: Table A3). My BAU harvesting regimes represent my
best guess at currently practiced management. They do not portray precisely what is nor
will be practiced in the future.

| defined management areas (i.e. ownership groups) using both the Conservation
Biology Institute (CBI) Protected Areas Map (The Conservation Biology Institute 2010),
and the FIA program forest ownership map (Nelson et al. 2010). | used a combination of
the two maps as the CBI map did not delineate private industrial land from private non-
industrial land but otherwise had better land owner precision. My management area
delineation assumes that ownerships will stay static within aggregated groups. Within
management areas, | implemented the individual prescription rotation periods based on
the proportion of each prescription cover type present at year zero. | delineated
individual stands within management areas based on the IFMAP forest types in Michigan
and used previously delineated stands from northeastern Minnesota (Ravenscroft et al.
2010).

Along with individual species and species richness, | considered species
assemblages as representative of forest types (Eyre and Society of American Foresters
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1980, Bghn and Amundsen 2004) (See Appendix: Table A4). An analysis of forest type
provides summary information about species groups. To quantify spatially explicit
species Aboveground Biomass (AGB) (g m™) and to classify forest type, I utilized the
biomass output extension (v2.0) and the Biomass Reclassification extension (v2.0)
respectively. Although novel forest types are likely to emerge in the face of climate
change (Williams et al. 2007), | focused on the current suite of forest types in my
assessment of the effects of climate change. | identified forest types using indicator
species common on the landscape but relatively unique to each forest type. | adjusted
forest reclassification species assignment based on matching the proportion of individual
forest types found in regional FIA plots to the proportion of individual forest types found
in LANDIS-II cells at year zero (See Appendix: Table A5). To process outputs and

visualize results, | used the raster library in R (R Development Core Team 2011).

Data Analysis:
I initially used five replicates to explore the stochastic variation within scenarios

caused by the stochastic nature of disturbance events. Maximum variance of AGB at
year 2150 was <2% of the mean for each landscape. Given the low among-scenario
variance caused by the low stochastic variation in disturbance events compared to the
size of the landscapes, | randomly selected one replicate from each climate scenario and
landscape for further analysis. For each tree species, | calculated AGB as the mean
biomass density (g m™) across the landscape for each scenario and time step. | calculated
AGBia On each landscape as the total above ground biomass (Tg) on each landscape for
each scenario and time step. | considered AGBqqt in order to assess each landscapes

biomass contribution to the region.
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To assess species diversity, | calculated Shannon index of diversity (H’) using
AGB abundance of tree species. In order to reduce the magnitude of inaccuracies
comparing diversity across scenarios, | transformed Shannon indices to the effective
numbers of species (e™) (Jost 2006). e™ represents the number of species present if all
species were equal in abundance. | calculated diversity within individual cells across
each landscape for each climate change scenario at 10-year time steps starting after year
2050. As a measure of productivity within each ecoregion, | used aboveground Annual
Net Primary Productivity (ANPP) as calculated within the Biomass Succession extension.

As my simulations did not account for migration of new species from outside the
landscapes, | assessed diversity within a 10 km buffer from the southern edge of each
landscape. Scheller and Mladenoff (2008) found movement of common southern Great
Lake species less than 10 km within 200 years. This rate is comparable to other studies
of species migration under climate change (McLachlan et al. 2005). The Minnesota
landscape is largely surrounded by boreal lowland forest and Lake Superior. The
Michigan landscape is largely surrounded by Lake Michigan, and Lake Huron (Figure
2.1). Additional limits to species migration into my landscapes include fragmentation of
forests due to agriculture, and competitive lags to establishment.

For each simulation, | assessed the relationship between diversity and
productivity at ecoregion levels using linear regression models. To assess landscape
variability of diversity, | calculated average cell diversity within ranked climate and soil
regions. Using management area maps (Figure 2.1), 1 also calculated mean diversity
within ownership groups. All raster data analysis was completed using Base R and
Raster Library software (R Development Core Team 2011).
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Full model validation is not possible against future empirical data. Nonetheless, to
evaluate my ability to simulate AGB for initial conditions, | analyzed AGB estimates as
measured in the 2140 FIA field plots compared to the imputed LANDIS-II year zero
biomass using the Pearson’s correlation coefficient and the root mean squared error
(RMSE). While this method does not truly validate future successional trajectories, a
strong relationship between empirical estimates and modeled biomass after the spin-up
phase suggests that the spin-up is comparable to current successional trajectories of
biomass (Thompson et al. 2011). In addition, most of the species-specific parameters,
PnET-II, LANDIS-I1I, and the Biomass Succession extension have been evaluated in
similar landscapes in the Great Lakes Region (Scheller and Mladenoff 2004, Radeloff et

al. 2006, Xu et al. 2007, Ravenscroft et al. 2010).

RESULTS:

For each FIA plot imputed onto the northern lower Michigan landscape, my
evaluation of AGB resulted in a Pearson’s correlation between initial (year 2000)
LANDIS-11 AGB and observed FIA estimated AGB of 0.64. The RMSE, representing
the spread of the fit, was 44.3 Mg ha™. | accepted this model evaluation as an adequate

representation of empirically measured conditions.

Productivity and Diversity:
Across both Minnesota and Michigan landscapes, | found weak to no diversity-

productivity relationships under current and low emission climate scenarios (Figure 2.6).
Under these scenarios, effects of Soil Water Holding Capacity (SWHC) stratify

ecoregions along a productivity gradient. Low SWHC was associated with lower
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productivity. Average simulated productivity across ecoregions at year 2150 was similar
for current climate (206 and 236 (g m?yr™), and the low emissions scenario 216 and 227
(g m?yr™) for the Minnesota and Michigan landscapes, respectively. Under the high
emissions climate scenario, however, | found positive relationships between diversity and
productivity in both landscapes. Linear regression slopes were 20.2 and 21.9; adjusted r
were 0.142 and 0.416 for the Minnesota and Michigan landscapes, respectively. Within
this climate scenario, average simulated productivity at year 2150 was 87 and 82 (g m™
yr') representing 58% and 65% lower ANPP compared to current climate in the
Minnesota and Michigan landscapes, respectively.

Landscape Variation in Diversity:

Simulations in the Michigan landscape resulted in higher tree species diversity
compared to the Minnesota landscape (Figure 2.7). Under all climate scenarios, high
SWHC did not result in the highest simulated diversity within each landscape, however
the lowest SWHC regions resulted in the lowest diversity under the climate change
scenarios. Within the Minnesota landscape, the warmest climate region resulted in the
highest diversity under the current climate scenario. Under the high emissions climate
scenario, the coolest climate region had the highest diversity. In the Michigan landscape,
the warmest climate region resulted in the lowest diversity under both climate change
scenarios. In the Minnesota landscape, the forest reserve management areas had the
highest diversity for all three climate scenarios and all time steps. In the Michigan
landscape, Private Industrial Forests (PIF) had seemingly high diversity under the current
and low emission climate scenario. These lands represent a very small proportion of the

landscape and with a small number of cells could easily have resulted in low diversity
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given the management history and relative size of the landscape (Figure 2.1). In the
Minnesota landscape, diversity across climate scenarios resulted in the highest diversity
in the low emissions climate scenario. In the Michigan landscape, diversity across
climate scenarios resulted in higher diversity in the current climate, and progressively

lower diversity in the low and high emissions climate scenario.

Aboveground Biomass:
The initial simulated AGByo in the Michigan landscape was substantially larger

than the Minnesota landscape (Figure 2.7) due in large part to the larger Michigan
landscape (Figure 2.1). Simulated forest growth resulted in an initial increase for all
climate scenarios in both landscapes. For both landscapes, the AGB in the low
emissions climate scenario resulted in a trajectory almost identical to that of current
climate. AGBio in the high emissions climate scenario resulted in a departure after
approximately two decades and decreased to approximately initial levels by year 2150.
| found substantial differences in AGB for individual species among landscapes
and their response to climate change. Most species had higher AGB in the Michigan
compared to the Minnesota landscape (Figure 2.9) except for black spruce (Picea
mariana), quaking aspen, balsam fir, and paper birch. Under current climate, the
simulated species response suggests that both landscapes would favor more late
successional species such as balsam fir and white spruce (Picea glauca) in the future.
The response to climate change suggests that boreal species at the southern edge of their
range will decline in both Minnesota and Michigan landscapes. Compared to current
climate, both climate change scenarios generally resulted in less black spruce, white

spruce and paper birch (Betula papyrifera) AGB in both landscapes. In contrast, many
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northern hardwoods, including red maple, sugar maple (Acer saccharum) and American
basswood (Tilia americana), increased rapidly in response to climate change for the first
80 years of my simulations.

Forest Type Shifts:

In the Minnesota landscape, the current climate scenario under BAU management
resulted in an increase in the late successional spruce-fir forest type between 2000 and
2150 (Figure 2.10). The aspen-birch and red/jack pine forest types slightly declined. The
northern hardwoods, white pine, and oak forest types all persisted through the simulation
as small components of the landscape. The climate change scenarios resulted in a
departure from current conditions as northern hardwoods and white pine forest types
became more dominant on the landscape and the spruce-fir type declined. The climate
change scenarios resulted in a larger magnitude of change under the high emission
compared to the low emission scenario. Under both climate change scenarios, the
Boundary Waters Canoe Area Wilderness provided a refuge for the spruce-fir forest type
(Figure 2.10; northern component of the Minnesota landscape).

In the Michigan landscape, the current climate scenario under BAU management
resulted in substantial increases in the white pine forest type and minor shifts for other
forest types (Figure 2.11). Both climate change scenarios resulted in an increase in
northern hardwoods and oak association forest types and a decrease in spruce-fir. By
simulation year 2150, the low emission scenario resulted in a greater increase in white
pine and a smaller increase in oak forest types compared to the high emissions scenario.

My results suggest that climate change may alter the relationship between

diversity and productivity under conditions of declining productivity. Furthermore,
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diversity may be affected by regional climate differences, soils, and forest management.
In addition, my results suggest less total biomass under a high emissions climate scenario

compared to current climate.

DISCUSSION:

With the threat of climate change, there is strong support to preserve and manage
for biodiversity in the ecological literature (e.g. (Chapin et al. 1998, Hampe and Petit
2005, Wilson 2010) as well as the forest management literature (e.g. (D’ Amato et al.
2011, Puettmann 2011). A future decline in biodiversity has the potential to decrease
productivity (Tilman et al. 2012). The positive diversity-productivity relationship under
the high emission climate scenario, and the lack of relationship under current and low
emissions climate scenarios (Figure 2.6) supports the diversity-productivity hypothesis
that diversity will follow a transposed bell shaped curve with productivity (Loreau et al.
2001, Whittaker et al. 2001). Under this hypothesis, a positive diversity-productivity
relationship exists under relatively low productivity, and a negative diversity-productivity
relationship exists under relatively high productivity. As simulated productivity
decreased with climate change, competitive exclusion (the ability of one species to
dominate over another) decreased as complementarity (the ability of a diverse community
to use resources more completely) increased. Regardless of the cause and effect
relationship, the association between diversity and productivity may become stronger
under less favorable conditions due to climate change. Whittaker et al. (2001) describe at
what spatial and temporal scale productivity and diversity may be more regulated by top-

down explanatory variables compared to bottom-up local influences. My results imply a
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bottom-up regulated system under current and low emissions climate where productivity
and diversity is largely regulated by local variables (e.g., SWHC). Under a high
emissions climate future, however my results indicate more of a top-down regulated
system. Climate change may impinge on productivity-diversity relationships at a finer

spatial resolution than under current climate.

Contrasting Landscapes:
My results indicate that the Michigan landscape has higher diversity of tree

species (Figure 2.7) and forest types (Figure 2.11) compared to the Minnesota landscape.
These results reflect biotic, abiotic, and management differences. The pattern of diversity
within forest reserves highlights the difference in overall management in the Minnesota
and Michigan landscapes (Figure 2.7). The reserves in the Minnesota landscape result in
a larger contrast to the actively managed forests compared to the Michigan landscape.
Within the actively managed forests, the Minnesota landscape includes more frequent
low diversity aspen silviculture systems (D' Amato et al. 2009) compared to the
Michigan landscape (See Appendix: Table A2 and A3). In the Minnesota landscape,
50% of the landscape was initially classified as aspen-birch (Figure 2.10) and reflects the
large component of aspen silviculture in the managed landscape. In the Michigan
landscape, forest types were more equally represented. Aspen-birch accounted for only
22% of the landscape (Figure 2.11).

These results suggest that the Michigan landscape with higher diversity of forest
types and species, and less management intensity may be better poised to adapt to climate
change compared to the Minnesota landscape. ANPP declines more in the Michigan

landscape under high emissions climate than the Minnesota landscape, however.
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Although more diverse than Minnesota, the suite of species simulated under BAU
management in Michigan and the high emissions climate is not capable of maintaining
the equivalent high productivity simulated under current climate. My simulations,
however, did not allow the migration of novel species from outside the landscape. Future
forest resilience may depend on the ability of novel species to migrate at the pace of
changing climate (Buma and Wessman 2013).

In addition to higher diversity in less intensively managed forests, my results
indicate a general pattern of higher diversity within cooler climate regions and more
productive soils (Figure 2.7). Regional variation in climate may have profound effects on
species composition in the Great Lakes region (Davis et al. 2000) and beyond (Davidson
and Janssens 2006, Svenning and Sandel 2013). For example, Davis et al. (2000) found,
in 10,000 years of pollen records, that species composition changed less in sites within
close proximity to Great Lakes where temperature and precipitation were moderated. In
the Minnesota landscape, diversity declined along a gradient of progressively warmer
climate regions under the high emissions climate scenario. However, the Michigan
landscape resulted in a less variation in diversity due to climate region. This may be due
to the inherent higher diversity within all climate regions in the Michigan landscape.
Notwithstanding climate, available soil water and soil type in general, may affect future
species diversity (Knapp et al. 2002, Anderson and Ferree 2010). In the Michigan
landscape, there was a positive relationship between SWHC and diversity in all climate
scenarios. In the Minnesota landscape, the effect of SWHC on diversity was less distinct.
Although I did not explore this hypothesis, regions of high SWHC may be currently
managed for intensive even-aged aspen silviculture which would result in lower diversity.
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Aboveground Biomass:
There is increasing interest in forests contribution to carbon sequestration and

storage (Lal 2005, Fahey et al. 2010, Bottcher et al. 2012, Clemmensen et al. 2013).
Under all climate futures, my results indicate an initial large increase in AGByota. The
capacity for increased AGB in both landscapes is likely due to forest recovery following
a history of intense timber harvesting (Pyne 1982, Flader 1983, Bottcher et al. 2012). As
forests mature, the sustained increase in AGB, €xpected under current climate can be
further explained by the projected increase in canopy structural complexity (Hardiman et
al. 2011). In addition, the simplification of the initial communities within the modeling
framework results in a simulated increase in cohort heterogeneity. Under the high
emissions climate scenario my simulations indicate a decline in AGB (Figure 2.8).
Empirically, Fisichelli et al. (2012) studied saplings across a boreal-temperate transition
gradient in Minnesota and found that with increasing temperature, height and radial
growth rates of boreal species declined and those of temperate species increased.
Successful insurance species are capable of responding positively to changing conditions
(Naeem and Li 1997, Walker et al. 1999). My results suggest that the species expected to
be insurance species (i.e. northern hardwoods) especially in the warmer southern
landscape, may not be tolerant of a future warmer climate projected under the high
emissions scenario. Poorly suited species under a high emissions climate future has been
documented in other regions (Buma and Wessman 2013). My simulations result in
declining AGB of black spruce, white spruce, balsam fir, jack pine, and paper birch under
climate change. Common trends of increasing species abundance under climate change

include white pine (Pinus strobus), black cherry (Prunus serotina), American basswood
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(Tilia americana), and American elm (Ulmus americana). All four of these species from
the northern lower Michigan landscape, however, indicate a decline before the end of the
simulation (Figure 2.9). The species that share a simulated increase or decrease across
landscapes are consistent with empirical observations (Fisichelli et al. 2012, Fisichelli et
al. 2013) and other modeling throughout the Great Lakes region (lverson et al. 2008, Xu
et al. 2009, Ravenscroft et al. 2010).

A climate change increase in AGBioa composed of responding hardwood and oak
species was found by other modeling research in the region (Scheller and Mladenoff
2005). In contrast, both of my landscapes had declining AGBiot under the high
emissions scenario after year 2050 compared to the current climate scenario (Figure 2.8).
Compared to current climate, the high emissions climate scenario resulted in an initial
increase in the hardwood and oak species (e.g. red maple, American basswood, black
cherry, northern red oak (Quercus rubra)). This increase, however, did not make up the
difference in lost AGB by boreal species. The high emissions climate future that | used
(i.e., GFDL ALFI) includes higher CO, and temperature projections than the A2 climate
futures used by Ravenscroft et al. (2010) or the 1S92A climate future used by Scheller
and Mladenoff (2005) (IPCC 2007). In addition, my work simulated an increasing trend
of climate warming beyond year 2100 while previous work held climate constant after
year 2100.

Forest Type:

Ecotones around the globe are valuable and vulnerable to the effects of climate

change (Smith et al. 1997, Goldblum and Rigg 2010). The Minnesota landscape is

centered closer to the boreal-temperate ecotone while the Michigan landscape is located
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further into the temperate forest matrix (Albert 1995). My results suggest that the
Minnesota landscape will experience rapid forest type conversion under the high
emissions climate scenario (Figure 2.10) as expected within an ecotone (Allen and
Breshears 1998). These results corroborate previous forest simulation research indicating
forest type conversions expected under climate change in the region (lverson and Prasad
2001). The Michigan landscape also indicates rapid forest type conversion, however the
large forest type shifts occur under all three climate scenarios (Figure 2.11), not only
within the low and high emissions climate futures. This suggests that forests in the
Michigan landscape (more than the Minnesota landscape) have strong successional
trajectory changes expected, notwithstanding climate changes. My simulated transition
of early to more mid-successional species in both landscapes under current climate is
corroborated by observed shifts in northern lower Michigan (Gough et al. 2010) and
Minnesota (Hanberry et al. 2012).

The future of early successional forests will depend on highly variable
disturbance regimes, which are difficult to predict. The homogenizations of aspen forests
are closely linked to harvesting; my results reflect future harvest regimes based on my
best approximation of BAU management. Harvesting regimes are largely a product of
market demand for different wood products. The recent recession has resulted in a
decline in aspen harvests for pulpwood (Woodall et al. 2011). If this trend continues, I
expect to see a shift to more shade tolerant species. A change in future markets however
could change harvesting regimes and resulting forests, considerably. Further
uncertainties may also include changing regulations, technology, and landowner
priorities.
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Forest type changes in the Minnesota landscape indicate more of a climate effect
compared to the Michigan landscape. Hooper and Vitousek (1997) experimentally found
that both species composition and the number of functional groups positively affected
grassland productivity. The higher diversity of species biomass (Figure 2.7) and of forest
types in the Michigan compared to Minnesota landscapes may contribute to the greater
adaptive capacity of future forest types.

Climate and Management Uncertainty:

My projections assumed that climate warming will continue beyond year 2100
based on trends and variability projected by GCM’s (IPCC 2007) and downscaled climate
(Stoner et al. 2012). In addition to the large uncertainty in both the GCM and emission
scenarios, my results should be interpreted with a gradient of increasing uncertainty
beyond the range of GCM projections. Although observed carbon emissions suggests
that our current carbon emission trajectory is at or above that of the high emissions
scenario (Raupach et al. 2007, Jennings 2012, Peters et al. 2012), the low emissions
scenario coupled in my simulations to a less sensitive GCM indicates substantial
differences in ANPP, AGB, and diversity from the high emissions scenario.
Nevertheless, even with current climate futures, successional trajectories indicate the
potential for future novel ecosystems rather than a stable state.

Although my analysis of diversity excluded a 10 km buffer at the southern edge of
each landscape to account for potential species migrating north, species migration rates
vary and could exceed my 10 km spatial restriction (Scheller and Mladenoff 2008).

Nevertheless, forest distribution shifts are expected to be slow and will be limited by
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fragmentation, competition, and the island-like design of my landscapes (McLachlan et
al. 2005, Vanderwel and Purves 2013).

My results should not be interpreted as predictions. Rather, scenario projections
illuminate interactions between processes and regional trends. And like all simulation
models, my results represent a simplification of reality with associated inherent
uncertainty in model and parameters used (Xu et al. 2009). LANDIS Il does not simulate
individual stems nor does it track shrub and herbaceous vegetation. Within climate and
soil regions, LANDIS-II assumes homogeneous conditions. Finer resolution
microclimate and soil conditions are not incorporated although recognized as being
important to fine scale plant-climate interactions (Liancourt et al. 2012). In addition the
PnET-II ecosystem calculates potential ANPP based on a simplification of water
availability not incorporating the effects of long term drought. There are processes that |
did not include in the modeling framework but that likely will be important. These
include, but are not limited to the effects of migrating invasive earth worms which may
change the soil substrate required for regeneration (Holdsworth et al. 2007, Hale et al.
2008, Larson et al. 2010) and the effects of browse damage by large ungulates (Anderson
et al. 2002, Danell et al. 2003, Frelich and Reich 2010, Fisichelli et al. 2012). If deer
browsing continues to affect forest communities at present rates, the affects will be severe
and extensive.

The effects of CO, fertilization, without considering additional limits to growth,
will increase the photosynthetic rate of future forests (Mickler et al. 2002, Norby et al.
2005). Growth enhancement by CO, fertilization will be limited by Nitrogen (Kérner
2006, Hyvonen et al. 2007, Reich and Hobbie 2012), which I did not include as a
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dynamic process. Additional research suggests that compared to the forest response to
prior land use history, CO; fertilization has little affect (Caspersen et al. 2000).
Furthermore, 1 did not include the influence of ozone which will likely diminish the
effects of CO, fertilization (Wittig et al. 2008, Ainsworth et al. 2012) and may decrease
overall growth especially in northern lower Michigan where ozone pollution is more
prevalent (Koo et al. 2012). Globally, no increase in NPP has been observed by satellite
measurements for the last 30 years of increased atmospheric carbon dioxide (Running
2012).

In addition to emission and climate uncertainty, there exists tremendous
uncertainty about how future forests will be managed. My simulations assume BAU
timber harvest which includes the continuation of intensive resource extraction. Current
timber management relies heavily on the continued production of fiber for the pulp
industry (Hanberry et al. 2012). Additional modeling research should address the
growing trend (D' Amato et al. 2009) and interest (Millar et al. 2007) to manage forests
for complexity (Puettmann 2011) and adaptability (Kuparinen et al. 2010). In addition,
there is support to preserve the trailing edge of a migrating ecotone which may contain
high genetic diversity (Hampe and Petit 2005, Willis et al. 2010). Future research will
address management’s ability to affect the resistance and resilience of future forests to

the effects of climate change.
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Figure 2.1: Inserted map of study landscapes within continental United States.
Ownership groups within study landscapes in northeastern Minnesota and northern lower
Michigan.
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Figure 2.2: Nested climate and soil regions used to create ecoregions in northeastern
Minnesota (left) and northern lower Michigan (right). Climate regions are designated by
numbered polygons in each landscape. Nested soil regions represent binned SWHC (cm /
m depth) values and are designated by colored pixels within climate regions. Note that
finer resolution of SWHC data were available in northern lower Michigan and not
northeastern Minnesota.
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Figure 2.3: High (A1FI) and low (B1) emission projections of temperature (°C) in
northeastern Minnesota and northern lower Michigan. Downscaled projections were
from climate region 1 in each landscape from Figure 2.2 (Stoner et al. 2012). Monthly
temperature projections were aggregated by season (spring = March, April, May; summer
= June, July, August; fall = September, October, November; winter = December, January,
February).
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Figure 2.4: High (A1FI) and low (B1) emission projections of precipitation (cm) in
northeastern Minnesota and northern lower Michigan. Downscaled projections were
from climate region 1 in each landscape from Figure 2.2 (Stoner et al. 2012). Monthly
precipitation projections were aggregated by season (spring = March, April, May;
summer = June, July, August; fall = September, October, November; winter = December,
January, February).
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Figure 2.5: Aggregated climate regions based on mean July temperature in each
landscape. Labels indicate average current July temperature (C) from 30 years of PRISM
observations. Note that warmest climate region in Minnesota landscape is cooler than
coolest climate region in Michigan landscape.
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Figure 2.6: Relationship between diversity and aboveground ANPP (g m-2 yr -1) at year
2150 in northeastern Minnesota (top) and northern lower Michigan (bottom) for three
climate scenarios. Unique point symbols represent soil regions across a gradient of
SWHC values (cm/m). Diversity is represented by effective number of species (") and

is calculated from Shannon Index.
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Figure 2.7: Diversity (eH”) across the last 100 years of simulation (i.e. 2050 to 2150) in
northeastern Minnesota and northern lower Michigan. Each group of clustered data
points represents a single time series plot for a given climate scenario. Soil Water
Holding Capacity (SWHC) plots represent diversity within SWHC regions. The variation
in SWHC is represented by the different colored and shaped points. Climate region plots
represent diversity within aggregated climate regions. The variation in climate region is
represented by the different colored and shaped points (Climate region 1 = warmest
climate region, climate region 5 = coolest climate region). Management area plots
represent diversity within forest management groups. The variation in management area
is represented by the different colored and shaped points. DNR represents both DNR and
county lands in Minnesota and only DNR lands in Michigan.
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Figure 2.8: Total aboveground biomass (AGBiota) Within the northeastern Minnesota and
northern lower Michigan landscapes under three climate scenarios assuming BAU
management.
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Figure 2.9: Aboveground biomass (AGB) (g m ) by species for 150 simulation years
across the northeastern Minnesota (MN) and northern lower Michigan (MI) landscapes
for three climate scenarios (Current, B1, and A1FI) assuming BAU forest management.
American beech, black oak, northern pin oak, white ash, balsam poplar, eastern hemlock
and Scotch pine were not included in the Minnesota landscape and bur oak was not
included in the Michigan landscape due to low or no abundance. Order of species (left to
right, top to bottom) is based on rank species biomass abundance at year zero in the
northeastern Minnesota landscape.
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Figure 2.10: Northeastern Minnesota map of classified forests type at simulation year
2000 (upper left), proportion of forest types changing through time for each climate
future (middle), and associated forest type maps at simulation year 2150 (right). Figure
colors consistent throughout.
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Figure 2.11: Northern lower Michigan map of classified forest type at simulation year
2000 (upper left), proportion of forest types changing through time for each climate
future (middle), and associated forest type maps at simulation year 2150 (right). Figure
colors consistent throughout.
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Chapter 3: Effects of Alternative Forest Management in the Face of Climate Change
in the Northern Great Lake Region (USA).

ABSTRACT:

Northern Great Lake forests represent a unique ecotone in the boreal-temperate
transition zone, and are expected to change dramatically with climate change. Managers
are increasingly seeking adaptation strategies to manage these forests. | explored the
efficacy of two alternative management scenarios compared to Business-As-Usual
(BAU) management: expanding forest reserves (areas off limits to harvesting) meant to
preserve forest composition and modified silviculture (reduction in harvesting frequency
and patch size) meant to preserve forest function. My study landscapes encompassed
northeastern Minnesota and northern lower Michigan, which are predicted to experience
significant changes in a future climate and represent a gradient of latitude, forest type,
and management. | used the LANDIS-II forest simulation model to simulate forest
change under a current climate, a low emissions climate, and a high emissions climate
future. My results suggest that under a low emissions climate scenario, expanded
reserves and modified silviculture strategies can be effective at preserving forest
composition including legacy species (e.g., balsam fir (Abies balsamea)) and preserving
function by maintaining or increasing aboveground biomass compared to BAU
management. Under a high emissions climate scenario, the expanded reserve strategy
was not effective at preserving legacy species; however, the modified silviculture strategy

was effective at increasing aboveground biomass compared to BAU management. To
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maintain ecosystem services that we depend, these results highlight alternative

management options and limitations in the face of climate change.

KEYWORDS: Alternative silviculture; Climate change; Expanded reserves; Forest
management; Forest simulation model; LANDIS-II; Michigan (USA); Minnesota (USA),

Resilience; Resistance.

INTRODUCTION:

There is interest to preserve temperate-boreal forest ecosystems, such as found in
the northern Great Lakes. In addition to being a “haven for biodiversity”(Bradshaw et al.
2009), these forests provide a large carbon sink, wood products for the timber industry
(D' Amato et al. 2009), suitable wildlife habitat for numerous charismatic or endangered
species (Heinselman 1996), and numerous recreational opportunities. Given the limits of
forest ability to naturally adapt to climate change (Soja et al. 2007, Iverson et al. 2008),
natural resource managers are increasingly interested in novel techniques to enhance the
adaptive capacity of forests to provide the ecosystem services for which | depend (Millar
et al. 2007, Spies et al. 2010, Seidl et al. 2011). In addition, there is a growing
acceptance that effective management must occur at a landscape scale (Menz et al. 2013).

Given certain management objectives, resistance to climate effects may seem
most desirable. Short term gains in ecosystem services may be achievable by improving
defenses to rapid environmental change. These strategies are aimed at improving
defenses against direct effects of changing climate in the short term. Specific resistance

tactics might include restoration to a historical range of variability (e.g., Ravenscroft et
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al. 2010), protecting at risk species within climate refuges (e.g., Maschinski et al. 2012),
eradicating climate driven invasive species from highly sensitive areas (e.g., Chapuis et
al. 2004), or blocking an invading epidemic from a local high-value area (e.g., Rizzo and
Garbelotto 2003). Resistance strategies are recognized as valuable in the short term in
high value sites, however the tactics may not provide long-term protection against the
long-term effects of global change (Ravenscroft et al. 2010).

As an alternative to resistance, managing for resilience has the potential to allow
forests to change while maintaining ecosystem services. Utilizing resilience management
comes with the recognition that future forests may not stay within the historical range of
variability (Buma and Wessman 2013). Potential adaptation tactics have been identified
for managing for resilience (Millar et al. 2007, Puettmann 2011, Seidl et al. 2011).

Rather than creating resistance to change, these practices allow change through mimicked

natural processes which continue to provide ecosystem services.

Expanded Reserves:
Maintaining ecological connectivity has been identified as a primary strategy

available to natural resource managers to avoid severe climate disruption (Moritz and
Agudo 2013). Limiting forest fragmentation is critical as a means to maintain ecological
connectivity and to allow for species’ range shifts (Chapin et al. 2007). While increasing
habitat connectivity may be considered a resilience strategy (e.g., to increase wildlife
migration ability (Collingham and Huntley 2000)), creating forest reserves along
connected corridors may also be considered a resistance strategy to allow vulnerable
species a less-disturbed place of refuge (Millar et al. 2007). Current forest reserves such

as the Boundary Waters Canoe Area Wilderness (BWCA) in northeastern Minnesota
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provide landscapes with limited human development and high connectivity (Heinselman
1996). Increased connectivity facilitates tree species migration in response to climate
change (Iverson et al. 2004), and refugia have the potential to harbor genetic and species
diversity (McLachlan et al. 2005). Compared to managed forests, unmanaged old growth
forests may provide: more carbon storage, greater structural complexity, higher volumes
of coarse woody debris, and higher snag basal area (Silver et al. 2013). In addition,
increased canopy closure can moderate microclimate conditions for seedlings (De Frenne
etal. 2013). To date, little research has addressed the role that forest reserves (i.e.
forested areas without extractive harvest) may play in increasing connectivity and
providing refugia in the face of climate change.

Some of the most valued ecological reserves will occur where high diversity is
expected, and where large climate shifts are projected (Rudnick et al. 2012). Anderson
and Ferree (2010) found that the diversity of both plants and animals within thirteen US
states and three Canadian provinces was explained by four geophysical factors (number
of geologic classes, latitude, elevation range, and the amount of calcareous bedrock) and
suggest that selecting areas for conservation based on geophysical settings will help
“conserve the stage” for future biodiversity. These regions have high diversity potential
as the factors effecting diversity are fixed on the landscape. A particular suite of species
may change, however the conditions will continue to support a high number of species
(Anderson and Ferree 2010). Riparian corridors create a connected area that directly
spans an altitudinal, therefore adiabatic temperature gradient. These gradients provide
both aquatic and terrestrial species the ability to migrate easily to suitable climate
conditions (Rudnick et al. 2012). Under current best management practices, riparian
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corridors are generally protected from extractive activities at a limited distance from the
high water mark. Expanding the width of these existing reserves will create larger areas

of connected corridors with the potential for greater within-reserve heterogeneity.

Modified Silviculture:
Altering existing silviculture practices to manage for climate change can be

considered a resilience strategy. Specific tactics can potentially increase structural (e.g.
age) or compositional (e.g. species) diversity. Risk of a damaging forest pathogen
associated with a single species or a single age cohort can be minimized by creating
diverse stands, thereby spreading the risk (Walker et al. 1999). By supporting redundant
functional species with different environmental tolerances, functional insurance is
enhanced (Walker 1992). With so much uncertainty in climate change projections (IPCC
2007) and impacts on forests (Scheller and Mladenoff 2005, Xu et al. 2009, Duveneck et
al. accepted), managing forests for complexity will strategically allow heterogeneous
forests to adapt to future conditions (Puettmann 2011). Specific silviculture systems to
manage for complexity include extended rotation prescriptions (Silver et al. 2013),
managing for asynchrony with patch harvesting, and planting future climate-suitable
species (Millar et al. 2007).

Some systems can change into an alternative state during reorganization of a
successional trajectory. This vulnerable period may be triggered by potentially large
scale disturbances such as a synchronized repeated periods of drought. For example,
landscape scale droughts in the western United States have resulted in broad regional tree
mortality (Breshears et al. 2005). Management for asynchrony, and therefore higher

resilience, can be achieved by creating diverse age classes, species mixes, and genetic
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diversity (Millar et al. 2007). This may be achieved by utilizing more partial cutting
silviculture systems (e.g. selection cutting) rather than even-aged management (e.g. clear
cutting). For asynchrony to be achieved however, these systems require appropriate
recovery periods. With favorable environmental conditions, productive forests are often
managed in low diversity stands, favoring competitive exclusion over complementarity.
Under stressed conditions, however, complementarity may be favored over competitive
exclusion creating a positive correlation between diversity and productivity (Paquette and
Messier 2011). In the Great Lakes region, Duveneck et.al. (accepted) found an
increasingly positive relationship between simulated forest productivity and diversity
under increasingly higher emission scenarios and declining productivity. These results
add support for managing for diversity under anticipated climate change.

In Minnesota, and presumably throughout the Great Lakes region, there is a trend
toward decreased use of clear-cuts, increased patch cutting, and increased rotation ages
(D' Amato et al. 2009). Intermediate treatments (i.e. low intensity harvesting) have much
different impacts on carbon cycling than large scale even-aged management. With longer
rotation ages, or less frequent harvests, more carbon from older stands is transferred to a
more permanent pool of soil carbon (Aber et al. 1982). More frequent harvests result in
more carbon being exported off site. Powers et al. (2012) found that thinning treatments
in Minnesota red pine (Pinus resinosa) stands resulted in a minor reduction to carbon
stocks as compared to unthinned stands. This suggests that low intensity harvesting
designed to achieve a forest products objective may not conflict with a carbon storage
objective. Nonetheless, recent interest and speculation exist regarding forests ability to
provide biofuels through large scale short rotation whole tree harvesting treatments.
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These silviculture systems could result in large reductions to carbon storage (Berger et al.
2013) and would be a contrast to the growing trend towards less intensive and extensive

silviculture systems (D' Amato et al. 2009).

Tradeoffs Between Adaptation and Mitigation:
Forests have potential for increased carbon sequestration at local and regional

scales, however globally, a boundary limit to terrestrial NPP may have been reached
(Running 2012). Nevertheless, current forests continue to play a pivotal role in current
carbon sequestration and management (Jandl et al. 2007). Managers are increasingly
interested in the tradeoffs between the ability of forests to adapt to climate change and
forests contribution to climate change mitigation (D’ Amato et al. 2011, Steenberg et al.
2011). Within mitigation strategies, there are also tradeoffs between carbon sequestration
and carbon storage. Both reserve expansion and altering current silviculture treatments
have the potential to increase carbon storage while increasing the adaptive capacity by
increasing structural and compositional diversity.

Intensively managed young forests (i.e. short rotation silviculture systems), will
result in lower stand ages which can sequester more carbon annually (Bradford and
Kastendick 2010). These silviculture systems must consider the risk associated with fast-
growing, uniform stands that are vulnerable to insects, disease, and fire (e.g., Kurz et al.
2008). By reducing the vulnerability to the sources of forest emissions, forests can
provide more carbon mitigating function.

While longer rotations and increased use of partial harvest systems may results in
less harvested AGB, these management approaches can produce greater volumes of

higher value wood products such as saw timber that can compensate for the decrease in
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harvested biomass (White 2011). The increase in timber value however, comes at the
cost of time. Durable wood products also contribute to long-term carbon storage due to
their slow decay rates (Harmon et al. 1990).

My objectives were to assess the ability of alternative scenarios to increase or
maintain representative forest ecosystem services under climate change. My assessment
compared BAU management to two alternative management strategies in northeastern
Minnesota and northern lower Michigan. | assessed the tradeoffs between resisting and
adapting to climate change. Specifically, | addressed the following question: In the face
of climate change, how will alternative management strategies affect future aboveground

biomass, harvested timber, tree species diversity, and forest type?

METHODS:

Study Areas:
| selected the northern Great Lakes region to study these questions as scientists

predict large changes in the climate in the midcontinent (IPCC 2007) and the boreal-
temperate forest transition zone within the region is especially vulnerable to
environmental changes (Fisichelli et al. 2013). Within the region, | choose two
landscapes (i.e. northeastern Minnesota and northern lower Michigan) representing a
gradient of latitude, forest type, and management (Figure 3.1). Minnesota is cooler,
centered in the boreal-temperate ecotone, and is more intensively managed. Michigan is
in the temperate-hardwood region and has a more diverse suite of tree species and forest

types. Disturbance regimes, timber management, forest types, species composition, and
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climate change effects under BAU management are described previously for each

landscape (Ravenscroft et al. 2010, Duveneck et al. accepted).

Simulation Model and Experimental Design:
My experimental design included three forest management scenarios: 1) BAU

timber management, 2) Modified silviculture, and 3) Expanded Reserves. For each
management scenario | assessed three climate scenarios: 1) Current Climate, 2) Low
Emissions Future, and 3) High Emissions Future. In order to compare my results
between landscapes and prior research (Duveneck et al. accepted), | used as consistent an
approach as possible to parameterize the scenarios. For all simulations, | used a two-
hectare cell resolution and a 150-year time horizon starting at year 2000.

| assessed forest dynamics using the LANDIS-I1 v6.0 forest landscape model
(Scheller et al. 2007a) (See supplemental material for model input data). LANDIS-IIis a
modeling tool for simulating forest change within a landscape. LANDIS-I11 is flexible in
scale, process-driven, and has been evaluated on many landscapes (e.g., Gustafson et al.
2010, Ravenscroft et al. 2010). LANDIS-I1 operates across interconnected cells within
climate and soil regions (‘ecoregions’) on a landscape. LANDIS-II simulates succession,
disturbance, and management and emphasizes spatial interactions across the landscape
and among processes (e.g., climate change, harvesting, succession, fire, wind, and seed
dispersal).

LANDIS-II incorporates multiple user-chosen extensions that interact with each
other. Each extension ran at a five-year time step. To calculate species-specific
parameters (i.e. Maximum Aboveground Net Primary Productivity per year (ANPPnax),

and Probability of Establishment (Pes;)) | used the PNET-I1 for LANDIS-I1 model (PnET)
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(Xu et al. 2009). PnET incorporates climate data (temperature, precipitation, and
photosynthetic active radiation (PAR)) along with Soil Water Holding Capacity (SWHC),
and species-specific physiological parameters (e.g. foliar nitrogen content, and maximum
foliar mass area) for each climate-soil region on the landscape (Duveneck et al.
accepted). ANPPax and Peg are incorporated into the LANDIS-11 Biomass Succession
extension (v3.1), which regulates the succession mechanisms of growth, and age-related
mortality for species-cohorts (Scheller and Mladenoff 2004). ANPP . determines the
maximum growth possible of above ground biomass for a species-cohort (Scheller and
Mladenoff 2004). Growth is further limited by competition and a growth curve
parameter that determines how fast simulated ANPP reaches ANPP .. Age-related
biomass decline is defined by a mortality curve that represents an increasing decline in
biomass as the species reaches its maximum longevity. Pes determines the probability of
a new cohort establishing given a local seed source and adequate light and is based on a
climate envelope approach (Xu et al. 2009). To start a simulation, biomass succession
goes through a “spin-up” phase where the past growth of current species-cohorts on the
landscape is simulated up to the starting year.

| used the Biomass Harvest extension (v2.1) to simulate harvest scenarios
(Gustafson et al. 2000). Specific prescriptions were applied to management areas based
on ownership groups (Figure 3.2). Stands are delineated within management areas. At
each 5-year time step, the extension selects stands for treatment based on a user-defined
stand ranking. Simulated biomass is removed from cells within stands based on
prescription specific criteria. For each management area, specific rotation periods define
the amount of the management area treated at each time step. (Gustafson et al. 2000).
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| used the Base Fire (v3.0) (He and Mladenoff 1999), and Base Wind (v2.0)
(Scheller and Mladenoff 2004) extensions to simulate fire and wind disturbance. To
quantify spatially-explicit species Aboveground Biomass (AGB) (g m®) and to classify
forest type, | utilized the Biomass Output extension (v2.0) and the Biomass Reclass
extension (v2.0) respectively. To process outputs and visualize results, | used the raster
library in R (R Development Core Team 2011). Within each landscape | leveraged
previously developed initial communities, fire and wind regimes, BAU timber harvest
regimes, delineated ecoregions, and tree species by ecoregion ecosystem response

(Duveneck et al. accepted).

Climate Data:
| simulated the current climate scenario based on randomly assigning 30 years of

observed PRISM climate (1969-1999) to future simulation years (Daly and Gibson 2002).
| simulated a low and high emission scenario to bracket a range of uncertain futures. For
the low emission climate | used the IPCC B1 emission scenario (IPCC 2007) and the
Parallel Climate Model (PCM) Global Circulation Model (GCM) (Washington et al.
2000) . For the high emission climate | used the IPCC A1FI emission scenario (IPCC
2007) and the Geophysical Fluid Dynamics Laboratory (GFDL) GCM (Delworth et al.
2006). For each unique climate region, | downscaled and accessed temperature and

precipitation data through the USGS data portal http://cida.usgs.gov/climate/gdp/ . To

estimate projected PAR, | accessed projected radiation data from meteorological stations
throughout the landscape. After observing the low variability in PAR across observation
sites, | used mean PAR within each climate region.

In order to simulate forest change to year 2150, | interpolated monthly climate
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variables (maximum and minimum temperature, precipitation, and PAR) for the 50 years
beyond the range of IPCC climate projections (IPCC 2007). The initial 100 years of
climate projections encompassed an increase in temperature in all seasons in both
emission scenarios however the precipitation projections were more variable (Stoner et
al. 2012, Duveneck et al. accepted). | interpolated the final 50 years of climate data using
the Amelia library in R (R Development Core Team 2011) based on the variability in
each of the climate variables within the original 100 years of data. For the temperature

projections, | included a linear regressed increase in interpolated temperature.

Alternative Management Scenarios:
| represented forest reserves as sites void of any timber harvest. | used the

Protected Areas Database (The Conservation Biology Institute 2010) to delineate areas
across the landscapes that had existing formal protection status. These reserves include
the large BWCA in Minnesota, state parks, and state natural areas. In northern lower
Michigan, fewer large reserve areas exist, however | included 38% of Private Non-
Industrial Forests (PNIF) in reserve status under the assumption that 62% of PNIF lands
are actively managed for timber (Butler 2008). In my expanded reserve scenario, |
created a forest reserve buffering 1500 meters on either side of major river corridors. The
rivers included the Cloquet and St. Louis Rivers in notheastern Minnesota and the
Manistee, Au Sable, and Muskegon Rivers in northern lower Michigan. In addition to
the river reserves, | created a 1000 meter buffer along the Great Lake shore boundaries in
both landscapes (Figure 3.2). Under BAU management, 13% and 11% of the forested
landscape was in reserves in the Minnesota and Michigan landscapes, respectively.

Under my expanded reserve scenario, 18% of forested lands were in reserves in each
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landscape. Although the increase in reserve area in the Michigan landscape was larger,
the percent area under active management was comparable to the Minnesota landscape in
both the BAU and expanded reserve scenarios.

To simulate modified silviculture | altered BAU prescriptions (Duveneck et al.
accepted) based on increasing uneven aged silviculture systems and increasing
regeneration of northern hardwoods and oak species (e.g. American basswood (Tilia
americana), black cherry (Prunus serotina), American elm (Ulmus americana), white
oak (Quercus alba), northern pin oak (Quercus ellipsoidalis), northern red oak (Quercus
rubra) (See Appendix Table A6 and A7). Rather than prescribe identical harvest
prescriptions to each landscape, | adjusted the BAU prescriptions in each landscape to
decrease harvested AGB by approximately 60% from BAU management. Generally,
these adjustments resulted in a reduction in clearcuts, an increase in northern hardwood
patch cuts, and planting of native northern hardwoods and oaks currently present on the

landscapes, albeit in low abundance.

Data Analysis:
Stochastic variation in model outputs is largely influenced by natural disturbance

events (i.e. fire and wind). | examined the stochastic variation within scenarios by
replicating each simulation five times. Maximum AGB variance at year 2150 was <2%
of the mean AGB within each simulation. Due to the low stochastic variation of natural
disturbance events relative to the size of the landscapes, | randomly selected one replicate
from each simulation for further analysis. While strict validation of simulation results is
not possible, | evaluated AGB estimates as measured in USFS Forest Inventory &

Analysis field plots to LANDIS-II biomass at year 2000 (Pearson’s correlation of 0.64) .
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Details of my biomass evaluation are described in Duveneck et al. (accepted).

For each scenario and time step, | calculated Shannon Index of diversity (H')
within each cell based on the simulated AGB abundance of tree species. | transformed
Shannon Index to the effective number of species measure of diversity (™) as the
number of species present if all species were equal in abundance in order to reduce bias
when comparing between scenarios (Jost 2006). 1 used the vegan-community ecology,
and raster libraries in R (R Development Core Team 2011) for all calculations and
analysis.

To examine effects of reserve expansion, | compared the AGB of the BAU
scenario to the AGB of the expanded reserve scenario (by species and total biomass). To
understand dynamics within reserves, | compared average simulated AGB within
reserves to that outside reserves. | examined spruce-fir species (balsam fir (Abies
balsamea), white spruce (Picea glauca), and black spruce (Picea mariana) as the group
of species most vulnerable to climate change related decline (Duveneck et al. accepted).
In addition to spruce-fir AGB, | assessed AGBiota and species diversity within and
outside reserves. | compared within and outside reserve AGB and diversity by spatially
separating outputs that occur within and outside reserve areas (Figure 3.2) using the raster

library in R (R Development Core Team 2011).

RESULTS:

Aboveground biomass:
Compared to BAU management, both alternative management simulations (i.e.

expanded reserves and modified silviculture), resulted in an increase in total AGB for all
82



climate scenarios in both landscapes (Figure 3.3). The expanded reserve scenarios
closely track the BAU scenarios with a small increase in AGB compared to BAU over
time. Compared to the expanded reserve scenario, the modified silviculture prescription
resulted in a larger increase in AGB in both landscapes and all three climate scenarios.
Under each management scenario, the relationship of total AGB between climate
scenarios stay relatively constant (i.e. current climate >> low emission climate >> high
emission climate) with the exception of more biomass in the low emission climate
scenario than the current climate scenario after 100 years in the Minnesota landscape.
Although the Michigan landscape is larger than the Minnesota landscape (More
AGBya in Michigan (Figure 3.3), approximately the same magnitude of biomass was
simulated to be harvested off each landscape in each management scenario. In each
landscape and climate scenario, the modified silviculture scenario removed less biomass
than the expanded reserves which removed less biomass than the BAU scenario. Within
management scenarios, the current climate and low emission climate scenario resulted in
nearly the same amount of harvested biomass. In contrast, the high emission climate
scenario resulted in substantially less timber harvested in each management scenario.
The simulated AGB response of select species to modified silviculture further
explains differences between scenarios in both landscapes (Figure 3.4). In general, the
alternative scenarios were more effective at increasing AGB in the Minnesota than in the
Michigan landscapes. For example, in Minnesota, under the high emissions climate
scenario, American basswood and sugar maple (Acer saccaharum) both resulted in large
increases in simulated AGB under the modified silviculture scenario. In general, the
northern hardwoods and oaks experienced larger increases in simulated AGB under the
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modified silviculture scenario compared to expanded reserves. In both landscapes, the
low emissions climate scenario and the modified silviculture management scenario
resulted in the largest increases in northern red oak and white pine (Pinus strobus).
Simulated quaking aspen (Populus tremuloides) AGB declined under the alternative
management scenarios in both landscapes with the largest decline under the high
emissions climate scenario. In the Minnesota landscape, both alternative management
scenarios resulted in increases in simulated black spruce AGB however the Michigan
landscape resulted in very little management effect. In the Minnesota landscape, balsam
fir resulted in larger and white spruce resulted in smaller simulated AGB under
alternative, compared to BAU management scenarios. Under the high emission climate,
the effect of alternative management was diminished for both balsam fir and white
spruce.

Under the expanded reserve management scenario, cells in the reserve areas had a
larger AGB,ta1 compared to cells outside the reserve with actively managed forests
(Figure 3.5-top). For the spruce-fir species, reserve areas resulted in large increases in
simulated AGB under current and low emissions climate scenarios in both landscapes
(Figure 3.5-middle). Under the high emissions climate however, reserve areas resulted in
less of an increase in spruce-fir.

Diversity:

Average tree species diversity in each cell was lower in the Minnesota than the
Michigan landscape (Figure 3.6). In both landscapes, the high emission climate scenarios
resulted in the lowest simulated diversity. Compared to BAU management, the expanded

reserve scenario resulted in a limited increase in diversity. The modified silviculture
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scenario resulted in larger increases in diversity compared to BAU and expanded reserve
management in all three climate scenarios in the Minnesota landscape. Compared to
BAU management, the modified silviculture scenario in the Michigan landscape resulted
in a small decrease in diversity under the current and low emissions climate scenario and
a small increase in diversity under the high emission climate scenario.

Under the expanded reserve management scenario, forest reserves resulted in
generally higher diversity compared to managed forests outside reserves (Figure 3.5).
This effect was most pronounced in the high emission climate scenario in the Minnesota

landscape. In the Michigan landscape, the effect of reserves on diversity was limited.

Forest Type:
The spatial distribution of changing forest types due to management was best

represented by the Minnesota landscape (Figure 3.7). Under the current and low
emission climate simulations, the spruce-fir forest type persisted within the reserves of
the expanded reserves scenario at year 2150 (Figure 3.7). The reserves within the high
emission climate scenario, however, were occupied with more northern hardwood forest
type after year 2150 resembling the spatial distribution of BAU management.

The effect of the modified silviculture management scenario in all climate
scenarios resulted in a more diverse distribution of forest type abundance compared to
BAU management (Figure 3.7). The higher diversity of forest types under modified
silviculture was represented by a decrease in aspen/birch forest type and an increase in
white pine, and northern hardwoods forest types. Under modified silviculture, the current

and low emission climate scenarios resulted in an increase in the spruce/fir forest type
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however not in the high emissions climate scenario.

DISCUSSION:

Forest managers and policy makers are increasingly seeking best management
strategies to manage forests in the context of climate change (Millar et al. 2007, Seidl et
al. 2011). Both resistance and resilience strategies are being considered, however
successful management to adapt to climate change in the Great Lakes region may be
limited.

Forest Reserves:

For populations with long generation times (i.e. tree species), limiting external
stressors has been identified as a climate management priority (Moritz and Agudo 2013).
My expanded reserve scenario may be considered a resistance strategy in the context of
providing refuge with limited disturbance along environmental gradients (Rudnick et al.
2012). There is support to conserve the trailing edge of a species migration, such as
balsam fir in the boreal temperate ecotone. Genetically, a species within the trailing edge
of its range will be adapted to more extreme conditions having had more generations
(Hampe and Petit 2005). In my low emissions climate scenario, the expanded reserves
did function as a resistance strategy. Spruce-fir forest types in the Minnesota landscape
(Figure 3.7), and spruce-fir species AGB in both landscapes (Figure 3.5) persisted more
in the reserve areas than in actively managed forests. These species are shade tolerant
and common within minimally disturbed late successional forests. Under my high
emissions climate scenario, however, the forest reserves provided limited refuge to the

spruce-fir species (Figure 3.5), and spruce-fir forest types (Figure 3.7). These results are
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consistent with other research that found adaptive forest management for climate change
less successful under increasingly higher emission climate scenarios (Buma and
Wessman 2013).

As expected, forest reserves provided more simulated on-site AGB than actively
managed forests (Figure 3.5) which is consistent with previous research comparing
managed vs. unmanaged stands (Powers et al. 2012). An increase in AGB implies higher
on-site carbon storage. While managing for carbon storage in the Great Lake region does
not currently provide a direct financial incentive, there is a growing interest to manage
forests specifically for climate mitigation (Malmsheimer et al. 2008). As my results
indicate, a decrease in AGB is expected under the high emissions compared to current
climate scenario. For this reason, there may be an increased interest in maintaining, if not
increasing, AGB on the landscapes.

The higher simulated alpha diversity within reserves (Figure 3.5) suggests that the
forest reserves under low frequency natural disturbance regimes may result in an increase
in diversity over the long term. Conversely, the diversity of actively managed forests
with mixed frequency of disturbance may increase less. At the landscape scale, the
expanded reserves scenario resulted in very little change in simulated diversity compared
to the BAU scenario (Figure 3.6). These results suggest that at the 2-hectare grain size,
forest reserves may have the potential to increase forest diversity. This is consistent with
empirically measured increasing heterogeneity in less disturbed forests at a sub-hectare
grain size (Bradford and Kastendick 2010). My results do not include old growth gap
dynamics within a grain size less than 2-hectares and | do not suggest that my results

would necessarily scale down to a smaller grain size (Urban 2005).
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While attempting to increase resistance, forest reserves may increase resilience by
increasing alpha diversity. This may be considered counter to carefully managed
disturbances as opportunities for desirable change (Puettmann 2011, Buma and Wessman
2013). While I did not measure genetic adaptability, the evolutionary adaptability of
forests to the effects of climate change can be improved with shorter generation times
(Kuparinen et al. 2010). Forest reserves in landscapes with low natural disturbance
frequency will have long generation times. Shorter generation times can be managed for
by adjusting harvest rotation periods within actively managed forests (Puettmann 2011).

Regardless of the success of the resistance goal of providing refuge to spruce-fir
and increased carbon storage, additional ecosystem services can be enhanced through
expanded forest reserves. Specifically, forest reserves along riparian corridors have the
potential to increase wildlife habitat and connectivity (Collingham and Huntley 2000,
Rudnick et al. 2012). In addition, forest reserves in the Great Lakes region enhance
scientific inquiry due to the ability to separate processes within regions free from
anthropogenic influences or threats. Large forest reserves such as the BWCA allow
landscape scale processes to occur (e.g. fire) with limited anthropogenic restrictions
(Heinselman 1996). These sites provide natural laboratories to study the interactions and
processes between species, climate change, pollution, invasive species, and other
processes (Heinselman 1973).

The spruce-fir species increased more in the Minnesota landscape reserves. In the
warmer Michigan landscape, the reserve areas had less of an effect to spruce-fir species
(Figure 3.5). This is likely due to climate and management differences between the
landscapes (Duveneck et al. accepted). The interaction between climate and the
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competitive advantage of spruce-fir species (i.e. shade tolerance) in reserve areas allow
larger increases where the conditions are more favorable. In addition, the less intensively
managed Michigan landscape resulted in less of a contrast in spruce-fir AGB and
diversity between reserves and actively managed forests. Finally, the Minnesota
landscape initially contained more spruce-fir AGB within the boreal-temperate ecotone.
In order to receive the largest gains in ecosystem services (with limited resources),
landscapes with less intensive BAU management may not be appropriate for reserve

selection.

Alternative Silviculture:
Recent research has considered tradeoffs between forest adaptation and mitigation

strategies (D” Amato et al. 2011). My results suggest that modified silviculture may
increase climate mitigation by increasing carbon storage and may increase adaptation by
increasing species diversity. This scenario may be considered a resilience option in the
context of managing for complexity with a diverse species mix (Puettmann 2011). A
complex forest with high diversity can promote low abundance species capable of
responding to changing environmental conditions (Walker et al. 1999). My modified
silviculture scenario was designed to increase heterogeneity with less frequent even-aged
silviculture systems and more frequent smaller patch cuts. In addition to complexity, the
modified silviculture scenario was designed with an adaptation component to favor and
plant species expected to respond well to climate change (See Appendix: Table A6 and
AT). For planting to be successful, a substantial financial investment in successful
artificial regeneration is required.

By managing for heterogeneity and adaptation, the modified silviculture scenario
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generally resulted in both increased on-site AGB (Figure 3.3) and diversity (Figure 3.6)
at the expense of a decline in boreal tree species (Figure 3.4) and a decrease in harvested
timber (Figure 3.3). In the case of white spruce in the Minnesota landscape, the BAU
scenario includes planting white spruce following red pine clear cut prescriptions (See
Appendix: Table A6). Under the modified silviculture prescription, | ceased planting
white spruce which resulted in a decline in white spruce AGB compared to BAU
management. For forest policy makers, a tradeoff exists between harvested and on-site
AGB. The modified silviculture scenario represents a change in priority to increase on-
site AGB at the expense of a reduction in harvested AGB. The modified silviculture
scenario however may result in higher value timber products compared to BAU
management products. For example, short rotation even aged silviculture systems will
produce lower value products compared to group selection harvested with a patch cut or
extended rotation silviculture system (White 2011). This may at least partially offset
losses due to the reduction in harvested AGB.

Except for the high emissions scenario, the Michigan landscape did not result in
an increase in diversity under the modified silviculture scenario. The Michigan
landscape experienced less of a contrast between BAU and modified silviculture where
there are less frequent even-aged silviculture prescriptions under BAU management
compared to the Minnesota landscape (Duveneck et al. accepted). In addition, the current
species composition of the Michigan landscape is more common of a northern temperate
forest compared to the boreal-temperate Minnesota landscape (Curtis 1959). The
alternative management in Michigan landscape has less influence on composition and
productivity. This suggests that opportunities to adapt existing BAU management may
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be easier to implement in the Minnesota landscape; however, BAU management may be
better poised to naturally adapt to climate change in the Michigan landscape. Adaptive
management in Michigan could focus on species and silviculture characteristics of the
central hardwood region. This might be more effective at increasing diversity, especially

under the high emission climate scenario.

Uncertainty and Model Limitations:

A tremendous amount of uncertainty exists in the emission scenarios and GCM’s
(IPCC 2007). My choice of a low and high future emission scenario was meant to
bracket a range of future uncertainty. Recent carbon emission observations, however
suggest that our present global carbon emission trajectory is on track or above that of the
high emission (A1FI) emissions scenario | used in my projections (Jennings 2012).

My simulations should not be interpreted as predictions. Rather, my results are
plausible future scenarios with increasing future uncertainty. My model results are
simplifications of reality based on the best available data. | did not include species
migrating from outside the landscape, effects of large ungulate browse damage (Fisichelli
et al. 2012), CO, fertilization (Reich and Hobbie 2012), or ozone pollution (Ainsworth et
al. 2012). | recognize that a large amount of uncertainty exists in how landowner’s
priorities will shift regarding management. My alternative management scenarios were
based on informed speculation and adjustments to BAU forest management (Duveneck et
al. accepted). Future management will depend on dynamic individual management

priorities, market fluctuations, and policy restrictions.
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CONCLUSIONS:

In contrast to other adaptation studies simulating an increase in biomass under
climate change (e.g., Steenberg et al. 2011), my results suggest a decline in both
harvested and on-site AGB under the high emissions climate scenario. Therefore, my
results suggest an even greater need to consider alternative management options to
maintain AGB. Under a low emissions scenario, the ability to manage for climate change
was much greater than under the high emissions scenario. The expanded reserve scenario
was effective at preserving legacy species under the low emission climate scenario.
Under the high emission climate scenario, my ability to manage for climate adaptation
was limited. Under my modified silviculture scenario, simulations under the high
emission scenario resulted in increased AGB and diversity. Ultimately, these scenarios
highlight the limitations and challenges of alternative management in the face of climate

change.
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Figure 3.1: Northeastern Minnesota and northern lower Michigan study landscapes in

northeastern United States.
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Figure 3.2: Forest ownership groups in northeastern Minnesota (A) and northern lower
Michigan (B) under BAU management. Simulated forest reserve expansion in
northeastern Minnesota (C) and northern lower Michigan (D) along river corridors and
Great Lake shorelines. DNR= Minnesota and Michigan Department of Natural
Resources, USFS=United States Forest Service, PNIF=Private Non-Industrial Forests,
PIF= Private Industrial Forests.
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Figure 3.3: AGB+oTaL and AGB removed by timber harvest (Teragrams) on each
landscape, for three management scenarios, and three climate scenarios over time.
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Figure 3.4: Average species AGB (g m™) for select species over time across, climate,
and management scenarios. Line type and colors match Figure 3.3 legend.
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Figure 3.5: Average cell AGBrotaL, AGB of spruce/fir species, and diversity within
reserve areas and within actively managed forests in the Minnesota and Michigan
landscapes across all climate scenarios. Diversity is represented as effective number of
species (e™) calculated from Shannon index.
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Figure 3.6: Average cell diversity across each landscape, climate, and management
scenario from year 2050-2150. Diversity is represented as effective number of species
(e™) calculated with the Shannon Index.
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Figure 3.7: Northeastern Minnesota forest type maps at year 2150 for each climate and
management scenario. Forest types represent dominant species associated with each
forest type within each cell.

100

= spruce-fir
High Emissions

oak association

= red/jack pine

Low Emissions

= aspen-birch

Current Climate

= northern hardwoods = white pine

nve sonesay ‘dx3 "AIS PO

99



Chapter 4: Climate Change Effects to Productivity and Functional Diversity in
Northern Great Lake Forests with Climate Suitable Planting.

ABSTRACT:

Within the timeframe of the longevity of common Great Lake tree species,
climate change will change faster than the ability of natural tree migration. Declines in
Annual Net Primary Productivity (ANPP) may be expected in forests under current
management and a high carbon emission climate future. 1 evaluated the efficacy of
planting climate suitable species (CSP), native to regions just south of my study
landscape, in order to maintain or increase aboveground biomass, ANPP, and species and
functional diversity. 1 modeled forest change with the LANDIS-II forest simulation
model under low and high emission scenarios in two landscapes in the Great Lake region
(northeastern Minnesota and northern lower Michigan). | included American chestnut
(Castanea dentata) under the assumption that commercially available seeds from disease
resistant strains will become available. | compared business as usual to CSP
management. | found that simulated CSP species, including American chestnut,
successfully established in both landscapes under all climate scenarios. | found that the
presence of CSP species generally increased simulated aboveground biomass, and ANPP.
Species diversity increased in both landscapes due to CSP; however the effect on
functional diversity was mixed. As the planted species were functionally similar to many
native species, CSP did not result in a consistent increase nor decrease in functional
diversity. These results provide an assessment of the potential efficacy and limitations of

CSP management.
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KEYWORDS: (Michigan, Minnesota, LANDIS-II, climate suitable planting, functional

diversity, Annual Net Primary Productivity)

INTRODUCTION:

Forest management for future climate conditions must accept and use new
paradigms for continued success in delivering ecosystem services (e.g., carbon
sequestration, biodiversity, biomass, and wildlife habitat). Restoration of forest species
composition to a historical range of variability (HRV) (Landres et al. 1999) may not be a
realistic goal (Hobbs et al. 2011). Despite adaptation strategies to manage for resilience
(Seidl et al. 2011, Duveneck et al. in review), extant tree species may not be suitable for
future establishment given their climate tolerances.

Within the next century, many tree species may not be capable of naturally
migrating to more suitable sites at the rate of the changing climate (Scheller and
Mladenoff 2008, Loarie et al. 2009, Bradshaw et al. 2010, Zhu et al. 2012, Diffenbaugh
and Field 2013, Svenning and Sandel 2013). Even if suitable species are present or arrive
in low abundance, a temporal lag is expected between arrival and expansion (Bradshaw
and Lindbladh 2005, Wangen and Webster 2006, Birks and Birks 2008). Although this
lag may not result in a species extirpation, the site or landscape may experience a decline
in ecosystem services. There is growing interest to explore climate suitable planting
(CSP) where tree species are planted beyond their current range (Marris 20009,
Richardson et al. 2009). This alternative management prescription is designed to help

facilitate migration while maintaining forest function (e.g., species diversity and carbon
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sequestration) (Millar et al. 2007, O’Neill et al. 2008). Given the lack of experimental
work focused on climate suitable planting, landscape modeling provides a suitable and
singular framework to assess the ability of CSP to overcome spatial and temporal barriers

in forested ecosystems (Rehfeldt et al. 2006, Campbell et al. 2009).

Climate Suitable Planting:
Northeastern Minnesota and northern lower Michigan landscapes (Figure 4.1)

provide island-like landscapes nearly surrounded by a combination of lakes, lowland
conifer forests, and agricultural development along the boreal-temperate forest ecotone
(Curtis 1959, Duveneck et al. accepted). If future climate conditions reduce the boreal
spruce-fir forest type (Duveneck et al. accepted, Duveneck et al. in review), a decline in
species and forest type diversity threatens the adaptive capacity of ecosystems. Fewer
species will reduce the response capability of forests to changing environmental
conditions (Walker 1992, Walker et al. 1999). In addition, low diversity forests are also
more susceptible to single-host insect or disease outbreaks (Naeem and Li 1997, Bentz et
al. 2010). Increasing or maintaining diversity in these forests may allow more climate
change resilient forests (Chapin et al. 2007). This may be done by intensively planting a
climate suitable species following a disturbance when an undesirable condition is
otherwise possible (Spittlehouse and Stewart 2003).

Planting a desired extant native species may become increasingly difficult as
climate changes (Ledig and Kitzmiller 1992), making species from outside the range of a
site more desirable (O’Neill et al. 2008, Gray et al. 2010). Many northern and central
hardwood species are abundant directly south of the landscapes in warmer climates (e.g.,

black oak (Quercus velutina) and bitternut hickory (Carya cordiformis)). These species
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are absent or low in abundance within the study landscapes (Burns and Honkala 1990),
however may be considered suitable under climate change in the northern Great Lake
region (Iverson et al. 2008). In order to consider CSP management, it is vital to consider
the biotic interactions of novel ecosystems, ecosystems comprised of new species
compositions (Blois et al. 2013). Assessing how these species might replace or expand
niche space will provide a framework to evaluate the efficacy of CSP.

Rather than assisted migration for the refuge of a threatened species, maintaining
a high level of function within a site or region may require new terminology and
frameworks for success. A CSP prescription is designed to maintain or increase the
ecosystem services of a site (e.g., biodiversity, carbon storage, timber products (Millar et
al. 2007, O’Neill et al. 2008). These objectives are different from the interest to protect
or save an endangered species (Barlow and Martin 2004, Hoegh-Guldberg et al. 2008,
Lunt et al. 2013). Assisted migration proposals for the protection of rare and endangered
species are fraught with controversy, including a concern caused by the negative effects if
a species becomes invasive (Barlow and Martin 2004, McLachlan et al. 2007, Davidson
and Simkanin 2008, Ricciardi and Simberloff 2009). Others however, have described
potential benefits of non-native species. These benefits include providing functional
substitutes for declining or extinct native species (Schlaepfer et al. 2011). For example,
within intensively managed or degraded forests, CSP may be one of the only options to
maintain ecosystem services (Lunt et al. 2013).

The agriculture community has a growing recognition of species suitability shifts
as evidenced by the difference between the 1990 and 2012 plant hardiness maps (Daly et
al. 2012). For silviculturists, this concept is familiar. Many commercial tree seedlings
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come from nursery stock grown in different regions of the country from where they are
planted. Seedlings are selected based on the suitability matched by site conditions.
Given the longevity of tree species, forest managers are seeking information about future
suitability of seedlings. Online tools such as the “Seedlot Selection Tool” have been
developed to assist managers find climate suitable species for select sites based on

projected future conditions (http://sst.forestry.oregonstate.edu/). As climate change

uncertainty is high (IPCC 2007), simulation modeling of CSP is considered a vital
component to understanding potential outcomes and choosing management alternatives

regarding CSP (Pérez et al. 2012, Breed et al. 2013).

American Chestnut Restoration:
American chestnut (Castanea dentata) once was widespread throughout the mid-

Atlantic United States (Russell 1987). The introduction of the Chestnut blight
(Cryphonectria parasitica), first discovered in New York City in 1904, wiped out mature
American chestnut throughout its range (Keever 1953, Lovett et al. 2006, Jacobs et al.
2013). Prior to the blight infection, American chestnut was considered a foundation
species that is a species that has a strong role in structuring a community. American
chestnut provided the central Appalachians region numerous ecosystem services such as
fast growth (Jacobs et al. 2013), strong structural properties (Smith 2000), and important
seed crops for wildlife (Youngs 2000).

Given the auspicious properties of American chestnut, there has been
considerable interest and investment in restoring the species with a blight resistant hybrid
(Smith 2000), likely available in the near future (The American Chestnut Foundation

2013). As arestoration species, recent research suggests that the species has the potential
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to fulfill much of its historical role as a foundation species (Gauthier et al. 2013, Jacobs et
al. 2013). As climate has changed and will likely continue to change since American
chestnut dominated the canopy of Eastern forests (Andresen et al. 2012), assessing
landscape and site conditions for habitat suitability will be vital for reintroduction
success. In the northern Great Lake region, disease resistance chestnut seedlings have

successfully established within experimental plots (Jacobs and Severeid 2004).

Species and Functional Diversity:
Species diversity is recognized as having a strong tie to potential ecosystem

services (Tilman et al. 2006, Duveneck et al. accepted). As an alternative to species
diversity, functional diversity (FD) based on functional traits has proven to be a useful
measure of diversity. Rather than individual species, FD is based on the range of
ecological functions provided by a community (Cornelissen et al. 2003, Laliberté and
Legendre 2010). There is strong evidence that FD is a driver to ecosystem resilience
(Folke et al. 2004b) and ecosystem services (Diaz et al. 2007, Mokany et al. 2008).
Rather than counting species or groups of species, FD is based on user defined a priori
traits (Villéger et al. 2008, Laliberté and Legendre 2010). For example, two separate
species with identical user defined traits would contribute the same FD as one species.
By definition, individual species are different from one another. Therefore, it is
important to consider traits that effect potential ecosystem functions of interest (e.g.,
nutrient cycling, carbon storage, carbon sequestration, and wildlife habitat) (Cornelissen
et al. 2003).

My objectives were to assess the efficacy of CSP to increase aboveground

biomass (AGB), aboveground annual net primary productivity (ANPP), and species and
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functional diversity of northern Great Lake forests. Specifically, | addressed the
following questions: 1) As an alternative to business as usual (BAU) management, how
might CSP under climate change effect AGB and ANPP? 2) Assuming future
availability of disease resistant American chestnut, how might American chestnut and
other oaks and hickories respond in northern Great Lake landscapes? 3) As a surrogate
for future ecosystem services, how might CSP affect functional and species diversity

under climate change?
METHODS:

Study Area:
| selected two landscapes in the northern Great Lake region within the boreal-

temperate transition zone (i.e. northeastern Minnesota and northern lower Michigan)
(Figure 4.1). | choose this region as the climate (IPCC 2007) and forests (Fisichelli et al.
2013, Duveneck et al. accepted) are expected to change substantially. By the end of the
21% century, temperatures in the region are expected to increase by 3-11°C (Kling et al.
2003). In addition, these landscapes are naturally bounded by fragmentation, large
bodies of water, and boreal-swamp forests (to the north of northeastern Minnesota)
creating island-like conditions. For these reasons, | expect new species moving into these
landscapes to be limited. | leveraged previous work in the region to parameterize natural
disturbance regimes, initial species composition conditions, and BAU silviculture

prescriptions (Duveneck et al. accepted).
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Simulation Model and Experimental Design:
My experimental design included both BAU and CSP management. For each

management scenario | assessed three climate scenarios: 1) current climate, 2) low
emissions, and 3) high emissions future. For all simulations I used a 150-year time
horizon starting at year 2000 and two-hectare cell resolution. In order to make my results
more comparable to prior research in the region, | used consistent methodology whenever
possible between this study and prior research (Duveneck et al. accepted, Duveneck et al.
in review).

I modeled forest change using the LANDIS-I1 v6.0 forest landscape model at
five-year time steps (Scheller et al. 2007a). LANDIS-II is a spatially explicit landscape
change model. Driven by ecological processes, LANDIS-II can be run at multiple
temporal and spatial scales, and has been widely used (Gustafson et al. 2010, Ravenscroft
et al. 2010, Thompson et al. 2011). Processes included within the LANDIS-I1 modeling
framework include tree species establishment, growth, mortality, and seed dispersal; fire;
wind; and timber harvesting. These processes interact spatially and functionally across
interconnected cells within climate and soil regions on a landscape.

| used the PnET-II for LANDIS-II tool (PnET) (Xu et al. 2009) to calculate
species-specific parameters (i.e. Maximum Aboveground Net Primary Productivity per
year (ANPP.x), and Probability of Establishment (Pes;)). These parameters are a
function of climate (temperature, precipitation, and photosynthetic active radiation
(PAR)) along with Soil Water Holding Capacity (SWHC), and species-specific
physiological parameters (e.g., foliar nitrogen content, and maximum foliar mass area). |

employed the PnET-II tool for each unique climate-soil region (Duveneck et al.
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accepted).

LANDIS-I1 is built around a core modeling structure that incorporates processes
such as seed dispersal. The core interacts with user-chosen extensions of varying
complexity. | used the LANDIS-II Biomass Succession extension (v3.1), which regulates
the succession mechanisms of growth, reproductive maturity, and age-related mortality
for species-cohorts (Scheller and Mladenoff 2004). The PnET output parameters
ANPP .« and Peg; are utilized directly by the Biomass Succession extension. ANPP yax
regulates the maximum growth possible of above ground biomass for a species-cohort
(Scheller and Mladenoff 2004). Pes: determines the probability of a new cohort
establishing given a local seed source and adequate light (Xu et al. 2009).

| directly simulated harvesting, fire, and wind disturbances. | used the Biomass
Harvest extension (v2.1) to simulate harvest and planting prescriptions (Gustafson et al.
2000, Syphard et al. 2011). | applied specific prescriptions to unique management areas,
described previously (Duveneck et al. accepted). These management areas are based on
ownership groups (i.e. state, county, United States Forest Service, private industrial,
private non-industrial, and forest reserve areas). | delineated harvest stands within each
management area to represent the range and variability of current stands within specific
forest types. For each 5-year time step, multiple unique prescriptions were implemented.
First, the biomass harvest extension selects stands for treatment based on a user defined
stand ranking. Next, biomass is harvested from cells within stands based on prescription
specific criteria. Specific rotation periods, within each management area define the
proportion of the management area to be treated at each time step. (Gustafson et al.
2000). I simulated natural fire and wind disturbance utilizing the Base Fire (v3.0) (He
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and Mladenoff 1999), and Base Wind (v2.0) (Scheller and Mladenoff 2004) extensions.
To quantify spatially-explicit species Aboveground Biomass (AGB) (g m™) I used the
Biomass Output extension (v2.0). | utilized previously developed initial communities,
fire and wind regimes, BAU timber harvest regimes, delineated ecoregions, and PnET-1I

parameters (Duveneck et al. accepted).

Climate Data:
| simulated current climate by randomly assigning observed monthly PRISM

climate data (from 1969 to 1999) to future simulation years (Daly and Gibson 2002). |
simulated a low emission climate future with the IPCC B1 emission scenario (IPCC
2007)and the Parallel Climate Model (PCM) Global Circulation Model (GCM)
(Washington et al. 2000) . | simulated a high emission climate future with the IPCC
ALFI emission scenario (IPCC 2007) and the Geophysical Fluid Dynamics Laboratory
(GFDL) GCM (Delworth et al. 2006). Climate projections from the PCM GCM are
considered less sensitive to emissions than the GFDL GCM. | bracketed a large range of
plausible futures by coupling the emission scenarios to the GCM’s. In addition, these
GCM emission scenario combinations are being used in other research in the region
providing model projection consistency (Handler et al. in press-a, Handler et al. in press-
b).

For each unique climate region (Duveneck et al. accepted), | accessed downscaled

monthly climate data through the USGS data portal http://cida.usgs.gov/climate/gdp/

(Stoner et al. 2012). The IPCC projections include climate data to year 2100 (IPCC
2007). In order to simulate forest change to year 2150, | interpolated the final 50 years of

climate data (maximum and minimum temperature, precipitation, and PAR) based on the
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variability within the original 100 years of data. For, temperature projections, |
incorporated a regression component based on the increasing trend in the initial 100 years

of climate projections using the Amelia library in R (R Development Core Team 2011).

Climate Suitable Planting:
With the exception of American chestnut, | selected species with current ranges

directly south or rare within the study landscapes (Burns and Honkala 1990). In
northeastern Minnesota, | simulated planting American chestnut, bitternut hickory, black
oak, and northern pin oak (Quercus ellipsoidalis). In northern lower Michigan, |
simulated planting American chestnut, bitternut hickory, shagbark hickory (Carya ovata),
and scarlet oak (Quercus coccinea).

The CSP prescriptions were implemented within existing harvesting regimes and
management areas (Duveneck et al. accepted). CSP prescriptions were only simulated in
actively managed forests, excluding reserve areas such as the Boundary Waters Canoe
Area Wilderness in Minnesota. Specifically, | simulated CSP following patchcutting
harvest prescriptions in northern hardwood stands. Compared to BAU management, |
simulated a fourfold frequency increase in implementing the northern hardwoods patch
cutting prescription. The planting intensity resulted in a target planting of 5.28 and 4.97
percent of forested cells per five year time step in the Minnesota and Michigan
landscapes, respectively. This equates to planting approximately 17,111 and 22,180

hectares per year in the Minnesota and Michigan landscapes, respectively.

Species and Functional Diversity:
As a measure of species diversity, | calculated the Shannon Index of diversity

(H”) (Gotelli and Ellison 2004). 1 calculated H* within each landscape, utilizing species
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abundance (i.e. simulated AGB of individual tree species). | transformed H’ to the
effective number of species (e™) as the number of species present if all species were
equal in abundance. This transformation reduces inaccuracies when comparing diversity
between scenarios (Jost 2006).

| calculated functional diversity within each landscape with the functional
dispersion (FDis) index (Laliberté and Legendre 2010). FDis is the spread of species in a
trait-dimensional space (Anderson et al. 2006). Specifically, FDis is the weighted (by
abundance) mean distance of species traits in multidimensional space to the centroid of
all species. FDis is a flexible FD framework allowing both quantitative and qualitative
traits, more traits than species, and the ability to weight individual traits. FDis is not
strongly influenced by outliers as it takes into account relative abundance (Laliberté and
Legendre 2010). To calculate FDis in my landscapes, | represented abundance as
simulated tree species AGB. 1 utilized a species trait matrix used in previous research
(Paquette and Messier 2011). | added species to the trait matrix that were unique to my
study however; | did not adjust traits obtained from Paquette and Messier (2011).
Specific species traits included: maximum height, growth rate, leaf size, longevity, foliar
mass per area, foliar nitrogen content, wood density, decay resistance, vegetative
reproduction, seed mass, pollination vector, mycorrhizal infection type, shade tolerance,
drought tolerance, and water-logging tolerance (See Appendix: Table A8).
Analysis:

| compared aboveground ANPP and diversity of BAU management to CSP
management under each climate scenario. | calculated diversity for every cell in a

simulation and created raster files for each diversity index and scenario. | used these
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raster files and LANDIS-11 ANPP output raster maps for further spatial analysis. Under
the CSP management scenario, | selected cells within actively managed forests. Of the
actively managed cells, | separated sites where CSP species were present vs. absent to
compare ANPP. 1 used the vegan-community ecology, FD functional diversity, and
raster libraries in R (R Development Core Team 2011) for all calculations and analysis.

| replicated each simulation five times in order to examine the stochastic variation
within scenarios. The model stochastic behavior was largely driven by natural
disturbances of fire and wind. The low stochastic variation of natural disturbance events
relative to the size of the landscapes resulted in a maximum variance in mean replicate
AGB at year 2150 compared to replicate AGB of < 2% for each scenario. Therefore, I
randomly selected one replicate from each simulation for additional analysis. While
strict validation of future simulation results is not possible, species-specific parameters
used in PnET-II and the Biomass Succession extension to LANDIS-11 have been
evaluated in other northern Great Lakes landscapes (Scheller and Mladenoff 2004, Xu et
al. 2007, Ravenscroft et al. 2010). Furthermore, | evaluated LANDIS-II simulated AGB
to USFS Forest Inventory & Analysis field plot estimates of AGB in northern lower
Michigan (Pearson’s correlation of 0.64, and RMSE of 44.3 Mg ha). Details of my

biomass evaluation are described in Duveneck et al. (accepted).
RESULTS:

Aboveground Biomass and Annual Net Primary Productivity
The high emissions climate scenario resulted in substantially less simulated total

AGB compared to current and low emissions climate scenarios by year 2150. CSP

management resulted in a projected increase in total AGB compared to BAU
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management (Figure 4.2A). In the Minnesota landscape, AGB at year 2150 increased
under the CSP scenario by 12%, 13% and 38% in the current, low emissions, and high
emissions climate scenario, respectively. In the Michigan landscape, where less total
AGB was simulated in general, AGB at year 2150 increased less under the CSP scenario
(3%, 4% and 12% in the current, low emissions, and high emissions climate scenario,
respectively). In the Minnesota landscape, each climate scenario resulted in a similar
increase in total AGB due to CSP. In the Michigan landscape, the increase in AGB due
to CSP was most pronounced in under the high emissions climate scenario. Harvested
AGB followed a similar pattern to total AGB. As simulated planted species matured to a
merchantable age, more simulated biomass was harvested compared to BAU
management (Figure 4.2B). The initial increase in harvested biomass in the Michigan
landscape due to CSP is due to an increase in implementation frequency of the northern
hardwoods patch cutting prescription necessary to implement the CSP treatment.

In each simulated landscape, CSP species established and increased in AGB
through time (Figure 4.3). The current and low emission climate scenario generally
resulted in larger increases in CSP species AGB compared to the high emissions climate
scenario. The Michigan landscape resulted in larger climate scenario effects and larger
increases in CSP species AGB compared to the Minnesota landscape. Of the planted
species, American chestnut and bitternut hickory resulted in the largest increases in
simulated AGB by year 2150.

Like AGB, aboveground ANPP declined more under the high emission scenario
compared to the current and low emission scenario (Figure 4.4). Although both
landscapes resulted in similar ANPP at year 2150, the Minnesota landscape started with
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higher ANPP, and resulted in larger declines. In both landscapes the effect of CSP
resulted in increases in simulated ANPP in both climate change scenarios after year 2100
compared to BAU management. The increases due to CSP under the high emissions
climate scenario however, did not equal simulated ANPP under current climate and BAU
management.

Although AGB of CSP species increased less in the high emission scenario, the
proportion of cells occupied by CSP species increased more in the high emission scenario
followed by the low emission and current climate (Figure 4.5A). Compared to actively
managed cells unoccupied by CSP species, actively managed cells occupied by CSP
species resulted in an increase in simulated aboveground ANPP under the high emissions
climate scenario after year 2100 (Figure 4.5B). The results of the current and low
emissions climate scenario were mixed. Simulations in the Minnesota landscape resulted
in generally reduced ANPP within CSP occupied sites compared to unoccupied CSP sites
within the current and low emissions climate scenario. After year 2100, the Michigan
landscape had an increase in simulated ANPP within CSP occupied sites compared to
unoccupied CSP sites within the current and low emissions climate scenario. The initial
lower simulated aboveground ANPP in CSP species cells is expected due to the delayed
growth in young cohorts. As the initial planted species mature, the effect of the growth

lag in young cohort cells is reduced.

Species and Functional Diversity:
The CSP scenario resulted in an increase in simulated species diversity (™). The

increase in species diversity due to CSP was found in both landscapes under all climate

scenarios and time steps (Figure 4.6). In the Minnesota landscape, the CSP scenario also
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resulted in an increase in FDis in all climate scenarios. The CSP scenario however,
reached an asymptote after 2050 while functional diversity under the BAU scenario
continued to increase. In the Michigan landscape, where initial functional and species
diversity was higher, CSP resulted in a decrease in functional diversity in all climate
scenarios.

In the Minnesota landscape, the high emissions climate scenario generally
resulted in the largest increase in both species and functional diversity. Nevertheless, the
increase in species diversity under the high emissions climate scenario diminished and
slightly decreased after year 2120. These results are in contrast to the current and low
emissions climate scenarios which resulted in a consistent, although slower increase in
species diversity through time. The Michigan landscape resulted in higher initial
diversity than Minnesota, however resulted in decreased species diversity over time. The
Michigan landscape resulted in relatively consistent FDis over time. The high and low
emissions climate scenario resulted in less species diversity than current climate. The
high emissions climate scenario however, resulted in the highest functional diversity in

the Michigan landscape.

DISCUSSION:

In some sites, CSP management may provide an opportunity to increase
ecosystem services such as AGB, ANPP, and diversity under climate change. CSP may
be most effective in sites or landscapes when otherwise large declines in productivity are
expected. With enough time (e.g., 1000 years), species may maintain equilibrium with
climate (Webb 1986). At shorter time scales (e.g., 100 years), however climate is

expected to change faster than species ability to maintain equilibrium (Diffenbaugh and
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Field 2013, Svenning and Sandel 2013). Forest management is often focused at rotation
period time scales (i.e. < 100 years). The ability to maintain forest ecosystem services at
those time scales is expected to be limited within traditional (Duveneck et al. accepted)

and even alternative management (without the use of CSP) (Duveneck et al. in review).

Aboveground Biomass and Annual Net Primary Productivity
As reported earlier (Duveneck et al. accepted), under high emissions climate and

BAU management, my scenarios suggest a large decline in simulated total and harvested
AGB (Figure 4.2) as well as ANPP (Figure 4.4 and 4.5B). The increase in ABG and
ANPP due to CSP suggests that planting climate suitable species may increase the
persistence of forests to the effects of climate change. The increases in AGB and ANPP
are small in relation to the treatment intensity. Planting intensity was 5.28 and 4.97
percent of each landscape at each five year time step in the Minnesota and Michigan
landscapes, respectively. This suggests that the CSP scenario did not grossly expand the
current niche space used by extant tree species. Although the species selected for
planting are native to regions south of the landscape, the high emissions climate scenario
did not result in the most optimized climate selection for those species (Figure 4.3). Had
| simulated planting species from even further south, | expect to have simulated more use
of niche space resulting in larger increases in AGB and ANPP under the high emissions
climate.

The CSP treatment was implemented following patch cutting harvests. The initial
decrease in ANPP within CSP cells is due to the expected lag in growth response of
young cohorts (Bowler et al. 2012). Compared to older stands, ANPP of recently

harvested sites would expect to lag behind for a few years before increasing. Although
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the non CSP occupied cells were also vulnerable to disturbance, the majority of non CSP
cells were mature stands. Nevertheless, average ANPP within CSP sites surpassed
unoccupied CSP sites after year 2050 despite continual harvesting and new planting
throughout the simulation.

The effect of CSP on ANPP was limited in the current and low emission
compared to the high emission climate scenario. Both the largest increase in proportion
of cells occupied by CSP species (Figure 4.5A) and the largest decline in AGB (Figure
4.2) and ANPP (Figure 4.4) under BAU management were found under the high
emissions climate scenario. Under the high emission climate scenario, CSP species
would have replaced species declining under climate change (e.g., balsam fir (Abies
balsamea) and black spruce (Picea mariana)) that would otherwise be abundant under
current climate (Duveneck et al. accepted). This supports the suggestion that CSP may
be most appropriate where large declines in productivity are expected (Lunt et al. 2013).
Although the CSP scenario increased AGB less under high emissions climate than current
and low emissions climate, CSP did increase total and harvested AGB under the high
emissions climate scenario where the largest declines were simulated (Figure 4.2). This

suggests a net benefit in some ecosystem services under the CSP scenario.

Species and Functional Diversity:
As expected, planting new species increased species diversity (Figure 4.6). In

addition to inherent benefits of maintaining biodiversity (e.g., more species are less
vulnerable to single host pathogens) (Wilson 2010), increasing diversity has potential to
enhance the range of environmental tolerances of the ecosystems providing ecosystem

services (Walker 1992, Naeem and Li 1997). Within lower productivity sites, the
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relationship between diversity and productivity may become more important (Loreau et
al. 2001, Paquette and Messier 2011, Duveneck et al. accepted). Furthermore, under a
high emissions scenario, my results suggest productivity and AGB declines are expected.

CSP was more effective at increasing functional diversity in Minnesota than
Michigan. Where initial species diversity was lower and decline in productivity was
higher (Minnesota), CSP increased functional diversity compared to BAU management.
Over 150 simulation years of high emissions however, FDis under the BAU scenario
surpassed FDis under the CSP scenario. This may be due to a simulated decrease in
initially dominant species under BAU (e.g., balsam fir and quaking aspen) (Duveneck et
al. accepted). As these species declined, the simulated response of less dominant species
became more equal increasing FDis but decreased AGB and ANPP.

Where initial species diversity was higher and decline in productivity was less
(Michigan), FD under CSP management declined compared to BAU management (Figure
4.6). In the Michigan landscape, the CSP scenario may have replaced functionally
dissimilar species while increasing functionally similar species. Therefore, landscapes
expected to decline in productivity and diversity may have more opportunity for effective
climate management such as climate suitable planting. Landscapes with less productivity
and diversity declines expected may be better poised to naturally adapt to climate change
without active management. These results may help managers prioritize allocation of
scarce resources to areas more critically vulnerable than others.

Given the controversy regarding assisted migration (Lawler and Olden 2011) and
the social limits to change (Adger et al. 2009), | choose CSP species based on close
proximity to my landscapes. This resulted in species that were functionally similar (i.e.
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functionally redundant (Walker 1992)) to the species expected to persist under climate
change (i.e. northern hardwoods and oaks). As such, CSP under the high emissions
climate did not maintain an increase in functional diversity. Under BAU management
and high emission climate, | expect a decline in spruce-fir species in these landscapes
(Fisichelli et al. 2013, Duveneck et al. accepted). Had | simulated planting central
Appalachian conifers such as shortleaf pine (Pinus echinata), | would have likely seen a
larger and sustained increase in functional diversity under climate change. Future work
should consider exploring CSP treatments based on function replacement. Nevertheless,
functional diversity generally increased through time and was highest under the high

emission climate scenario in both landscapes (Figure 4.6).

Management Challenges to Climate Suitable Planting:
Much discussion in the literature has centered on the debate for or against assisted

migration (McLachlan et al. 2007, Hoegh-Guldberg et al. 2008, Ricciardi and Simberloff
2009, Lawler and Olden 2011). Most of this discussion has centered around movement
for rare or endangered species protection (e.g., (Barlow and Martin 2004). Less
discussion has explored movement of species in order to maintain or increase ecosystem
function of a site or region (Lunt et al. 2013). 1 recognize the risks of introduced species
becoming invasive (Hoegh-Guldberg et al. 2008, Ricciardi and Simberloff 2009);
however the potential for novel ecosystems under climate change is unavoidable
(Williams et al. 2007, Hobbs et al. 2009). In addition, benefits from ecosystem services
from managed non-native species are plausible (Lugo 2004, Schlaepfer et al. 2011).
Restoring a specific species or forest type may not be obtainable, however maintaining a

more general ecosystem service (e.g., AGB) may be (Buma and Wessman 2013).
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Regardless of management limitations surrounding CSP, my results provide a modeling
component of outcomes which is recognized as an important piece to decision support for
CSP (Gray et al. 2010, Lawler and Olden 2011, Pérez et al. 2012).

Existing guidelines for genetic forest management minimize the movement of
genetic material to avoid contamination of populations with poorly adapted genotypes
(Millar et al. 2007, Breed et al. 2013). These guidelines were developed under the
assumption that climate and the environment was stationary. Resampling common-
garden experiments have demonstrated that native seed stock can be poorly adapted to
changing climate (Millar and Brubaker 2006). Expanding guidelines for seed zone sizes

based on the non-static and uncertain future should be considered (Breed et al. 2013).

Uncertainty and Model Limitations:
CSP represents a more radical climate change management strategy than previous

work described (i.e. (Ravenscroft et al. 2010, Duveneck et al. in review)). My CSP
scenarios were not intended to be a “recipe-book” for CSP, rather an introduction to
understanding a management alternative. My results should not be interpreted as
predictions but plausible futures with large uncertainty. There exists a large amount of
variation across GCM and emission projections (IPCC 2007). Beyond year 2100, my
climate scenarios include interpolation of climate which encompass additional
uncertainty (Duveneck et al. accepted). My low and high emission scenarios were
designed to bracket GCM and emission uncertainty, however, carbon emissions have
been observed at or above the high emission scenario | used (Jennings 2012, Peters et al.
2012), suggesting that my low emissions climate scenario is grossly under estimating the

climate change trajectory.

120



In addition to climate uncertainty, there exist ecological processes that | did not
include in my modeling framework. In addition, model parameters were based on the
best available input data. Future empirical research will reduce parameter uncertainty. |
did not include the fertilization effect of rising CO, concentration. While | recognize that
increasing CO, will positively affect photosynthesis (Norby et al. 2005), limits to growth
such as nitrogen (Luo et al. 2004) or ozone (Ainsworth et al. 2012) may diminish the
positive effects. | did not consider browse damage by white-tailed deer (Odocoileus
virginianus) which can severely limit regeneration and growth of seedlings (Fisichelli et
al. 2012, Nuttle et al. 2013). | also did not directly model effects of insects such as
spruce budworm (Choristoneura fumiferana) (MacLean and Ostaff 1989). As many
forest damaging insects are single host specific, the interaction of management on
diversity combined with insect damage represent important opportunities for future
research. Finally, BAU forest management represents my best guess at current
silviculture practices (Duveneck et al. accepted). Future management will depend on
difficult to predict landowner objectives, market fluctuations, and changing ecosystem

service priorities.

CONCLUSIONS:

For forests and other landscapes that are substantially degraded or disturbed,
restoration treatments are often implemented with an objective to restore conditions to
pre-disturbance conditions within a historical range of variability (HRV) (Landres et al.
1999). Hobbs et al. (2011) suggest “intervention” ecology as a more direct and
meaningful strategy than restoration. Rather than considering restoration to a historical

range of variability, intervention ecology can consider expected future ranges of
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variability (Harris et al. 2006). Tradeoffs exist however, between preserving (to what
once was) and adapting (to what is possible) (Marris 2009, Buma and Wessman 2013).
HRV continues to contain important information as many organisms still depend on
habitats represented by the HRV. For example, CSP may increase the adaptive capacity
of a forest’s ANPP, however outcompete or reduce habitat for a vulnerable native species
(Ackerly 2003). Ideally, tradeoffs can be managed through CSP treatment intensity,
allowing some areas reserved for historic processes and species (e.g., Duveneck et al. in
review).

As pressures for increased agriculture develop (Wheeler and von Braun 2013),
further fragmentation of forest land (due to agriculture) may further limit seed dispersal
(Scheller and Mladenoff 2005, Iverson et al. 2008). In more fragmented landscapes,
interest in CSP may increase. Finally, a future increase in the value of carbon
sequestration to mitigate climate change may provide more impetus to manage forests to

maximize ANPP.
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Figure 4.1: Management areas (i.e. ownership groups) within landscape study areas in

northeastern Minnesota and northern lower Michigan.
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Figure 4.2: Simulated (A) AGBot and (B) harvested AGB over time for each landscape,
climate, and management scenario.
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Figure 4.3: AGB of CSP species simulated in each landscape and climate scenario.

American chestnut and bitternut hickory were simulated in both landscapes.
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Figure 4.4: Simulated aboveground ANPP measured over time of each landscape,
climate and management scenario.
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Figure 4.5: Within the CSP scenario, (A) Proportion of landscapes occupied by at least
one CSP species; (B) average aboveground ANPP (g m™ ") across actively managed

sites where at least one CSP species was present co
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Figure 4.6: Species diversity (e™) and functional diversity (FDis) for each landscape,
climate, and management scenario over time. Light dotted lines represent (+ -) standard

error
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Chapter 5: Alternative Management for Resistance and Resilience of Northern
Great Lake forests (USA) to the Effects of Climate Change

ABSTRACT:

The most dramatic climate change effects to forests may be a decline in both
resistance to chronic change and in resilience to acute disturbances such as fire. |
assessed the interactions of climate change, resistance, resilience, diversity, and
alternative management of northern Great Lake forests using a simulation modeling
approach. | simulated two landscapes (northern Minnesota and northern lower
Michigan), three climate scenarios (current climate, low emissions, and high emissions),
and four management scenarios (business as usual (BAU), expanded forest reserves,
modified silviculture, and climate suitable planting (CSP)). | simulated each scenario
with a landscape forest simulation model (LANDIS-I11) for 150 future years. | assessed
resistance as the change in species composition over time at three different spatial scales.
Within simulated fire sites, | assessed resilience as the recovery of aboveground biomass
(AGB) and species composition. Results indicate a positive relationship between
diversity and resistance to change within sites of low diversity. Simulations of the high
emission climate scenario resulted in a decline in both resistance and resilience. The
alternative management scenarios generally resulted in more resilience of AGB to fires
compared to BAU management but little variation in resilience of initial species
composition. Nevertheless, my results suggest that differences in management are
largely outweighed by effects of climate. Particularly innovative strategies such as

planting species from further south will be required of management to maintain forest
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ecosystem function in the face of climate change.

KEYWORDS: Alternative forest management; climate change; LANDIS-I1; Michigan

(USA); Minnesota (USA); resistance; resilience.

INTRODUCTION:

Climate change is expected to dramatically change species composition across
landscapes (Svenning and Sandel 2013). With species composition changes, | expect loss
in annual net primary productivity, biomass, and other ecosystem functions under a high
emissions climate scenario (e.g., (Duveneck et al. accepted)). There is however, large
variation in ecosystem functioning across landscapes and this variation may be magnified
by climate change (Scheller et al. 2012). Some regions may continue to persist providing
similar function while others may change dramatically. Understanding the mechanisms
of stability will help managers plan future actions and priorities. Some sites or regions
may naturally adapt to change while continuing to provide ecosystem function. Other
sites or regions may be well suited for alternative management to maintain or enhance
ecosystem function (Duveneck et al. accepted, Duveneck et al. in review).

Forests are affected by both acute and chronic disturbances. Glasby and
Underwood (1996) describe the difference between ongoing “press” (or ‘chronic’)
disturbances and short term “pulse” disturbances. | consider climate change a press
disturbance that may, for example, directly affect species growth and regeneration
potential through long term changes in environmental conditions (Fisichelli et al. 2012,

Fisichelli et al. 2013). Climate change can also indirectly result in changes in pulse
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disturbance regimes (Dale et al. 2001), for example insect outbreaks (Bentz et al. 2010).

The resistance of a system is the ability to persist through disturbance with little
change (Landres et al. 1999, Minckley et al. 2012). To assess the vulnerability of a
system, resistance is an informative measure of direct climate change effects (press
disturbances). Resilience can be defined in multiple ways. The resilience of a system
can be defined as the ability to recover from a disturbance back to a similar initial state
(Gunderson 2000), however any discussion of resilience must include a description of:
“what system” and to: “what disturbance” (Carpenter et al. 2001). Resilience, as related
to recovery is an informative measure of indirect climate change effects (pulse
disturbances).

Compared to low diversity forests, larger species assemblages may be less
vulnerable to climate change induced ecosystem service decline such as aboveground
biomass (AGB) (Duveneck et al. accepted). As environmental conditions change under
climate change (IPCC 2007), less abundant species with different environmental
thresholds can theoretically provide response potential to make up for loss of more
abundant species (Walker 1992). The relationship between diversity and productivity
may follow a bell-shaped curve with positive relationships expected under low
productivity and negative relationships expected under high productivity (Paquette and
Messier 2011). The relationship between diversity and stability may follow similar
patterns with low diversity sites having a stronger relationship than higher diversity sites
(Peterson et al. 1998).

Resistance of plant communities will be affected by climate change (Buma and
Wessman 2013, Moritz and Agudo 2013). Nevertheless, the relationship between
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diversity and resistance, however, has been largely unexplored. A single extirpated
foundational species, a species with a strong role in structuring a community, in a low
diversity community would result in a large decline in resistance of that community. The
extirpation of a single species from a more diverse community may not affect the
resistance of that community (Folke et al. 2004a). Ecologists have long theorized (Elton
1958), tested (Tilman and Downing 1994, Tilman et al. 2006, Moore et al. 2011), and
debated (McCann 2000) the diversity-stability hypothesis. Most would agree that a
higher diversity of plant communities will increase the stability of those communities to
external perturbations. As a stabilizing mechanism, diversity can be due to both
complementarity and identity effects (Eisenhauer et al. 2013). In addition to species
diversity, functional diversity based on species traits rather than species themselves
(Laliberté and Legendre 2010, Duveneck and Scheller in prep) may provide an
informative relationship to the persistence of future ecosystem functioning.

In the Great Lake region, previous studies have simulated AGB and ANPP
response of northern Great Lake forests to climate change under business as usual
(BAU). These studies show a decline in simulated AGB and ANPP of tree species under
a high emissions climate scenario (Duveneck et al. accepted). Alternative management
scenarios including expanded reserves, modified silviculture, and climate suitable
planting indicate a limited ability to maintain ecosystem services (Ravenscroft et al.
2010, Duveneck and Scheller in prep, Duveneck et al. in review). Although these studies
describe landscape and ecoregion scale dynamics under climate change they did not
explore resistance or resilience at the site or aggregated site scales.

In order to assess the on-going effects of climate change, species compositional
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dissimilarity between time periods of a site can represent resistance as the change from
initial to future conditions (Bradt et al. 1999, Rydgren et al. 2004, Thrush et al. 2008).
Ecological resilience refers to the recovery of a system’s identity. Identity refers to how
a system is explicitly defined as related to recovery (Carpenter et al. 2001). Engineered
resilience refers to the time required for recovery (Holling 1996). Dissimilarity can be
used in a definition of both ecological and engineered resilience as the recovery of a
system’s identity compared to initial conditions and the time required to return to initial
conditions. The Bray-Curtis index of dissimilarity is one measure of the degree of
difference between two objects. The index divides the amount of shared abundance in
each attribute (e.g., species) by the total abundance from each site (Quinn and Keough
2002). Using dissimilarity assumes that resistance and resilience of a system is defined
by the initial species composition and abundance. A different measure of resistance and
resilience could be defined simply by the persistence or recovery of AGB irrespective of
species composition. Furthermore, resistance and resilience could be defined, for
example not by the presence of initial species composition, but by a species composition
that is suited for a future climate.

To date few studies (e.g., Buma and Wessman 2013) have measured resistance
and resilience in the context of managing forests for climate change. Spatially explicit
models that incorporate dispersal, disturbance, and intrinsic limits have been identified as
being important research priorities for understanding species response to climate change
(Moritz and Agudo 2013). These models are useful to evaluate multiple interacting
spatial processes on landscapes. | explored the effect of climate change, scale, and
management on resistance and resilience of forests in the Great Lakes region via
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simulation modeling. To assess resistance, | measured dissimilarity of initial species
composition and abundance to the effects of climate change interacting with harvesting,
fire, and wind. To measure resilience, | assessed the recovery of both AGB and initial
species composition to the effect of simulated fires. Specifically, | addressed the
following hypotheses (represented by conceptual diagram (Figure 5.1)): 1) Initial
diversity will increase resistance to change as measured by dissimilarity. 2) Climate
change will decrease resistance of initial tree species composition and abundance over
time. 3) Management for climate change (i.e., expanded reserves, modified silviculture,
and climate suitable planting) will increase resistance to change. 4) Following acute
disturbance, climate change will decrease and management alternatives will increase

resilience of forests under climate change.

METHODS:

My results include landscapes in Northeastern Minnesota and northern lower
Michigan that represent a gradient of conditions in Great Lake Forests (Figure 5.2). In
each landscape, | delineated unique climate regions that represent relatively homogenous
climate (White and Host 2000, Duveneck et al. accepted). Within these climate regions, |
assessed the resistance of initial species composition to the effects of climate change.

The Minnesota landscape has more contiguous forest than the Michigan landscape
which includes large forest reserves not present in northern lower Michigan. The
Michigan landscape is further south with higher projected temperatures than Minnesota
(Andresen et al. 2012, Duveneck et al. accepted). The Minnesota landscape is managed

intensively, dominated by a matrix of aspen forests (D' Amato et al. 2009), and closer to
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the boreal forest ecotone (Curtis 1959). The Michigan landscape is more diverse with

less aspen and further from the boreal forest ecotone (Duveneck et al. in review).

Experimental Design:
My experimental design encompassed two landscapes (northeastern Minnesota

and northern lower Michigan), four management scenarios (BAU, expanded reserves,
alternative silviculture, and climate suitable planting), multiple climate regions (Figure
5.2), and three climate scenarios (current climate, low emission future, and high
emissions future). | used a two-hectare resolution and a 150 year simulation horizon for
all simulations replicated five times starting at year 2000. Within each scenario, |

examined the effect of simulated fires at 2050 and 2100.

Simulation Model:
| used the LANDIS-I1 (v6.0) forest landscape model to simulate forest change

(Scheller et al. 2007b). LANDIS-I1 is a successional process model that emphasizes
disturbance interactions on a landscape of interconnected grid cells. Within cells,
species-age cohort combinations are tracked. Tree species-specific processes include
seed dispersal, regeneration, growth, and mortality. Species cohorts can act as seed
source when they have grown to reproductive maturity. From a source cell, seed
dispersal is assigned to probabilities of long (5%) and short (95%) species dependent
distances (Burns and Honkala 1990, Scheller et al. 2007b). User selected extensions to
the LANDIS-I1 core framework allow additional processes be incorporated. At every 5-
year time step, | utilized the following extensions: Biomass Succession (v3.1) (Scheller
and Mladenoff 2004), Biomass Harvest (v2.1) (Gustafson et al. 2000), Base Fire (v3.0)

(He and Mladenoff 1999), and Base Wind (v2.0) (Scheller and Mladenoff 2004).
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Climate change was incorporated into Biomass Succession through variation in
annual estimates of maximum aboveground annual net primary productivity (ANPP ),
and probability of establishment (P.s) for each species. To calculate ANPPmax and Peg, |
used the PnET-11 for LANDIS-I1I tool which incorporates monthly climate data
(maximum and minimum temperature, precipitation, and photosynthetic active radiation
(PAR) (Xu et al. 2009). To incorporate variation in growth and establishment, | ran
PnET for unique tree species within unique soil and climate regions in each landscape.
Percent foliar nitrogen content, maximum foliar mass area, and soil water holding
capacity are required PnET parameters. In addition, I calculated AGBmax for each
species, climate and soil region based on the species specific relationships between
AGBpmax and ANPPnax (Thompson et al. 2011).

Driven by AGBmax, ANPPmay, and Pest, Biomass Succession establishes, grows,
matures, and causes age-related mortality of species cohorts. The establishment of a new
cohort is determined by Pes provided a seed or seedling source and available light based
on a climate envelope model (Xu et al. 2009). ANPP.x determines the growth potential
of a species given no competition. ANPP is limited by a species specific growth curve
parameter that regulates how fast ANPP reaches ANPP.x. Competition further reduces
growth through utilization of finite growing space (Scheller and Mladenoff 2004). Input
parameters and soil and climate region delineations for each landscape are provided in
Duveneck et al. (accepted).

| initialized each simulation with an initial community map with species-age

cohorts in every forested cell. The initial community maps were based on spatial
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imputations of plot inventory data. | utilized previously developed initial community data

for Minnesota (Ravenscroft et al. 2010) and Michigan (Duveneck et al. accepted).

Climate Scenarios:
My objectives were not to create the most accurate and precise projections of

future climate. Rather, my objectives were to broadly bound potential climate futures
based on potential emission futures. In doing so, | hoped to learn about the interactions
of potential climate. | simulated a current climate scenario by populating future climate
years through randomly selecting historic years from a pool of possible historic years
(1969-1999). For each randomly selected historic year, | used monthly PRISM climate
data to represent current climate (Daly and Gibson 2002). | simulated a low emissions
climate future based on the Parallel Climate Model (PCM) Global Climate Model (GCM)
(Washington et al. 2000) and the B1 emission scenario (IPCC 2007). | simulated a high
emission climate future based on the Geophysical Fluid Dynamics Laboratory (GFDL)
GCM (Delworth et al. 2006) and the A1FI emission scenario (IPCC 2007). The B1 and
ALFI emission scenario represent the least and most fossil fuel intensive future described
by IPCC, respectively and are comparable to the new IPCC scenarios of carbon dioxide
concentration projections (IPCC 2013). | accessed monthly downscaled temperature and

precipitation projections through the USGS data portal http://cida.usgs.gov/climate/gdp/

(Stoner et al. 2012) averaged within each climate region (Duveneck et al. accepted). The
IPCC climate projections provide climate data to year 2100 (IPCC 2007). In order to
simulate forest change to year 2150, | interpolated climate data (temperature and
precipitation) from 2100 to 2150 based on the variability within the initial 100 years of

IPCC projections. For temperature interpolations, | included a linear regression
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component based on the increasing trend in temperature from 2000 to 2100 using the

Amelia library in R (R Development Core Team 2011).

Management Scenarios:
| used the Biomass Harvest extension to simulate forest management scenarios

(Gustafson et al. 2000). Stands are selected for harvest based on user defined criteria
(e.g., when cohorts reach merchantable age). At each time-step, biomass is removed
within stands based on user defined prescriptions regulating patch size, percent biomass
by species removed, and planting. Rotation periods are incorporated by defining the
proportion of each prescription implemented within each management area (ownership
group) and time-step (Gustafson et al. 2000).

| developed four separate management scenarios in each landscape. 1) |
implemented a BAU scenario based current management regimes in Minnesota and
Michigan (Potter-Witter 2005, D' Amato et al. 2009, Ravenscroft et al. 2010). This
scenario represents intensive even-aged management. Details of this scenario are
provided in Duveneck et al. (accepted). 2) I implemented an expanded reserve scenario
where forest reserve areas were expanded along river corridors. Although individual
harvest prescriptions did not change compared to BAU, this scenario represents a decline
in harvested biomass as more of each landscape become off limits to harvesting. 3) I
implemented a modified silviculture scenario where individual prescriptions were
adjusted to include smaller patches and longer rotation periods. In addition, I simulated
planting species from within the landscape expected to respond well to climate change
rather than plant species expected to decline. Details of the expanded reserve and

modified silviculture scenario are available in Duveneck et al. (in review). 4) |
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implemented a climate suitable planting (CSP) scenario where species from outside the
landscapes were planted within existing northern hardwood patch cutting prescriptions.
With the exception of American chestnut (Castanea dentata), | choose species present
directly south of each landscape. This scenario was meant to increase the suite of species
that may not be able to naturally migrate under climate change. Details of the CSP
scenario are available in (Duveneck and Scheller in prep).
Spatial Analysis:

| replicated each scenario five times to assess the stochastic variation in AGB
within scenarios. Response of individual disturbances varies spatially due to variation in
soils, climate, and tree species. Due to the low stochastic variation in natural
disturbances in relation to the size of my landscapes, maximum variance of total AGB of
each replicate at the end of the simulation was <2% of the mean of replicates. Therefore,
| randomly selected one replicate for the remaining analysis. For each landscape cell, |
calculated initial species and functional diversity. | used the Shannon index (H’) as a
measure of species diversity (Gotelli and Ellison 2004). | exponentially transformed
Shannon index (e') to represent the equivalent number of species (Jost 2006). | used the
functional dispersion (FDis) measure of functional diversity. FDis is a measure of the
range of predefined functional traits that describe the functions of a community of species
(Laliberté and Legendre 2010). FDis uses relative abundance thus is not sensitive to
outliers. | selected functional traits used in previous work (Paquette and Messier 2011,
Duveneck and Scheller in prep). Specific species traits included: maximum height,
growth rate, leaf size, longevity, foliar mass per area, foliar nitrogen content, wood

density, decay resistance, vegetative reproduction, seed mass, pollination vector,
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mycorrhizal infection type, shade tolerance, drought tolerance, and water-logging
tolerance (See Appendix: Table A8).

The Bray-Curtis index has been used to measure dissimilarity between sites in
space (e.g., Scheller and Mladenoff 2002, Moore et al. 2011, Thompson et al. 2013) and
time (Rydgren et al. 2004, Thrush et al. 2008). 1 calculated the Bray-Curtis index of
dissimilarity (B) where, B is determined largely by species with high abundance. B
ignores joint absences and is not overly sensitive to outliers (Quinn and Keough 2002)
(Equation 1). Bray-Curtis values range between 0 and 1 with 1 being the most dissimilar.
| used simulated species AGB within cells as a measure of abundance between time
periods recognizing however, that some species will naturally have a higher AGB than

others.

B. = (Lﬂ)
Ik T, +T, Equation (1)

Where,

Bjk = Bray-Curtis’s Index of Dissimilarity between time () and time )
Wik = Sum of minimum simulated abundance from time ¢ and time
T; = Sum of total simulated abundance at time

Ty = Sum of total simulated abundance at time

| assessed multiple spatial scales and temporal durations. At simulation years

2050, 2100, and 2150, I assessed the relationship between climate, management, species
140



diversity, and dissimilarity within homogeneous climate regions (Duveneck et al.
accepted) (Figure 5.2). | explored the effect of spatial resolution under the high
emissions climate scenario and BAU management. | used raster layers of species
biomass for each landscape. | aggregated raster layers from 2 hectares to 50, 100, and
200 hectares, respectively. Within each aggregated cell, | calculated species and
functional alpha diversity. Finally, I plotted and assessed the fit of a model describing the
relationship between initial diversity and dissimilarity.

To measure resilience, | assessed the simulated response following fire
disturbances. | selected cells within simulated fires at years 2005, 2050, and 2100 from
each landscape, climate, and management scenario. | calculated both Bray-Curtis
dissimilarity and the change in total AGB within burned sites from the time-step prior to
the fire year to 50 successive simulation years. In a novel approach, | plotted both
change in total AGB and change in species composition as measured by dissimilarity for
all time-steps prior to and following simulated fires (Figure 5.3). This allows two
measures of resilience plotted together for each landscape, climate, and management
scenario. | assessed management scenario differences after 50 years for the high
emissions climate scenario with an ANOVA and Tukey-Kramer HSD test for unequal
samples (p < 0.05). | completed all calculations and analysis using the DTK, raster,
vegan-community ecology, and FD functional diversity libraries in R (R Development

Core Team 2011).
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RESULTS:
Effect of Diversity on Dissimilarity:

At the climate region scale, dissimilarity increased with time. In each scenario,
dissimilarity between simulation years 2000 and 2050 was less than between years 2000
and 2100, and 2000 and 2150 (Figures 5.4 and 5.5). The effect of management on
dissimilarity was minimal. In the Minnesota landscape, the CSP scenario at simulation
years 2100 and 2150 resulted in the largest dissimilarity compared to the BAU, modified
silviculture, and expanded reserves scenario (Figure 5.4). Generally, however, variation
in management did not result in differences in dissimilarity.

The effect of simulated diversity on resistance was more pronounced in the lower
diversity and more intensively managed Minnesota landscape (Figures 5.4 and 5.6)
compared to the Michigan landscape (Figure 5.5 and 5.7). In the Minnesota landscape,
lower simulated functional and species diversity resulted in less resistance to change
(greater dissimilarity) and more of a positive relationship between diversity and
dissimilarity. In contrast, simulations in the Michigan landscape resulted in larger
species diversity and to some extent, functional diversity. With the exception of lower
diversity sites in the finest resolution (Figure 5.7), simulations in Michigan did not result
in a diversity-dissimilarity effect.

For the high emissions climate scenario, the effect of spatial resolution resulted in
the strongest relationship between diversity and dissimilarity at the finest resolution (50
ha) (Figure 5.6). As expected, larger grain size (100 and 200 ha) resulted in larger alpha
diversity (local diversity). At finer resolutions, the relationship between diversity and

dissimilarity had the strongest effect. In the Michigan landscape, the effect of spatial
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scale was less apparent (Figure 5.7). Although the bulk of sites did not result in a
diversity-dissimilarity effect, the 50 and 100 hectare aggregation resulted in a portion of

lower species sites increasing in dissimilarity.

Effect of Climate Change on Resilience of Forests Following Fires:
The simulated response of forests to fire disturbances resulted in progressively

less resilient forests under the high emissions climate future compared to the low
emissions and current climate scenario. The AGB and dissimilarity response of
simulated fires at year 2005 under current climate resulted in the fastest recovery and the
greatest AGB after 50 years compared to climate change scenarios (Figure 5.8). While
none of the scenarios resulted in recovery to an identical pre-fire species and biomass
composition (dissimilarity=0), the current climate scenario resulted in the fastest recovery
to the inflection point before additional successional departure. Furthermore, |1 would not
expect recovery to an identical species and biomass composition.

Compared to simulated fires in 2005, the climate change effect following fires in
year 2100 was more pronounced (Figure 5.9). Successional changes resulted in larger
pre-fire AGB in 2100 than 2005. Under current and low emission climate scenarios,
simulations resulted in complete or near complete AGB recovery at 2150. Under the
high emissions climate scenario, simulations following fires in 2100 resulted in less
initial AGB and less biomass removed compared to current climate. With less initial
AGB, this resulted in less change from initial to post-fire AGB compared to current and
low emissions climate. Nevertheless, long term recovery from reduced AGB did not
recover to pre-fire conditions (Figure 5.9). The high emissions climate scenario also

resulted in greater dissimilarity response following simulated fires in 2100.
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Although the Minnesota and Michigan landscapes differed in latitude,
management, and diversity, the variation between landscapes in response to fires was
minimal compared to the variation due to climate. Compared to Minnesota, the more
diverse and larger total AGB Michigan landscape resulted in less dissimilarity by the
inflection point after 2005 fires (Figure 5.8) and after 50 years after 2100 fires (Figure
5.9). In addition, response after simulated fires in Michigan resulted in larger increases
in AGB than Minnesota.

Management differences resulted in small variation in resilience to simulated fires
(Figure 5.8-5.9). After simulated fires in 2100, resilience following fires in the high
emission climate scenario resulted in few significant differences (See Appendix: Table
A9). In the Michigan landscape, the CSP scenario resulted in small increases in AGB
resilience, likely due to more climate suitable species available recovering more biomass
than the current species mix. In the Minnesota landscape, no significant differences were
found between resilience to AGB however the BAU scenario resulted in the least
recovery of AGB compared to alternative management scenarios.

In both landscapes, the CSP management scenario resulted in significantly lower
resilience of species composition to simulated fires in 2100 under the high emission
climate scenario compared to BAU management (See Appendix: Table A9). The CSP
decrease in dissimilarity resilience is due to the additional species further changing the
species mix from the original community composition. In the Minnesota landscape, the
BAU scenario resulted in the highest resilience of species composition however; the
expanded reserves resulted in the highest resilience of species composition in the
Michigan landscape.
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DISCUSSION:

Effect of Diversity on Resistance:
| hypothesized that diversity would affect future resistance as measured by

dissimilarity between two time periods. My results suggest that diversity has a
diminishing effect on resistance as diversity increases. Resistance of sites or landscapes
above a threshold of high diversity may not be affected by diversity (e.g., the Michigan
landscape), however below a threshold of diversity, resistance of sites were negatively
affected by diversity (e.g., the Minnesota landscape). This is consistent with conceptual
frameworks discussed by Peterson et al. (1998) who describe how functionally
overlapping species will result in complementary effects which are eventually
overcrowded at high diversity. Thereby, the diversity-stability relationship is positive at
low diversity but reaches an asymptote at higher diversity.

There is considerable debate surrounding studies of diversity’s effect on stability
(McCann 2000). In contrast to complementary effects, identity effects recognize that
within higher diversity sites, there will be a higher probability that a highly successful
species will be present (Clark 2013). My experimental design is not immune to the same
criticisms regarding identity effects. For identity effects to be present, | would expect an
initial dominant species to stay dominant over time. This would cause lower dissimilarity
and higher resistance to change regardless of diversity. However, projections of
individual species biomass in these landscapes suggest large variation in species AGB
through time, especially under the high emissions climate scenario (Duveneck et al.
accepted). Nevertheless, separating complementarity and identity effects was not the

objective of this research. Furthermore, both complementary and identity effects can
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affect resistance.

| hypothesized that climate change would reduce the resistance of initial
communities over time. Results in Minnesota suggest that the high emissions climate
scenario will reduce the resistance of initial communities to change compared to current
and low emissions climate (Figure 5.4). Large shifts in forest type and species
composition are expected in the Michigan landscape under current climate (Duveneck et
al. accepted). In the Michigan landscape, simulations suggest that the high emissions
climate scenario will reduce dissimilarity compared to current and low emissions climate
(Figure 5.5). This suggests that climate change may slow the successional trajectory that
would otherwise shift the species composition under current climate. The Minnesota
landscape is closer to the boreal transition zone (Curtis 1959). Boreal species (e.g.,
balsam fir (Abies balsamea) and black spruce (Picea mariana)) are expected to decline in
both landscapes under climate change and are initially more dominant in the Minnesota
landscape than the Michigan landscape (Duveneck et al. accepted).

| hypothesized that management for climate change could increase resistance to
change. Duveneck et al. (in review) found increased simulated diversity within expanded
reserves under climate change in these landscapes. Under modified silviculture, and CSP
(Duveneck and Scheller in prep), they found an increase in AGB with climate change.
Nevertheless, my results show limited management ability to increase resistance as

measured by dissimilarity under climate change (Figure 5.4 and 5.5).

Effect of Spatial Scale and Temporal Duration:
It is well established in the literature that species richness increases with grain

size and extent (Palmer and White 1994, Whittaker et al. 2001). An increase in grain size
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will increase alpha diversity (i.e. local diversity) as more species fit within a specific
area. My results suggest that increasing grain size increases both functional and species
diversity (Figures 5-6). Specifically, increasing grain size reduces the number of low
diversity sites. As a stronger negative relationship exists between diversity and
dissimilarity under low diversity, the finer resolution of analysis (lower alpha diversity)
has a stronger dissimilarity-diversity relationship than the coarser resolution (higher alpha
diversity) (Figure 5.6 and 5.7). As management decisions are increasingly focused at
landscape scales, my results highlight the variation in conclusions drawn from scale
dependent results. Managers must assess at what scale management actions will affect
which processes under climate change. For example, larger alpha diversity within a
larger grain size may be less susceptible to change however, may be limited by the
movement ability of species within and across larger grain size sites. Ultimately,
ecological processes with complex interactions must be considered at multiple scales.
Like spatial scale, the temporal duration of analysis will influence results and
uncertainty of resistance and resilience (Wiens 1989). In the Minnesota landscape, the
negative relationship between diversity and dissimilarity becomes stronger with increased
duration (Figure 5.4). In the case of resistance, dissimilarity simply increases with
duration as species composition shifts over time. In the case of resilience, duration can
be part of a definition for resilience (i.e., engineered resilience) (Holling 1996, Rydgren

et al. 2004).

Effect of Climate Change on Resilience:
The resilience of boreal-temperate transition forests to acute disturbance (e.g.,

fire) may decline with climate change (Dale et al. 2001, Moritz and Agudo 2013).
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Systems with low frequency of disturbances may be the most poorly poised to naturally
adapt (Puettmann 2011). Northern Great Lake forests may be more vulnerable to regime
shifts than ecosystems with more frequent natural disturbance regimes. In the Rocky
Mountains, lodgepole pine (Pinus contorta) forests for millennia have been resilient to
frequent natural disturbance regimes, including fire, drought, and insect outbreaks
(Minckley et al. 2012). Although Minnesota includes a higher frequency of harvest
disturbances (Duveneck et al. accepted), both landscapes in my study recovered similarly
to simulated fires (Figure 5.8-5.9). Although a longer time frame may be required to
assess the effect of my disturbance regimes, the variation in disturbance frequency
between my two landscapes suggests that climate effects on resilience outweigh

disturbance effects.

Effects of Management:
Under the high emission climate scenario, simulated fires in year 2100 resulted in

poor resilience of AGB and species composition. Magnitude of change is affected by
disturbance severity (Rydgren et al. 2004) and in this case, related to pre-fire biomass
(Whelan 1995). Despite attempts to design alternative management scenarios to make
forests more resilient and resistant; my simulations suggest that management will have
limited ability to increase resistance and resilience of species composition in the face of
climate change. The alternative management scenarios did show some increase in
resilience of AGB to fires however the differences were minor and the individual
management scenarios were inconsistently effective between landscapes. Although there
is strong support to adapt existing management to climate change (e.g., Millar et al.

2007), others emphasize the risk to managing for resilience may inadvertently increase
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the vulnerability of a system (C6té and Darling 2010). Furthermore, alternative
management under a high emissions climate future will likely be outweighed by the
effects of climate change (Figure 5.8-5.9, See Appendix: Table A9). This is consistent
with other modeling research that found a limited effect to resilience with management
alternatives (including CSP) under a high emission climate scenario (Buma and Wessman
2013). Forest management under climate change may need to be far more innovative and
aggressive than my alternative management scenarios. For example, in my CSP scenario,
| selected species adjacent to current landscapes. Although these species are currently
present in warmer climates to the south of the landscapes, the high emission climate
scenario may not have been optimized for these species (Iverson et al. 2008, Duveneck
and Scheller in prep). Planting species found from further south may be more effective at
increasing resilience of forests under climate change. Determining appropriate CSP
species for desired functional traits is possible through climate envelope modeling
(Iverson et al. 2008). The challenge will be to choose which emission scenario and time
horizon to match climate suitability given the uncertainty and limits to social change
(Adger et al. 2009).

Another management strategy may be to shorten rotation ages to make sites more
adaptable to climate change. As trees have long generation times, genetic adaptation to
climate is expected to be slow (St Clair and Howe 2007). In sites that are degraded to
begin with, shortening generation times by decreasing rotation ages will increase the
number of generations within a time period. Increasing the number of generations will
increase the likelihood for genetic adaptation. In addition, shortening rotation ages will
create more opportunities to adapt management options (Puettmann 2011). Advance
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regeneration (i.e. planting climate adapted species below a canopy prior to harvest) can
also result in more frequent turnover (Kuehne and Puettmann 2008) and provide
protection for seedlings that are vulnerable to environmental conditions (Puettmann 2011,
De Frenne et al. 2013). Experimental treatments should not be limited to degraded
landscapes however, may provide the most socially accepted sites to experiment with

innovative approaches (Adger et al. 2009).

Uncertainty:
There exists a large amount of uncertainty with simulations of climate change on

forests, and northern forests specifically (Xu et al. 2009). | present a high and low
emission climate future to represent a range of uncertainty associated with climate
change. My current trajectory in carbon emissions however, has been observed at or
above my high emission scenario (Jennings 2012). The uncertainty in future emissions
may represent the largest amount of uncertainty in models of future forests. In addition
to climate uncertainty, there is a large amount of uncertainty in future management. My
BAU management scenarios are best guess estimates of what is currently practiced. |
recognize that future forest management will be largely driven by an uncertain market
demand for ecosystem services including timber.

The challenge to any simulation modeling research is to balance realistic
assumptions against ecological theory (i.e. that might require completely artificial
landscapes and millennia time scales). Although I provided reasonable parameters, 1 did
not attempt to include every ecological process effecting northern forest futures.
Therefore, my simulations are not predictions, rather plausible futures where | can

explore the effects of alternatives. Although I did not assess variation in local
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environmental conditions response to resilience, | recognize that variation in resilience
will be effected by local conditions such as high soil moisture (Speed et al. 2010). In
addition, I did not include the effect of carbon dioxide fertilization on tree growth. |
know that carbon dioxide fertilization will affect growth however | don’t know where a
fertilization effect will be limited by other factors such as nitrogen (Luo et al. 2004,
Reich and Hobbie 2012). Some of the factors that | did not include in my analysis along
with additional alternative management strategies (e.g., planting more southern species)

represent excellent future opportunities for research.

CONCLUSIONS:

Given the large range of uncertainty in climate change and other factors, there
will clearly not be one forest management strategy effective for all circumstances.
Rather, a broad range of tools must be explored (Millar et al. 2007). Innovative strategies
must consider both resistance and resilience. Resistance strategies may provide remnant
ecosystem services and functions such as preserving spruce-fir species in forest reserves
(Duveneck et al. in review). Resilience strategies may increase the ability to recover
some ecological identity following disturbances. Disturbances such as timber harvest,
fire, wind, and insect outbreaks will continue to cause immediate effects to forests. Not
only will climate change likely change the frequency and direct effects of these
disturbances, my results suggest that when disturbances occur, climate change may result
in more dramatic long term effects. Increasing resilience further may require changing
the measurement of resilience to include not species necessarily currently present but

species suitable for a changing climate.
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Figure 5.1: Conceptual representation of diversity and dissimilarity supporting the

hypothesis that as initial diversity increases, dissimilarity decreases (solid black line). As

time period increases, dissimilarity increases (blue double arrow). An exogenous threat
(e.g., climate change) may increase the dissimilarity between two time periods (red
dotted lines). Adaptive management may decrease (or inadvertently increase)
dissimilarity between two time periods (green dashed lines). Climate change and

management may affect dissimilarity in non-linear ways in respect to diversity (length of
dotted and dashed lines).
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Figure 5.2: Northeastern Minnesota and northern lower Michigan study regions.
Numbers represent unique climate regions within each landscape. Inset, study regions
within continental United States.
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Figure 5.3: Conceptual diagram of resilience following a fire measured along two axes.
Pre-fire conditions represent zero change in biomass and zero dissimilarity. Immediately
post fire represents a reduction in biomass and an increase in dissimilarity. The years
following the fire represent recovery of biomass and dissimilarity towards pre fire
conditions. It is possible to fully recover (if not surpass) pre fire biomass. Due to
successional trajectories, it is unlikely that a system will recover exactly to pre-fire
species composition.
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Figure 5.4: The interacting effects of management, climate, and duration (simulation
years 2050, 2100, and 2150) on dissimilarity and initial diversity across climate regions
in the Minnesota landscape.
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Figure 5.5: The interacting effects of management, climate, and duration (simulation
years 2050, 2100, and 2150) on dissimilarity and initial diversity across climate regions
in the Michigan landscape.
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climate. Dissimilarity represents resistance to change between simulation years 2000 and

dissimilarity in the Minnesota landscape under BAU management and high emissions
2100.

Figure 5.6: Three spatial resolutions of species and functional diversity effect on
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climate. Dissimilarity represents resistance to change between simulation years 2000 and

dissimilarity in the Michigan landscape under BAU management and high emissions
2100.

Figure 5.7: Three spatial resolutions of species and functional diversity effect on
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Figure 5.8: Resilience of forest AGB and species dissimilarity to the effect of simulated
fires and climate change at year 2005 under alternative management scenarios. Pre-fire
conditions are represented by coordinates (0,0) in graph. Successive time steps following
fires are represented by line segments between small circles. Variance between fires is
represented by dashed lines (+ - standard error). Inflection point of dissimilarity is where
species composition and abundance is closest to prefire conditions followed by
successional departure. Conditions after 50 years are represented by colored square.
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Figure 5.9: Resilience of forest AGB and species dissimilarity to the effect of simulated

fires and climate change at year 2100 under alternative management scenarios. Full

description of graph is provided in Figure 5.8 caption.
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Chapter 6: Summary

My dissertation research described multiple elements of changing forests to the
effects of climate change and management. Although my research was based on northern
Great Lake landscapes, results from this work should be applicable to other regions
around the globe. For this reason, the landscapes should be considered case studies. By
providing detailed descriptions of the study regions, future comparisons of my results
from these landscapes can be made. In other landscapes throughout the boreal and
temperate region and beyond, productivity and/or resistance to changing species
composition may decline. In these systems, the relationship between diversity (species
and functional) and stability may become more important. My results describe these
relationships under simulations of plausible future emission scenarios and multiple spatial
scales. By evaluating possible changes to aboveground biomass (AGB), aboveground
annual net primary productivity (ANPP™"), species diversity, and functional diversity, my
results will be valuable to others considering or evaluating management alternatives to
preserve these, and other functions in the face of climate change.

In chapter one, | introduced the study areas, forest types, and disturbance regimes.
| provided a description of the potential threat of climate change on northern Great Lake
systems. In addition, I provided an introduction to how resistance and resilience concepts
can be used to understand the vulnerability of forests to climate change and other
disturbances. | introduced management strategies specifically designed to increase

resilience and maintain ecosystem services in the face of climate change. Finally, I
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introduced the coupled LANDIS-II and PnET-II simulation models describing their
functions, and parameters.

In chapter two, | demonstrated how a decline in forest productivity (ANPP) due to
climate change generated a stronger positive relationship between productivity and
species diversity. The relationship between productivity and diversity has been largely
discussed and debated. My research of productivity and tree species diversity contributes
to previously understudied relationships under projections of climate change. My results
underscore the importance of species diversity preservation in sites where productivity is
expected to decline. Species diversity is valued for the moral obligation to preserve
species (Wilson 2010). Linking diversity to ecosystem function (i.e., productivity) under
climate change adds both a fundamental understanding to the interactions of climate
change on these systems and adds value to the preservation of species diversity under
climate change.

| described the spatial variation in tree species diversity due to soils, climate, and
management differences. These results may indicate where variation in diversity due to
soils, climate, and management from other systems may be expected. In addition, |
described the general decline in aboveground biomass (AGB) under a high emission
climate scenario, and specifically identified boreal species and forest types expected to
decline. My results show that by 2150, under a high emission climate scenario, boreal
species as well as many temperate species may decline. Species found in boreal-
temperate ecotones across the globe may experience similar behavior where boreal
species may decline and temperate tree species fail to maintain ecosystem functions
previously provided by declining species.

162



In chapter three, | simulated the potential effects of two alternative management
strategies. | demonstrated that under an expanded reserves scenario, at-risk boreal
species such as balsam fir (Abies balsamea) could be maintained longer within reserves.
In addition, species diversity and AGB could be increased within reserves. Under a
modified silviculture scenario, my simulations demonstrated that more onsite AGB could
be maintained at the expense of a reduction in harvested AGB. More interest and value is
placed on carbon sequestration around the globe. My results provide a framework that
can be applied to other forested landscapes to explore strategies to increase carbon
growth and storage while continuing to harvest AGB.

Unfortunately, my scenarios suggested that the effect of alternative management
was largely outweighed by the effect of climate change. This implies that management
for climate change around the globe may require changing expectations. For example,
future management may require accepting the loss of an extant tree species in exchange
for facilitating a climate suitable tree species capable of maintaining an ecosystem
function (e.g. carbon sequestration). Furthermore, future forest management may require
considering tradeoffs between facilitating adaptation (e.g., increasing diversity) in
exchange for climate change mitigation (e.g., promoting low diversity high yield species)
(e.g., D’ Amato et al. 2011, Burton et al. 2013). Finally, my results demonstrate the
challenge to climate change management. This supports global interests to reduce carbon
emissions.

In chapter four, | demonstrated the potential effect of broad scale planting of
species from outside their range (climate suitable planting (CSP)). | described the effect
of CSP on ANPP, species, and functional diversity. These results suggest that CSP
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increases ANPP and AGB marginally under a high emissions climate scenario. My
results suggest that CSP has the potential to maintain or increase otherwise declining
ecosystem function; however the CSP species that | simulated were not optimized for
future high emissions climate. As expected, CSP increased species diversity; however
CSP resulted in an asymptote of increased functional diversity. This implies that sites
with initial high functional diversity may not benefit from additional species, especially
additional species that are similar in function to current species.

My results imply species selection tradeoffs that will challenge successful CSP
management outcomes: 1) Species selection should be acceptable to policy makers (I
choose species close to or in low abundance within current landscape extents). 2) Tree
species selection should be suitable for a future climate given long longevity expected of
tree species. 3) For CSP tree species to establish, CSP seedlings and saplings must
survive current climate. 4) If management objectives are specifically focused at
increasing or maintaining functional diversity under climate change, CSP species should
be selected based on traits expected to be lost rather than species with traits expected to
be maintained.

In chapter five, | measured the resistance and resilience of forests to the effect of
simulated climate change and interactions with additional disturbances. | assessed the
relationship between tree species and functional diversity and resistance as measured by
dissimilarity. 1 found that under low diversity, diversity did affect resistance at multiple
spatial scales. The relationship between diversity and resistance provides additional
support for the preservation of diversity (as discussed in chapter 2) and contributes to a
broader understanding of the mechanisms of stability under climate change. In addition,
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these results contribute to a broader understanding of the interaction between spatial
scale, diversity, and resistance.

As resilience can be defined in multiple ways | introduced novel methodology to
consider resilience using multiple dimensions of identity. Representing two measures of
resilience as separate axes provides a valuable framework to help managers and
ecologists measure and communicate principles of resilience. Future research may
replace the axes | used (AGB and species composition flux) to meet specific objectives.
Additionally, future developments may find ways to add additional axes (more than two)
to my methodology.

My results however, indicate that resilience of initial species composition and
AGB declined with climate change and is affected little by management alternatives at
the landscape scale. These results should underscore the importance of finding more
innovative strategies to address climate change management while considering the
positive effects of management strategies explored.

The Great Lakes region provided excellent case study landscapes where
management effects are interacting with natural disturbance regimes and climate change
effects are expected to be large. The boreal-temperate transition zone encompasses a
unique ecotone that provides many ecosystem services and functions. Climate change
projections are expected to change these ecological systems drastically.

Although my results suggest the ability of alternative management to shape
landscape trajectories is limited under the high emissions climate scenario, simulations of
the low emission climate scenario suggest many similar outcomes as simulated under
current climate. Reducing global climate emissions to more closely match my low
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emissions climate future has broad implications for more successful climate change forest

management.
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Appendix: Supplementary Material

Table Al: Tree species life history characteristics used in the LANDIS-1I simulations. Table description

found on next page.

SPECIES MA®  MRA. ) sT.CY  MLMA FN.
Abies balsamea 200 25 5 204® 1,56 (14.16)

Acer rubrum 150 10 4 641416 1.74 (14-681012-13)
Acer saccharum 400 40 5 60 (2,4,10,13,16) 1.86 (1,4,6-8,10,13,16)
Betula alleghaniensis 300 40 4 66® 2 37 (14.16)
Betula papyrifera 200 20 2 7440 2 g (14.16)
Fagus grandifolia** 350 60 4 70@ 23019

Fraxinus americana 300 30 4 760410 213 (14.16)
Fraxinus nigra 150 30 4 7619 211 316)
Fraxinus pennsylvanica 150 30 2 76U 213 (3.16)

Picea glauca 300 25 3 2860 1.34 (11.16)

Picea mariana 215 30 3 28618 1.21 416)

Pinus banksiana 200 10 1 2444719 1.4 (4:16)

Pinus resinosa 250 15 2 25019 1.35 4-7.16)
Pinus strobus 450 15 3 175® 17 11.16)

Pinus sylvestris** 250 15 1 244 +1 (47.16) 19407
Populus balsamifera** 150 10 1 908 247 4 (14.10)
Populus grandidentata 125 20 1 858@1316 299 (5:1316)
Populus tremuloides 100 15 1 908 4101316) 5 47 (1416)
Prunus serotina 200 20 3 1010419 2.7 1418)
Quercus alba 400 40 3 8416 299 (15)
Quercus ellipsoidalis 200 35 2 83 2.29 18)
Quercus macrocarpa* 400 30 2 8gt41e) 2 35 (14.16)
Quercus rubra 250 25 2 93 (1-24812-13) 5 9o (14-568,10,12)
Quercus velutina** 200 40 2 98® 2419

Thuja occidentalis 800 30 2 2220418 1.28 14:16)

Tilia americana 250 15 4 48® 9 4 (15-681316)
Tsuga canadensis 800 250 5 170® 119

Ulmus americana 85 20 4 621319 2 (111316)
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Table Al Notes: M.A. is maximum longevity (yrs). M.R.A is the minimum age of reproduction (yrs).

S.T. is shade tolerance with 1 being the least tolerant and 5 the most tolerant. M. LMA is the maximum
leaf mass area (g m ). F.N. is the foliar nitrogen concentration (%). Sources are indicated by superscripts:
(1) (Fownes 1985), (2) (Jurik 1986), (3) (Blinn and Buckner 1989), (4) (Reich et al. 1995), (5) (Bolster et
al. 1996), (6) (Martin and Aber 1997), (7) (Landhausser and Lieffers 2001), (8) (Smith and Martin 2001),
(9) (Green et al. 2003), (10) (Bolstad et al. 2004), (11) (Scheller and Mladenoff 2004), (12) (Lee et al.
2005), (13) (Royer et al. 2005), (14) (Scheller and Mladenoff 2005), (15) (NERC 2010), (16) (Ravenscroft
et al. 2010), (17) (Berg 1988), (18) (Reich et al. 1991). * = species simulated in the Minnesota landscape
only. ** = species simulated in the Michigan landscape only. { = estimated from Populus tremuloides.
estimated from Pinus banksiana.
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Table A2. Common harvest prescriptions in northeastern Minnesota as used in BAU scenarios by
landowner groups : Private Non-Industrial Forests (PNIF), United States Forest Service (USFS), Minnesota
Department of Natural Resources & county lands (MN DNR & CO), and Private Industrial Forests (PIF).

Reserve areas are not harvested. For each harvest prescription, values represent percent of each

management area in Figure 2.1 treated per five-year time step.

MINNESOTA PRESCRIPTIONS PNIF USFS MN DNR & CO PIF RESERVE
Aspen Clearcut 2.81 4.41 6.80 6.10 0.00
Upland Spruce Clearcut 1.61 1.99 1.66 1.90 0.00
Jack Pine Clearcut 0.18 0.29 0.18 0.19 0.00
Northern Hardwood Shelterwood 0.00 0.00 0.60 0.00 0.00
Northern Hardwood Clearcut 0.00 0.00 0.57 0.00 0.00
Northern Hardwood Patchcut 0.68 3.03 3.01 2.65 0.00
Oak Shelterwood 0.09 0.08 0.10 0.10 0.00
Red Pine Clearcut 0.12 0.23 0.13 0.08 0.00
White Pine Clearcut 0.09 0.09 0.08 0.07 0.00
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Table A3. Common harvest prescriptions in northern lower Michigan as used in BAU scenarios by

landowner groups: Private Non-Industrial Forests (PNIF), United States Forest Service (USFS), Michigan
Department of Natural Resources (MI DNR), and Private Industrial Forests (PIF). Reserve areas are not
harvested. For each harvest prescription, values represent percent of each management area (Figure 2.1)

treated per five-year time step.

MICHIGAN PRESCRIPTIONS PNIF USFS MI DNR PIF RESERVE
Aspen/Birch Clearcut 0.06 172 2.39 3.49 0.00
Jack Pine Clearcut 0.12 0.82 0.53 0.05 0.00
Northern Hardwood Shelterwood 0.11 0.08 0.09 0.06 0.00
Northern Hardwood Patchcut 4.62 3.39 3.67 2.67 0.00
Oak Clearcut 0.16 0.79 0.59 0.29 0.00
Oak Patchcut 1.04 1.27 0.95 0.47 0.00
Oak Shelterwood 0.42 0.51 0.38 0.19 0.00
Oak Thinning 143 1.75 131 0.64 0.00
Birch Shelterwood 0.01 0.01 0.01 0.02 0.00
Red Pine Clearcut 0.05 0.23 0.15 0.02 0.00
Red Pine Patchcut 0.16 0.36 0.23 0.03 0.00
Red Pine Shelterwood 0.04 0.09 0.06 0.01 0.00
Red Pine Thinning 0.52 1.16 0.73 0.10 0.00
Upland Spruce-Fir Clearcut 0.10 0.54 0.95 1.62 0.00
Swamp Hardwoods Clearcut 0.02 0.11 0.16 0.50 0.00
Swamp Hardwoods Patchcut 0.10 0.06 0.08 0.25 0.00
Swamp Hardwoods Shelterwood 0.05 0.03 0.04 0.11 0.00
Swamp Hardwoods Thinning 0.02 0.01 0.02 0.05 0.00
White Pine Clearcut 0.07 0.15 0.11 0.06 0.00
White Pine Patchcut 0.30 0.47 0.35 0.20 0.00
White Pine Shelterwood 0.12 0.19 0.14 0.08 0.00
White Pine Thinning 0.31 0.48 0.36 0.20 0.00
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Table A4. Dominant species within northern Great Lake forest types and associated soils.

FOREST TYPE

DOMINANT SPECIES

SOILS

Northern Hardwoods

White Pine

Aspen-Birch

Red/Jack Pine

Oak Associations

Spruce-Fir

Acer saccharum, Acer rubrum, Tilia
americana, Quercus rubrum, Fagus
grandifolia

Pinus strobus, Pinus resinosa, Pinus
banksiana

Deep and moist.

Coarse textured shallow to well-
drained.

Populus tremuloides, Populus grandidentata, Wide range of type and moisture

Betula papyrifera, Acer rubrum, Populus
balsamifera

Pinus banksiana, Pinus resinosa, Quercus
rubra, Quercus ellipsoidalis, Quercus
velutina

Quercus rubra, Acer rubrum, Quercus alba,
Qurecus velutina, Quercus ellipsoidalis

Picea mariana, Abies balsamea, Picea
glauca, Tsuga candadensis, Thuja
occidentalis

gradients.

Coarse-textured to excessively
drained —drought-prone soils.
Low soil nutrients common.

Sandy or loamy sand to mesic.

Sandy soils, dunes, glacial lake
plains, thin soils over bedrock, and
lowland poorly drained peat or
outwash soils.
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Table A5. Indicator species used in forest type classification. Classification dominance is based on AGB
density within a cell. Indicator species selection is based on a balance of high abundance unique species
within groups. To balance the number of species that contribute to each forest type, select non-indicator
species are subtracted from each forest type classification.

FOREST TYPE INCLUDE SUBSTRACT

Acer saccahrum, Prunus serptina, Quercus rubra, Populus tremuloides, Populus
Northern Hardwoods P Q p p

Tilia americana, Tsuga canadiensis* grandidentata
White Pine Pinus strobus
. Populus tremuloides, Populus grandidentata, Acer saccarum, Abies
Aspen/Birch . .
Populus balsamifera **, Betula papyrifera balsamea
Red/jack pine Pinus banksiana, Pinus resinosa

Quercus rubra, Quercus alba, Quercus
Oak ellipsoidalis, Quercus macrocarpa*, and
Quercus velutina**

Picea mariana, Picea glauca,
Abies balsamea**

Picea mariana, Picea glauca, Abies balsamea, Acer saccarum, Pinus

Spruce-fir Thuja occidentalis** banksiana

*Minnesota landscape only
**Michigan landscape only
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Table A6: Common silviculture prescriptions used in Northeastern Minnesota BAU scenarios and the
associated adjustments used in the modified silviculture scenario. Common landowner groups include:
Private Non-Industrial Forests (PNIF), United States Forest Service (USFS), Minnesota Department of
Natural Resources & county lands (MN DNR & CO), and Private Industrial Forests (PIF). Planted
northern hardwoods include: black cherry, yellow birch, American elm, and American basswood. Planted
oak species include: white oak, northern red oak, and bur oak. Within individual prescriptions, patch sizes
were also reduced in modified silviculture prescriptions.

BAU % LANDSCAPE TREATED PER

MODIFIED SILVICULTURE

TIMESTEP BAU PLANTED ADJUSTMENT
SPECIES
FOLLOWING % CHANGE IN
PNIF  USFS Mg gg‘R PIF HARVEST  TREATED AREA P?_PAFS'TEESD
PER TIMESTEP
white spruce, Removed
Aspen Clearcut 2.81 4.41 6.80 6.10  white pine & red -40% .
. white spruce
pine
|
Upland Spruce 161 1.99 166 190 NA -10% NA
Clearcut
. jack pine & red Removed jack
Jack Pine Clearcut 0.18 0.29 0.18 019 Jackp! -10% emoved)
pine pine
Northern Hardwood
ornern Rarawood 4 59 0.00 0.60 000 NA -10% NA
Shelterwood
Northern Hardwood
Ortnern Rarawood 4 0 0.00 057 000 NA -100% NA
Clearcut
Added
Northern Hardwood
orthermn Rardwood 4 g 303 301 265 NA 250 northemn
Patchcut
hardwoods &
A K
Oak Shelterwood 009 008 010 010 NA 0% (no change) ~\0d¢d 0
species
i hi R
Red Pine Clearcut 0.12 023 0.13 0og 'edpine &white -10% emoved
spruce white spruce
White Pine Clearcut 0.09 0.09 0.08 0.07  white pine -10% NA
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Table A7: Common silviculture prescriptions used in Northern lower Michigan BAU scenarios and the
associated adjustments used in the modified silviculture scenario.

BAU % LANDSCAPE TREATED MODIFIED SILVICULTURE ADJUSTMENT
BAU PLANTED SPECIES % CHANGE IN

PNIF USFS MIDNR PIF FOLLOWING HARVEST TREATED AREA SPECIES PLANTED
PER TIMESTEP

Aspen/Birch Clearcut  0.06  1.72 2.39 3.49 red pine & jack pine -50% northern hardwoods
Jack Pine Clearcut 012 082 0.53 0.05 red pine & jack pine 0% (no change) NA
Northem Hardwood o 58 o9 006 NA -15% NA
Shelterwood
Northern Hardwood o> 239 367 267 NA 25% NA
Patchcut
Oak Clearcut 016 0.79 0.59 0.29 red pine & jack pine -15% oak species
Oak Patchcut 1.04 1.27 0.95 0.47 NA 25% NA
Oak Shelterwood 0.42 0.51 0.38 0.19 NA -15% NA
Oak Thinning 143 175 131 0.64 NA 0% NA
Birch Shelterwood 0.01 0.01 0.01 0.02 NA -100% NA
Red Pine Clearcut 005 023 0.15 0.02 red pine & jack pine -15% NA
Red Pine Patchcut 0.16 0.36 0.23 0.03 NA 0% NA
Red Pine Shelterwood ~ 0.04  0.09 0.06 0.01 NA -15% NA
Red Pine Thinning 0.52 1.16 0.73 0.10 NA 0% NA
Upland S| -Fi

pland Spruce-Fir 010 054 095 162 NA -15% oak species
Clearcut

H

Swamp Hardwoods > 011 016 050 NA -15% norther hardwoods
Clearcut
S Hard d

Wamp FArawoods 510 006 008 025 NA 0% NA
Patchcut
Swamp Hardwoods o0 g3 o om NA -15% NA
Shelterwood
Swamp Hardwoods > 001 002 008 NA 0% NA
Thinning
White Pine Clearcut 0.07 0.15 0.11 0.06 NA -15% NA
White Pine Patchcut 0.30 0.47 0.35 0.20 NA 0% NA
White Pine 012 019 014 008 NA -15% NA
Shelterwood
White Pine Thinning 0.31 0.48 0.36 0.20 NA 0% NA
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Notes for Table A7: Common landowner groups include: Private Non-Industrial Forests (PNIF), United
States Forest Service (USFS), Michigan Department of Natural Resources (MI DNR), and Private
Industrial Forests (PIF). Planted northern hardwoods include: black cherry, yellow birch, American
basswood, American elm, and sugar maple. Planted oak species include: black oak, white oak, northern pin
oak, and northern red oak. Within individual prescriptions, patch sizes were also reduced in modified
silviculture prescriptions.

196



Table A8: Species traits used to calculate FDis (Paquette and Messier 2011). H=average maximum height
(m); GR=growth rate (1: slow, 2: moderate,3:rapid) ; LS=leaf size (1: needle/scale, 2: small <10cm, 3:

large, 4: compound; WD=wood density (specific gravity (g m™)); WDR=wood decay resistance(1: not,

2:moderate, 3:resistant, 4: very resistant); Veg=vegetative reproduction (0: never,1: possible, 2: common);
SeM=seed mass (mg); Pa=abiotic pollination (0: not possible, 1: possible); Pb=biotic pollination (0: not

possible, 1: possible); TolS=shade tolerance (1: intolerant, 5: tolerant); TolD=drought tolerance (1:
intolerant, 5: tolerant); TolW=waterlogging tolerance (1: intolerant,5: tolerant); AM=arbuscular mycorrhiza
(0: not possible, 1: possible); EM=ectomycorrhiza (0: not possible, 1: possible); LL=leaf longevity

(months); LMA=leaf mass per area (g m ); N=nitrogen content per leaf mass unit (%).

SPECIES

HGR LS WD WDR Veg SeM Pa Pb TolS TolD ToW AM EM LL LMA N

Abies balsamea

Acer rubrum

Acer saccharum
Betula alleghaniensis
Betula papyrifera
Carya cordiformis
Carya ovata
Castanea dentata
Fagus grandifolia**
Fraxinus americana
Fraxinus nigra
Fraxinus pennsylvanica
Picea glauca

Picea mariana

Pinus banksiana
Pinus resinosa

Pinus strobus

Pinus sylvestris**
Populus balsamifera**
Populus grandidentata
Populus tremuloides
Prunus serotina
Quercus alba
Quercus coccinea
Quercus ellipsoidalis
Quercus macrocarpa*
Quercus rubra
Quercus velutina**
Thuja occidentalis
Tilia americana
Tsuga canadensis
Ulmus americana

25
25
35
25
25
25
35
30
25
30
20
25
25
20
20
25
30
21
25
20
25
22
35
30
22
15
25
18
15
35
30
35

WEFEP NP NMNNPPOPRPWWWWWWWWOWERERPRWONMNMNMNPWORPREPWWE PR

WEFP WFRP WWWWWwwNNNDNNNOOOOOOOOOORFRrEPRARBEBERENOERERNDNNWWLE

0.34
0.49
0.56
0.55
0.48
0.60
0.64
0.40
0.56
0.55
0.45
0.53
0.35
0.41
0.42
0.39
0.36
0.42
0.37
0.39
0.37
0.47
0.60
0.60
0.56
0.58
0.56
0.56
0.30
0.32
0.40
0.46

P PP WWONWWWWWRRRPRRPNRPRRPRRPRPRPRPREPREPORRPRRRERERELR

1

P OFRP NP PFPOMNMNMOORFRPRRPPOOOOMNMORFRPEFPFPEPMNMNNMNNMNOEREL,RPRE,EPR

2.15
3.04
4.19
0.70
0.29
7.98
8.39
8.15
5.66
3.83
4.08
3.50
1.15
0.74
1.50
2.27
2.89
1.79
0.26
0.17
0.14
4.55
8.17
7.57
8.50
8.71
8.20
8.50
0.83
2.77
231
2.00

P P ORRPRPRRPRPRPRPRORRPRPRREPREPREPRREREPREPRREREPREPRRERERERELRLR

OO P OO0 O0DO0DO0ODO0ORFRPROO0ODO0ODO0DO0ODO0ODO0DO0ODO0ODO0ODO0ODO0ODO0ODO0OO0ODO0OOCORKR O

5.0
34
4.8
3.2
15
2.1
3.4
3.1
4.8
2.5
3.0
3.1
4.2
4.1
14
1.9
3.2
14
1.3
1.2
1.2
25
2.9
2.1
2.9
2.7
2.8
2.8
3.5
4.0
4.8
3.1

1.0
1.8
2.3
3.0
2.0
4.0
3.0
3.0
15
2.4
2.0
3.9
2.9
2.0
4.0
3.0
2.3
4.0
1.8
2.5
1.8
3.0
3.6
4.0
2.9
3.9
2.9
3.9
2.7
2.9
1.0
2.9

2.0
3.1
11
2.0
13
2.5
14
1.0
1.5
2.6
35
3.0
1.0
2.0
1.0
1.0
1.0
1.0
2.6
2.0
1.8
11
1.4
1.0
1.2
1.8
11
1.2
1.5
13
13
2.5

P OO0OFRPRP O0O0O00O0OO0OFRRFPFPFPPFPOOODOOORFRR PP OOOOOOLRLPEKrOoO

OR RPORRPRRPRRPRPRRPRRPRPRRPRPRPRPRPRRERRLROOCORRREPREREREOOLR

4.70
1.72
171
1.71
1.28
1.61
1.61
1.61
1.61
1.74
1.61
1.61
391
3.81
3.30
3.58
3.00
3.30
1.28
1.61
1.58
1.71
1.61
1.61
1.79
1.79
1.79
1.79
3.50
1.61
4.09
1.78

151.00
71.09
70.63
46.08
77.88
44.05
75.00

100.00
61.22
76.75
71.94
87.72

302.86

294.12

243.90

294.12

121.92

243.90
83.46
70.45
82.02
72.30
81.21
95.00
88.00
92.74
84.20
98.00

223.00
60.81

122.55
79.47

1.66
191
1.83
2.20
231
2.60
1.76
2.30
2.04
2.12
2.10
1.80
1.28
1.12
1.24
1.17
1.42
1.24
1.95
2.50
2.16
2.48
2.39
1.90
2.29
2.27
2.06
2.40
1.02
2.94
0.99
2.07

*Minnesota landscape only
**Michigan landscape only
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Table A9: Management effect on average change in AGB and dissimilarity after 50 years following
simulated fires at year 2100 under the high emissions climate. N=number of fires within each scenario.
AGB =change in aboveground biomass. DIS = dissimilarity. DIFF= denote significant differences
between management scenarios (p<0.05, Tukey-Kramer).

MINNESOTA MICHIGAN

MANAGEMENT| N AGB DIS N AGB DIS
BAU 148 -3415 0.7 187 -4005 0.78
XR 141 -3080 0.74 191 -5011 0.77
AS 156 -2899 0.77 171 -4826 0.79
CSP 142 -3070 0.76 223 -3066 0.82
DIFF DIFF DIFF DIFF

None  BAU & CSP AS&CSP  XR & CSP

BAU & AS XR&CSP  BAU & CSP
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