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ABSTRACT

Within the forest management community, diversity is often considered as simply
a list of species present at a location. In this study, diversity refers to species richness and
evenness and takes into account vegetation structure (i.e. size, density, and complexity)
that characterize a given forest ecosystem and can typically be measured using existing
forest inventories. Within interior Alaska the largest forest inventories are the
Cooperative Alaska Forest Inventory and the Wainwright Forest Inventory. The limited
distribution of these inventories constrains the predictions that can be made. In this thesis,
I examine forest diversity in three distinct frameworks; Recruitment, Patterns, and
Production. In Chapter 1, I explore forest management decisions that may shape forest
diversity and its role and impacts in the boreal forest. In Chapter 2, I evaluate and map
the relationships between recruitment and species and tree size diversity using a
geospatial approach. My results show a consistent positive relationship between
recruitment and species diversity and a general negative relationship between recruitment
and tree size diversity, indicating a tradeoff between species diversity and tree size
diversity in their effects on recruitment. In Chapter 3, I modeled and mapped current and
possible future forest diversity patterns within the boreal forest of Alaska using machine
learning. The results indicate that the geographic patterns of the two diversity measures
differ greatly for both current conditions and future scenarios and that these are more
strongly influenced by human impacts than by ecological factors. In Chapter 4, I
developed a method for mapping and predicting forest biomass for the boreal forest of
interior Alaska using three different machine-learning techniques. I developed first time
high resolution prediction maps at a 1km? pixel size for aboveground woody biomass.
My results indicate that the geographic patterns of biomass are strongly influenced by the
tree size class diversity of a given stand. Finally, in Chapter 5, I argue that the methods
and results developed for this dissertation can aid in our understanding of forest ecology

and forest management decisions within the boreal region.
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CHAPTER 1: ECOLOGY AND MANAGEMENT OF THE BOREAL FOREST OF
INTERIOR ALASKA

1.1 INTRODUCTION

A difficult task that forest managers and decision makers face is the definition,
allocation, and distribution of sustainable forest management (SFM) practices over time
and across landscapes. These difficulties are compounded by the desire to meet present
and future competing demands on forests while conserving important natural resources.
While the term “SFM” has been widely accepted (Charron 2005), a clear definition has
been elusive (Wang 2004) but, it can be generally thought of as the balancing of
ecological, social, and economic values to meet society’s objectives over the long term
(Sheppard 2005). However, what some in the forest management community consider a
simple concept involves a very challenging task of developing and implementing
management strategies, environmental commitments, and policies while applying
adaptive management to account for emerging social needs and global trends. The
complexity of this task lies not only in the challenge of integrating and comparing diverse
social, ecological, and economic interests, but also in the lack of methodologies that
allow us to quantify and compare the value of many forest ecosystem benefits. The
valuation, quantification, and geographical location of forest ecosystem benefits allows
us to identify appropriate management goals, anticipate social reactions, and deal with
conflicts over forest lands (Bengston 1994).

While the issue of sustainable forests is not new, it has taken on new meaning and
urgency in recent decades (Burton et al. 2003; Von Gadow et al. 2001). The roots of SFM
extend back to at least 1346, when King Philippe of France decreed that forests are to be
continuously maintained and kept in good condition (Forestry 2012). Later, in the United
States, the very notion of sustained yield was at the heart of the conservation idea
espoused by Chief Forester Gifford Pinchot early in the 20th century (Parnell 2012). This
concept was later applied to the Multiple Use-Sustained Yield Act of 1960 (MUSYA) (16



U.S.C. Sec. 528-531 [1976]), which extended the sustained yield principles in the United
States to not only cover timber, but also outdoor recreation, watersheds, and wildlife and
fish resources. SFM has become more globally recognized because of changes in societal
values towards sustainable development that were highlighted in the Brundtland report
Our Common Future (Brundtiand 1987).

For effective SFM implementation, an adaptive management (AM) framework
can be applied (Foster et al. 2010; Holling 1978). AM involves four decision-making
stages: planning, implementation, evaluation, and modification (Walters and Holling
1990) thus creating a feedback loop that can be closed via periodic monitoring and
revision (Bormann et al. 2007). The linking of SFM and AM has created adaptive forest
management (AFM) which aims to preserve and develop the functionality of forests as a
prerequisite for fulfilling the future need for forest ecosystem services (Wagner 2004).
AFM can perhaps best be initiated through the incorporation of predictive models,
scenarios, and the use of open access data (Huettmann 2007; Walters 1986; Wollenberg
et al. 2000). In the future, as new knowledge is gained and data are shared, the models
can be updated so that management decisions are then adapted which in turn makes the
process highly dynamic and dependent upon continuous research.

Permanent Sample Plots (PSPs) are an invaluable tool for resource managers, in
part because they provide managers with a wide variety of data and are re-measured on a
periodic basis. While a single measurement of a given PSP gives a snapshot in time of
various attributes of interest at a given location, the periodic re-measurements of PSPs
provide much more valuable long-term information on dynamic processes. A well-
established system of PSPs can provide for the monitoring for the consequences of large-
scale environmental changes across large areas over time (Bakker et al. 1996; Poso 2006;
Stott 1947). The data within the PSPs, combined with remote sensing data from both
satellite and aerial platforms can allow for the mapping of various forest attributes and
dynamic processes at the landscape scale (see for instance Fassnacht et al. 2006; Iverson
and Prasad 2001; McRoberts et al. 2008; Ruefenacht et al. 2008).



Within the boreal forest of Alaska two separate forest inventories use a PSP
design, the Cooperative Alaska Forest Inventory (CAFI) and the Wainwright Forest
Inventory (WAIN) (Malone et al. 2009; Ress, personal communication). These forest
inventories are located primarily on well-stocked forested lands and together consist of
over 704 PSPs. The CAFI plots are primarily located along the road system on Federal,
State, Borough, and Native Corporation lands, while the WAIN plots are scattered across
Military lands (Figure 1.1). These forest inventories contain the largest collection of
field-gathered data on the forest conditions within boreal Alaska. While other forest
inventories do exist within the boreal forest of Alaska, notably those conducted on Native
Corporation Lands (www.tananachiefs.org) and on Forest Classified State Lands
(forestry.alaska.gov), they did not utilize a PSP design. The Forest Inventory and
Analysis (FIA) Program of the U.S. Forest Service which is directed to “make and keep
current a comprehensive inventory and analysis of the present and prospective conditions
of and requirements for the renewable resources of the forest and rangelands of the
United States.” as mandated by the Forest and Rangeland Renewable Resources Research
Act of 1978 (16 U.S.C. §1641) is only now being initiated (2011-2013) in Interior
Alaska.

The boreal forest of Alaska is the predominate ecoregion within the state. This
forest extends from the Kenai Peninsula to the foothills of the Brooks Range and from the
Porcupine River near the Canadian border west to the Kuskokwim River valley (Figure
1.1). The vegetation within this forest type is comprised of a mosaic of stands of different
ages and sizes (Fig 1.2). There are eight species currently present within this forest type
consisting of white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana
(Mill.) B.S.P.) tamarack (Larix laricina (DuRoi) K. Koch), Kenai birch (Betula kenaica
W.H. Evans), Alaska birch (Betula neoalaskana Sarg.), quaking aspen (Populus
tremuloides Michx.), balsam poplar (Populus balsamifera L. spp. balsamifera), and
western black cottonwood (Populus balsamifera L. spp. trichocarpa (Torr. & Gray)
(Viereck and Little 2007).
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Surprisingly, little is known about the role of diversity and ecosystem functioning
within the boreal forest (Nadrowski et al. 2010). Although tree species diversity within
the boreal forest is low (Burton et al. 2003), the effects of diversity may still positively
influence productivity (Tilman et al. 2001). Diversity is often considered as simply a list
of species present at a given location. However, this does not sufficiently describe the
diversity of a forested stand. Structural diversity, resulting from recruitment of trees of
different sizes into multilayered canopies, should also be taken into account. This
characteristic, which can be approximated by the diversity of tree size, affects the amount
of light and precipitation received by subordinate trees and understory plants (Anderson
et al. 1969) and may thus influence the productivity of forest ecosystems.

Silvicultural treatments are often defined by target stand states defined by the
distribution of trees by size class (Smith et al. 1997). Manipulating tree-size diversity is
thus a practical tool for forest managers who strive for greater biodiversity and/or greater
productivity (Varga et al. 2005). Previous studies dealing with tree-size diversity include
Oren et al. (1987) and Lusk and Ortega (2003). Liang et al. (2007) considered both the
effects of tree-species diversity and tree-size diversity on individual tree growth,
mortality, and recruitment in the Pacific Northwest. While this study did show a positive
effect of species and size class diversity on productivity, this relationship is not universal
(Homeier et al. 2010; Lei et al. 2009; Varga et al. 2005; Vila et al. 2007; Vila et al. 2003).
Therefore, much still needs to be learned about the effects of species and size class
diversity on forest productivity.

Management decisions typically affect many forest attributes including tree
diameter distribution (Buongiorno and Gilless 2003; Lin et al. 1998; Schwartz et al.
2005; Shao et al. 2005), species composition (Fu et al. 2007; Schwartz et al. 2005),
diversity (Eriksson and Hammer 2006), and the amount of litter and coarse woody debris
(Alban et al. 1994; Duvall and Grigal 1999). Forest biomass is also affected through
management decisions, such as which tree species and or size may be selected for
harvest. The results of previous studies imply that human management accounts for a

greater proportion of change in forest productivity and biomass than does environmental



change (Caspersen et al. 2000; Schimel et al. 2000; Vetter et al. 2005). In interior Alaska,
where wildfire is the major source of forest disturbance (Lynch et al. 2002), management
decisions directly affect the forest structure through the use of different levels of fire
suppression activities across the landscape (Haggstrom 2003).

In interior Alaska there are approximately 9.6 million hectares of commercial
forest land and an additional 33.2 million hectares of open woodland that could
potentially be harvested or thinned to reduce hazardous fuel conditions (Angelstam and
Bergman 2004; Van Cleve et al. 1983). While the United States is one of the chief
lumber-producing countries in the world (Houghton 2005), interior Alaska is
experiencing a growing portion of its timber harvests being used as fuel. This increased
interest in bio-fuels and other forms of bio-energy within Alaska is being driven by a
combination of energy independence and high energy prices (Parnell 2012). A number of
communities within Alaska are beginning to incorporate wood-fired energy systems
utilizing cord wood, chips, and wood pellets. While the scale of the current operations is
fairly small (from 10’s to 100’s of hectares), the increased interest in biomass will
potentially impact thousands of hectares of forested lands annually (Forestry 2012). The
utilization of forest biomass for bio-fuel production may present an opportunity for forest
management and rural economic development; it will have impacts on species, habitats,
landscapes, and the society as a whole. The direction and scale of any biomass project
will need to take these impacts into account during their development.

The research presented in this dissertation bridges the gap in our understanding of
forest diversity within the boreal forest of Alaska. In Chapter 2, I investigate the effects
of species and tree size diversity on recruitment within the boreal forest. In this study, I
had two objectives: 1) to determine whether species and tree size diversity had significant
and consistent effects on recruitment and 2) to characterize the magnitude and spatial
patterns of these effects across boreal Alaska. In Chapter 3, I investigate the current tree
species and tree size-class diversity within the boreal forest of Alaska and predict
possible future scenarios for these two diversity measures. I then develop a spatially
dynamic model depicting forest diversity for the Alaskan boreal forest. Lastly, in Chapter



4, 1 develop a spatial model depicting aboveground forest biomass for the Alaskan boreal
forest using a suite of environmental predictors including species and tree size diversity
to develop stand-level predictions.

This research will aid forest managers in making more informed decisions in
order to maximize sustainable forestry operations in the face of change. The boreal forest
and the Alaska residents are faced with many current and future challenges. Climate
change and the rising costs of energy are affecting the citizens and the forest in profound
ways. A growing interest in the utilization of forest biomass may represent a real
opportunity for forest management within this region, which has never experienced
industrial-scale forestry. While this may present several new opportunities for hazardous
fuel reduction projects and increased employment, it will also present new challenges.
The material presented in this dissertation will help shape the future of forestry within the
State of Alaska.
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Figure 1.1: Geographic distribution of the 704 Sample Plots (in triangles) within the
Alaskan boreal forest (Ruefenacht et al., 2008).
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Figure 1.2: Distribution of species by volume of total growing stock (A) and stand
diameter breast height (dbh) size classes (B) in the forests of interior Alaska. Sawtimber:
22.9cm DBH or greater, Poletimber: 15cm to 22.8cm DBH, Reproduction: 2.5cm to
14.9cm DBH (Malone et al., 2009).
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CHAPTER 2: EFFECTS OF SPECIES AND TREE SIZE DIVERSITY ON
RECRUITMENT IN THE ALASKAN BOREAL FOREST: A GEOSPATIAL
APPROACH?!

2.1 ABSTRACT

This study empirically evaluates and maps the relationships between recruitment
and species and tree size diversity, as tgeasured with the Shannon’s Index, within mixed
poplar/birch (Populus tremuloides, P. balsamifera and Betula neoalaska) and mixed
spruce (Picea glauca and P. marianana) stands‘acmés the boreal forest of Alaska. Data
were collected from 438 permanent sample plots re-measured at a S-year interval.
Significant explanatory factors of recruitment, incluling spepieﬁ and tree size diversity
were first identified using hierarchical partitioning. The effects of tree diversity on
recruitment were then studied using generalized linear models and universal kriging to
account for non-spatial factors and for spatial autocorrelation. We found a consistent
positive relationship between recruitment and species diversity and a general negative
relationship between recruitment and tree size diversity, indicating a tradeoff between
species diversity and tree size diversity in affecting recruitment. These relationships
however were not uniform across the landscape, presumably because they were subject to
strong spatial autocorrelation attributable to natural disturbances and environmental
stressors. In general, diversity had least effect on recruitment in stressful environments
where stress, rather than competition, most likely governed recruitment.

2.2 INTRODUCTION

Understanding the effects of biodiversity on forest recruitment poses a challenge
because recruitment is subject to both non-spatial and spatial effects of various biotic and

21 published in slightly modified form as: Young B, Liang JJ, Chapin FS. Effects of
species and tree size diversity on recruitment in the Alaskan boreal forest: A geospatial
approach. For. Ecol. Manage. (2011) 262:1608-1617.
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abiotic factors, such as stand density, climate, and soil fertility (Caspersen and Pacala,
2001; Mladenoff, 2005; Pretzsch, 2005; Turner, 2005; Liang et al., 2007). Previous
studies, which have only addressed the non-spatial effects, have found a positive
relationship between species diversity and recruitment in a variety of forest types (Liang
et al., 2007; Lei et al., 2009). Structural diversity, notably tree size diversity, is another
key component of forest biodiversity. Tree size diversity is often manipulated by forest
managers to increase biodiversity (Buongiorno et al., 1994; Buongiorno and Gilless,
2003; McRoberts et al., 2008). The effect of tree size diversity on recruitment, like that of
species diversity, is still rather poorly understood (Liang et al., 2007; Lei et al., 2009).
Positive, negative, and insignificant effects on recruitment have been reported (Don et al.,
2007; Liang et al., 2007; Lei et al., 2009), although none of these previous studies took
spatial autocorrelation into account.

Biodiversity goals are commonly used as the basis for management decisions.
Different measures of biodiversity, however, may support different solutions. Several
indices of biodiversity have been applied in previous studies evaluating the effects of
biodiversity on forest productivity (Lindenmayer et al., 2000; Liang et al., 2007,
McRoberts et al., 2008; Lei et al., 2009). Two of the most common indices used in forest
biodiversity studies are the Shannon’s index (Shannon, 1948) and the Simpson’s index
(Simpson, 1949). Although these two indices both depend on landscape richness and
evenness, they weight rare classes differently (Magurran, 2004). The Shannon’s index
reflects both evenness and richness of classes by weighing all classes in proportion to
their frequencies in the sample (Magurran, 1988; Jost, 2006) however, it has been shown
to be overly sensitive to rare classes in the population (Magurran, 2004). In contrast, the
Simpson’s index is heavily weighted towards the most hbundz_mt classes in the sample, it
is less sensitive to the number of different classes (Magurran, 2004). These differences
between the two indices may result in different relationships between diversity and forest
recruitment. ‘ '

The spatial effects of biodiversity on recruitment have rarely been addressed in
previous studies of recruitment and biodiversity, especially at landscape and regional
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scales (Roberts and Gilliam, 1995; Bond and Chase, 2002; West et al., 2009). To this
end, spatial autocorrelation, a general property of most ecological attributes due to
physical or community processes (Legendre, 1993; Bivand et al., 2008), is a key issue to
address, especially in large-scale forest studies (Liang and Zhou, 2010). When
unaccounted for, spatial autocorrelation may affect statistical model predictions because
it violates the assumption of independence on which most standard statistical procedures
rely (Legendre, 1993). Geospatial models that account for spatial autocorrelation could
be useful in assessing the spatial effects of biodiversity on recruitment, especially when
specific environmental drivers such as temperature and precipitation are not included in
the model (Bivand et al., 2008). .

Two general hypotheses — sampling effect and niche complementarity — have
been proposed to explain the relationships between biodiversity and forest recruitment.
The sampling effect hypothesis suggests that b'io&iversity increases ecosystem
productivity through one or a few dominant, high-biomass species in the polyculture
(Tilman et al., 1997; Cardinale et al., 2006; Fargione et al., 2007). The niche
complementarity hypothesis states that biodiversity enhances ecosystem productivity
because niche differences among species and tree size groups enable the forest
community to access larger quantities of limiting resources (Loreau and Hector, 2001;
Tilman et al., 2001).

Two phases of recruitment are particularly important to stand development in the
boreal forest: (1) seedling recruitment and (2) growth of seedlings and sprouts to the
sapling stage (Zasada, 1986). Seedling recruitment is controlled mainly by seedbed
properties (e.g., thickness, temperature, and moisture) rather than by composition of the
biotic community. The second phase of recruitment, where seedlings and sprouts grow
into the sapling stage, involve competitive interactions that determine which species
dominate the overstory after a disturbance (Greene et al., 1999). The sapling phase of
recruitment depends on both biotic and abiotic properties of the forest stand (Kneeshaw
and Bergeron, 1998; Greene et al., 1999; Messier et al., 1999; McCarthy, 2001). This
article focuses on this second phase of tree recruitment.
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The Alaskan boreal forest extends from the Bering Sea on the west to the
Canadian border in the east and is bounded in the north by the Brooks Range and in the
south by the Alaska Range and coastal mountains (Figure 2.1), covering an area of nearly
500,000 km®. The boreal forest in Alaska consists of a mosaic of two general forest types,
mixed poplar/birch and mixed spruce (Viereck and Little, 2007; Ruefenacht ef al., 2008)
and has only eight tree species. White spruce (Picea glauca) and black spruce (P.
marianana) are the predominant conifers and two poplars (Populus tremuloides and P.
balsamifera) and Alaskan birch (Betula neoalaska) represent the majority of the
deciduous trees. The floristic simplicity of the boreal forest within Alaska makes it much
easier to study the effects of biodiversity on tree recruitment.

The main goal of this paper is to investigate the effects of species and tree size
diversity on recruitment within the boreal forest. We have twoxobjectives: to determine if
species and tree size diversity had significant and consistent effects on recruitment for the
two general forest types that occur in Alaska and to characterize the magnitude and
spatial patterns of these effects across boreal Alaska.

2.3 DATA AND METHODS
2.3.1 DATA

The data were obtained from the Cooperative Alaska Forest Inventory (CAFI)
Database (Malone ef al., 2009), which consists of field-gathered information from over
600 periodically re-measured permanent sample plots across interior and south-central
Alaska north of 60°N (Figure 2.1). Most permanent sample plots occur on sites that are
potentially suitable for commercial harvest and are well stocked and road-accessible. All
plots can be categorized as one of the two forest group types recognized by the USDA
Forest Service forest inventory and analysis program for the Alaskan boreal forest:
Aspen/Birch and Spruce/Fir (Figure 2.1; Ruefenacht et al., 2008). In our study, we

assigned each permanent sample plot to a forest group type (Aspen/Birch or Spruce/Fir)
based on the number of trees of each species in the plot (Ruefenacht et al. 2008). In our

























































































































































































































































































































































































































































































































































































































































































































































