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1.1 Overview

The work presented in this dissertation began it avliterature review, but
with a review of land survey records and foreseimwery information dating back to the
turn of the last century. The goal of the reviewsw@characterize changes in the aspen
forest type in the Lake States (Michigan, Minnesatal Wisconsin). The data showed a
transformation of the forested landscape in therefyjom predominately mature, long-
lived, shade tolerant species and forest typegung, short-lived, shade-intolerant
forests, dominated by a so-called “weed tree” (ihyafopulus trembuloide®lichx., and
to a lesser extenf?. grandidentatdMichx. andP. balsamiferd..). Early research by
Kittredge and Gevorkiantz (1929) and the subseg{iémversity of Minnesota)
dissertation by Kittredge (1938) helped tell thegiof the massive human-induced forest
type change. Since the recorded peak of aspert typesacreage in the 1930s, it has
steadily declined in Michigan and Wisconsin anda lesser extent, in Minnesota
(Domke et al. 2008b). Nevertheless, aspen remhembst dominant forest type in the
Lake States and continues to be the most utilizedmof species in the region.

The goal of this dissertation is to contributele existing literature on aspen
forest type trends and to present a methodologggomating biomass availability and
carbon flows associated with the extraction, trans@and utilization of woody biomass
for energy. The chapters in this body of work f@om four main areas: 1) status and
trends from aspen-dominated ecosystems in the §&tes, 2) analysis of biomass
production potential in native and hybrid aspen oamities, 3) estimation of carbon

flows associated with the procurement and utilaabf harvest residues for energy, and
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4) development of a spreadsheet-based model fat espmation of biomass
availability. The paragraphs below describe the foain dissertation chapters.

Chapter 2 has been published by the National CotorcAir and Stream
Improvement, Inc. as Technical Bulletin No. 955tHis chapter, Domke et al. (2008b)
describe the status and trends of aspen reseaticl rake States (including its economic
and environmental contributions) and characten#zestit research on management,
productivity, and environmental considerationstfae species. The report also suggests
strategies to help meet industry needs for infolonadnd technology transfer and
identifies research gaps and areas for potentibmration.

Chapter 3 is in press at thiorthern Journal of Applied Forestrin this chapter,
Domke et al. (In press) investigate the producpiotential of woody biomass feedstocks
from native and hybrid aspen stands following singaiThis study documents more than
20 years of individual tree and yield measuremanksg/brid aspenFopulus tremuloides
Mich. x P. tremulaL.) stands in north central Minnesota. Specificaliee- and stand-
level responses are described in terms of suckesityeearly diameter and height
characteristics, volume, and biomass productiorer@lly shearing treatments increased
the density of hybrid aspen stems relative to piesasdensities at the same age. In
addition, average stem diameter and volume asasedtand-level biomass were
considerably greater in hybrid aspen stands reldtisimilarly aged native aspen stands
also established via shearing treatment. Thesenfisdllustrate that coppice systems
using hybrid aspen provide great potential to fggidoduce biomass feedstocks, with

little management investment.



Chapter 4 was originally developed as a technegadnt for an energy utility in
northern Minnesota and was published internalls Bepartment of Forest Resources
Staff Paper No. 198. The report (Domke et al. 2D0&a since been adapted for
submission t@iomass and Bioenerdipomke et al. In prep. 1). This chapter describes
the development of a model framework for the ediimneof biomass availability and
carbon flows associated with the extraction, trans@nd utilization of harvest residues
for energy. While all commercially important forégpes are presented in this analysis,
the aspen type was used to develop and initiadiyttee model outputs. Study results
suggest there are carbon costs associated witltitization of harvest residues for
energy production but that they are markedly lotlian direct CQemissions reported
for fossil fuels (i.e., exclusive of extractionfirement, and transport emissions).

Chapter 5 describes the development of a spreadishsed model designed to
estimate biomass availability over multiple spagiatl temporal scales. The model was
originally developed as part of the work describedhapter 4 (Domke et al. 2008a) and
has since been refined and used in a variety oh&ss- and carbon-related projects. This
chapter has been formatted for submission tiNitiehern Journal of Applied Forestry
(Domke et al. In prep. 2). The final chapter présengeneral summary, including

potential directions for future research.



Chapter 2

Aspen inthe Lake States: aresearch review



Aspen species are critical components of forestsariake States, with
important economic and environmental contributitmthe region. There is a modest,
ongoing investment in aspen research, but the ndseafragmented and not always
closely linked to industry information needs. Closemmunication and collaboration
between the forest research scientists and indugirest managers is needed to ensure
that limited research funding is allocated to ptyotopics and that research outputs are
relevant to industry managers and can be usedvielajestrategies to best utilize and
sustain this resource. This is particularly impottgiven the changing nature of the forest
products industry in the region and for larger-sgasues related to fiber supply, global
competitiveness, and the role of forests in cad®uestration and bioenergy production.
This research assessment summarizes the stattieadsd of aspen in the Lake States,
including its economic and environmental contribng, and characterizes current
research on management, productivity, and enviromaheonsiderations for aspen. It
also suggests strategies to help meet industrysifeedthformation and technology

transfer and identifies research gaps and aregmtential collaboration.

21 I ntroduction

Quaking and bigtooth aspelRdpulus tremuloideMichx. andP. grandidentata
Michx.) and balsam poplaP( balsamiferal..) are classic examples of early successional,
pioneer tree species (Perala 1990). They are batee-dependent, fast growing, short
lived, and require high light environments for édithment and rapid growth (Brinkman

and Roe 1975, Perala 1990, Alketral. 1991, Sheppard 2001). Despite sharing many of



the same life history traits and coexisting througiithe Great Lakes region, their overall
geographic distributions differ (Little 1971, Burasd Honkala 1991). Quaking aspen is
the most widely distributed tree species in Northekica with a transcontinental range
(Little 1971, Burns and Honkala 1991) extendingrfrthe tree line in northwestern
Alaska south to the mountains of Mexico. Balsamlg@oglso has a transcontinental
range, but is restricted to Canada and Alaskalaaaorthernmost parts of the eastern
U.S. (Burns and Honkala 1991). Bigtooth aspen hasinallest native range of the three
species, found throughout the Northeast and Noetitr@l U.S. and adjacent Canada

(Burns and Honkala 1991).

The aspens and balsam poplar have important econ@iue and provide many
ecosystem services across their respective rampes.provide erosion control,
groundwater recharge, habitat and forage for viddinsects, and pathogens, and
aesthetic value (Alban 1991, Burns and Honkala 1P®tter-Witter and Ramm 1992,
David et al. 2001). Their economic importance hasved over the last one hundred
years, particularly in the North Central region (Mésota, Wisconsin, and Michigan) of
the United States where turn-of-the-century logging fires created ideal conditions for
disturbance-dependent species (Graham et al. Téland et al. 2003). The aspens and
balsam poplar (hereafter referred to collectivalyagpen) have gone from weed tree to
one of the most highly sought after commercial ggein the Lake States (Einspahr and
Wykoff 1990, Alban et al. 1991, Balatinecz and Koftmann 2001, David et al. 2001,
Piva 2006). Today, aspen is a premier pulp andrspexies and is used heavily in

engineered wood products in the region (Burns amckila 1991, Piva 2006). The
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demand for these wood products, along with firgpseigsion, natural succession,
premature dieback, land conversion, forest managepractices, and pests and
pathogens, has led to declines in these speciessaiorth America and particularly the
Lake States (Cleland et al. 2003, Frey et al. 20D4¢se declines, along with the
importance of maintaining ecological function inmaged forests, have led to changes in
how aspen is managed across the region. Traditaspedn silviculture has been
augmented by silvicultural systems and associatactipes which increase biodiversity,
capture early mortality, and improve tree growtd &rm (David et al. 2001, Cleland et

al. 2003, Ostry et al. 2004).

Over the last few decades, several reviews havendected and described the
biology, ecology, economics and silviculture of @sphroughout the United States and
Canada (Perala 1977, DeByle and Winokur 1985, 84200, Peterson and Peterson
1992, David et al. 2001, Cleland et al. 2003, Fetegl. 2004). However, in the last
decade, new markets and technologies have emeangedxpansions and closures have
changed fiber demand, total aspen acreage hasaedtto decline, and ecosystem
management concepts have evolved to shape howftresés are managed, particularly

on public lands.

This chapter describes the current status and laugel of aspen in the Lake
States and reviews the literature, highlightingeredindings and identifying critical gaps
in our understanding of the species across themegialso suggests strategies for
linking research and emerging technologies to mamagt.
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2.2 Resour ce status and trends

2.2.1 Forest type history

Prior to European settlement, the aspens play@a@ortant, though minor, role in
the forests of the Great Lakes region (Finley 1%7@ner et al. 1995, Almendinger
1997). Land survey information from the General d @ffice in each of the three Lake
States has been used to reconstruct pre-settldarestland conditions (Finley 1976,
Comer et al. 1995, Almendinger 1997). In northernMé@sota, an estimated 30 percent
of the forest was composed of mixed conifer-aspspen-birch, and aspen-oak. In
northern Michigan and Wisconsin, aspen was a moailer component of pre-
settlement forests with approximately 300,000 acresach state (Comer et al. 1995,

Finley 1976).

Beginning around 1850 in central Michigan, settls@gan clearing forestland to
make way for farms and homesteads. By the 1930st afidthe virgin timber in the Lake
States had been removed. During the 80-year cupmréesd, wildfires burned throughout
the region, creating ecologically ideal conditidoisaspen by reducing tree competition,
creating an optimal seedbed, and stimulating végeteeproduction (Graham et al.
1963, Haines and Sando 1969, Cleland et al. 200®) result was a massive forest type

conversion across the Lake States (Cleland efaB,ZFriedman and Reich 2005).

Today, aspen/birch and the maple/beech/birch foypss are the two most prolific
groups in the North Central states, occupying &2 10.4 million acres of timberland

respectively (Table 2.1). Note all estimates i tthapter are based on USDA Forest

9



Service Forest Inventory and Analysis (FIA) invergs corresponding to the following
periods in each state: Michigan 2004-2008 (anna893 (periodic), 1980 (periodic);
Minnesota 2004-2008 (annual), 1990 (periodic), 1@&fiodic), and Wisconsin 2004-
2008 (annual), 1996 (periodic), 1983 (periodic)nkBsota has the largest proportion of
that total aspen/birch timberland with more thamibion acres (Table 2.1). Michigan
and Wisconsin each have more than 3 million act@spen/birch timberland despite

being dominated by the maple/beech/birch forest (yiable 2.1).

Following the extensive cutover at the turn of ldet century, aspen was
considered a useless weed (Holcomb and Jones $p88¢cer and Thorne 1972, Graham
et al. 1963, Balatinecz and Kretschmann 2001, S2004). As the supply of more
favorable timber species diminished and aspen stegathed merchantable size, several

industries began using it (Holcomb and Jones 1938).

It was realized that the wood of this early sucioesd, disturbance-dependent
species could be pulped and was well suited fareety of other forest products
(Holcomb and Jones 1938, Lamb 1967, Einspahr anckdfiy1990, Balatinecz and

Kretschmann 2001).
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Table 2.1 Area of timberland by state, FIA forest type groapd inventory period. Note that 2008 estimatedased on the
annual inventory period from 2004-2008 whereaseragktimates are based on periodic inventoriekiegamay not sum to

total due to rounding.

Michigan Minnesota Wisconsin
Forest Type Group 1980 1993 2008 1977 1990 2008 1986 1996 2008
White/red/jack pine 1,651,699 1,862,769 1,874,122 65,476 891,119 843,603 1,248,481 1,168,411 1,495,20
Spruce/fir 2,583,178 2,673,282 2,522,196 2,957,628,555,406 3,443,485 1,347,641 1,342,348 1,400,527
Oak/pine - - 572,957 - - 254,783 - - 609,491
Oak/hickory 1,764,459 1,985,924 3,100,421 928,560,164,615 1,997,739 2,858,904 2,884,732 4,150,491
Elm/ash/cottonwood 1,421,730 1,625,452 1,940,842006,780 1,290,460 1,440,414 1,240,598 1,528,456 581684
Maple/beech/birch 6,227,820 7,160,141 5,559,857 08787 1,392,990 1,128,034 4,002,318 5,299,745 53868
Aspen/birch 3,651,772 3,161,781 3,209,877 6,709,382,317,639 6,065,328 3,904,010 3,407,638 3,168,977
Other! 104,764 114,932 296,495 3,800 6,000 169,559 2,200 12,617 118,484
Nonstock 86,340 38,657 159,767 58,497 104,188 B22,4 160,381 56,694 152,368
Total 17,492,921 18,615,900 18,807,016 13,613,100 14003, 14,988,709 14,759,400 15,700,884 15,886,555

1 Other forest type group includes all types whichupy > 1 million acres across the three stateset#astern softwoods group, Douglas-fir group,
Fir/spruce/mountain hemlock group, Exotic softwogdsup, Oak/gun/cypress group, Other hardwoodspyrand Exotic hardwoods group.
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The level of aspen pulpwood production across ¢lgeon has increased
substantially over the last 40 years and the aspensow the dominant species
harvested for pulpwood in the Lakes States, acaugifor 41 percent of the 9.8 million

cords harvested in 2004 (Piva 2006).

Since the recorded peak of the aspen/birch aclieabe 1930s, this forest type
has declined in each of the three Lake Statesd@iieét al. 2003). In Michigan and
Wisconsin, acreage declined more than 36 percemt 11935 to 2004. The aspen/birch
acreage declined by 6 percent over the same 69geiad in Minnesota (Cleland et al.
2003). These trends continue across the Lake Stdtbsugh the declines have slowed
over the last three decades (Table 2.1). Todagrdpch remains one of the two most
dominant forest types, representing more than 2depé of the 51 million acres of
timberland in the region (Table 2.1). Only the nedipéech/birch forest type compares
across the Lake States, representing approxim2@epercent of the region’s timberland

(Table 2.1).

Ownership patterns are important to understandiagagement options. In the
Lake States, nearly 61 percent of the 51 millioreaof timberland are privately owned
with approximately 52 percent of the aspen timbetlm private ownership (Figure 2.1).
Since most of that is in non-industrial privateefsir(NIPF) ownership, such landowners
are clearly crucial to aspen availability in théuhe. Public ownership is also important
across the region and has evolved somewhat ditfgr@eneach of the Lake States
(Cleland et al. 2003). Minnesota’s public lands arelescending order of magnitude,
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state, local (county and municipal), and federabiath aspen and total timberlands
(Figure 2.1). Wisconsin’s public timberlands arararily local (county and municipal),
followed by federal and state lands (Figure 2. AMichigan, state and federal lands are
the principal public ownerships, with a small numbgacres in local forests (Figure
2.1). Additionally, most of these public timberlanare in the northern portions of the

respective states.

2.2.2 Usage, supply and demand

Aspen is used for a wide variety of products (Lat8b7, Einspahr and Wyckoff
1990, Balatinecz and Kretschmann 2001). Its lighight and color, as well as the fiber
length, make it a desirable paper species bectnaa be pulped by most of the
commercially important processes (Lamb 1967, Einspad Wyckoff 1990, Balatinecz
and Kretschmann 2001). It is also well suited f&@ in building products such as
hardboard, insulation board, particle board, anacsiral flake board (waferboard and
oriented strand board) (Einspahr and Wyckoff 1¥4latinecz and Kretschmann 2001).
In addition, aspen wood is being used in panehlmgtches, chop sticks, toys, core stock,
containers, pallets, framing lumber, and intenont(Lamb 1967, Einspahr and Wyckoff

1990, Balatinecz and Kretschmann 2001).
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Figure 2.1 Aspen forest type and total timberland area (aks$t types) by ownership
class and state for the inventory period 2004-2008.

Aspen has long been used for fuelwood locally. Thatket has potential for
considerable expansion with reemerging interebidmass energy and new technologies
for harvesting such as portable chipping and gnigdiquipment that can utilize small
sized trees and residual material (Balatinecz amdsikhmann 2001). In addition, new
technologies for converting wood to liquid fuelsym@ad to new value-added
opportunities. Many forest products manufacturiagjlities are already highly self-
sufficient in terms of energy and are exploringi@aps for increasing biomass energy
production for internal use and/or sales to othexgeasing demand for biomass energy

could affect competition for aspen and other wasburces.
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Figure 2.2 Aspen timberland by state and inventory periodéhtery 1 = 1980 (M),
1977 (MN), and 1983 (WI), Inventory 2 = 1993 (M1R90 (MN), and 1996 (WI), and
Inventory 3 = 2008.

Trends in aspen timberland acreage over the lest hecades are summarized by
state in Figure 2.2. Declines are evident in aktéhstates. These changes are likely the
result of natural succession and forestry practicasfavor other species, e.g., favoring
longer lived hardwoods by thinnings that removesasand leave hardwoods; or
clearcutting and leaving hardwood residuals thatlsrand otherwise inhibit the
regeneration of aspen. A role for natural succesisisuggested by the fact that
substantial areas of aspen timberland are in @lgerclasses (Table 2.2). However, any

interpretation is partly speculation as there hsenino comprehensive analysis of factors

that are leading to the decline of aspen acreage.

Aspen net volume per acre on timberland by ages etashown in Table 2.3. Net

cubic foot volumes per acre vary substantially tayesand inventory period which may
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suggest differences in site classes or levels@fisp composition. The net volume per
acre steadily increases in each state and inveptrgd until approximately age 70 and
thereafter fluctuates (Table 2.3). This suggesisaktended rotations are unlikely to
improve yields on some sites and that mortality declining tree quality impact net
yield accumulation for long rotation ages. Howevee FIA aspen forest type definition
is very broad (from 100 to as low as low as 30 @eraspen); thus, there is reason to
investigate potential effects further, perhapsgcgees composition, site quality and
stand treatment history. Yet stand treatment hystapacts should be modest, as there

has been minimal thinning or other intermediatattreents applied to aspen to date.

Table 2.4 indicates changes in the aspen forestdgpeage by site productivity
class over the last three inventory periods. The tif aspen acreage is occurring on the
moderately productive sites. This may be due tamahsuccession with aging and/or
conversion following harvesting. Conversely, aspppears to be increasing in the low
productivity areas. This may also be due to natswatession, where previously
abandoned sites (e.g., fields or mines) are nowinkted by aspen. It may also be due to
active aspen management on public lands which histerically been considered the
low productivity areas that settlers did not waBlidnds and Healy 1977, Cleland et al.

2003).
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Table 2.2 Area of aspen timberland by state, ownership, gedcéass for the 2004-2008 inventory period.

Age Michigan Minnesota Wisconsin

class Federal State L ocal Private Federal State L ocal Private  Federal State L ocal Private
0-10 8,114 86,758 5,155 132,257 63,251 187,362 0482, 348,896 23,299 34,861 108,776 242,687
11-20 42,248 137,366 7,754 132,259 98,121 133,72576,217 294,866 35,780 34,835 118,679 208,127
21-30 52,825 99,119 568 196,873 70,191 100,390 9832, 310,891 61,049 31,321 102,748 208,107
31-40 55,745 140,749 6,358 214,112 73,257 80,047 ,6887 266,948 48,050 29,957 114,153 253,514
41-50 54,626 101,563 10,061 256,515 49,355 125,34924,337 289,525 62,525 31,800 62,192 251,298
51-60 59,822 77,762 5,613 199,897 77,211 94,425 ,25Q9 273,246 34,149 29,722 24,502 206,097
61-70 41,572 60,899 6,730 157,447 85,131 81,492 2272 224,234 24,097 6,208 33,247 135,287
71-80 41,727 18,269 5,022 96,728 33,204 38,195 662,7 126,684 19,993 11,585 10,789 52,263
81-90 7,909 18,499 2,289 45,831 25,894 5,297 14,96132,987 4,425 5,596 - 23,944
91-100 2,257 1,635 - 14,600 14,552 - 6,137 747 21,40 2,106 - 792
100+ - 10,351 - 6,582 2,902 4,651 3,192 12,025 - - - 2,293
Total 366,845 752,970 49,550 1,453,101 593,069 850,9388117/53 2,181,049 314,769 217,991 575,086 1,584,409
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Table 2.3 Aspen timberland volume (cuft/ac) by age classestnd inventory year.

Age Michigan Minnesota Wisconsin

class 1980 1993 2008 1977 1990 2008 1983 1996 2008

0-10 947 1,604 606 336 1,320 482 1,065 1,754 602
11-20 675 922 791 426 653 544 773 1,183 623
21-30 916 1,209 767 662 904 584 1,089 1,176 720

31-40 2,289 1511 1,165 1,128 1,382 807 1,805 1,6647
41-50 3,673 2,792 1,377 1,367 1,795 1,170 2,869612,41,216
51-60 3,930 3,422 1,760 1,472 2,071 1,268 2,5180%,61,628
61-70 2,881 3,409 1,870 1,544 2,205 1,608 1,87123,11,616
71-80 2,653 3,093 2,153 1,736 2,112 1,708 1,720451,92,233
81-90 2,375 3,079 2,264 1,833 2,202 1,660 1,86669,92,313
91-100 1,886 2,492 1,871 2,059 2,406 2,030 1,99802, 1,692

100+ 2,318 2,642 3,012 1,755 2,479 1,961 - 2,63011,
60
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Figure 2.3 Percent of all live aspen volume within forest tygpeups in the Lake States
for the 2004-2008 inventory period.
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Table 2.4 Area of aspen timberland by state, site produstislihss (cuft/ac/year), and inventory year.

Site Productivity Michigan Minnesota Wisconsin

Class 1980 1993 2008 1977 1990 2008 1983 1996 2008

20-49 437,800 275,855 517,781 766,465 553,728 9814, 347,867 204,562 331,157
50-84 1,252,056 1,178,454 1,131,989 2,707,801 92/6Q4 2,423,346 1,548,287 1,273,168 1,094,157
85-119 1,245,994 1,053,485 848,182 1,573,335 11831 1,227,020 1,293,822 1,218,853 1,109,222
120-164 134,676 150,224 104,260 98,899 59,401 268,3 71,291 156,224 134,831
165-224 18,465 22,502 16,511 11,198 4,000 15,914 -32,275 22,891
225+ - - 3,742 - - - - - -
Total 3,088,991 2,680,520 2,622,465 5,157,698 5,058,057094670 3,261,267 2,885,082 2,692,258
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While the interest here is focused on the aspasstdype, it is also important from
a utilization standpoint to identify the other feréypes that include substantial aspen
volume. Figure 2.3 indicates the percent aspendifabd volume by forest type and
describes the species that occur with aspen anbthene of aspen within other forest

types. Clearly all of the other major forest types important sources of aspen.

2.2.3 Growth and yield

Inspection of the empirical yield compilation shoimrFigure 2.4 shows
conventional yields (net volume of trees > 4.9%exDbh to a 4 inch top diameter
outside bark (dob)) reaching approximately 1500 ctdet per acre at age 50 and
slightly higher at age 60. This suggests mean dnna@ment for most stands peaks at
approximately 50 years. However, this is an FlArage yield and stands on better than
average sites may perform better at either youogelder rotation ages. Walters and Ek
(1993) modeled FIA data from Minnesota. Their ressgauggest that yields can be much
higher on better than average sites (Figure 2.8dlithonally, plantation data suggests
potential yields under intensive culture on theeorof those achieved for short rotation
hybrid poplars (Andrew J. David personal commumicgt Given that FIA data for
aspen includes hundreds of plots measured on $@ge@sions, it would be instructive
to explore that data for possible trends in aspamdsyields with respect to site
conditions, location, disturbance history, and p#tand characteristics. Ecological
classification systems may also help identify tierftbwever, few such systems have

been rigorously examined with respect to theirdigds to health and productivity.
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Improvements in naturally regenerated aspen steahdisywith early (precommercial)
and/or commercial thinning are also of interesidi&ts by Graham et al. (1963),
Sorenson (1968), and Perala (1978) suggest thahakpe many species, will respond
well to early thinning at less than 10 to 20 yesrage. Those studies also consider the
concept of thinning early, light, and often to irape overall rotation yields and product
mix. However, those studies have not been fullyicafed, if at all. In fact, early and
commercial thinning have been demonstrated as gdillysieasible from an equipment
and operational aspect, but growth response data fe-measurements of those studies

remains in short supply.
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Figure 2.4 Net aspen forest type volume (cuft/acre) by ageschnd state for the 2004-
2008 inventory period.
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Figure 2.5 Comparison of aspen timberland volume with a guadsme equation
developed by Walters and Ek (1993) for specifie sitices for the 2004-2008 inventory
period in the Lake States.

2.3  Biology and ecology

2.3.1 Regeneration

Aspen is a prolific seed producer and can begiwdhing as early as 10 years of
age (Maini 1968, Perala 1990). Once sexually maaspen produces good seed crops
approximately every 5 years (Perala and Russel,1B8rala 1990). The light, wind-
dispersed seed has a germinative capacity of rhare35% under favorable conditions
and typically lasts between 2 to 4 weeks (Maini8, % chopmeyer 1974, Perala 1990).
Despite high seed viability and regularly abundaes®d crops, aspen rarely regenerates
sexually (Perala 1990, Peterson and Peterson 18BR)is largely due to a lack of saill

moisture during seed dispersal, unfavorable spiperature and soil chemistry, and the
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presence of fungal pathogens during the short getion period (Perala 1990, Peterson

and Peterson 1992).

Most aspen regeneration comes from adventitioustshay suckers that arise along
its lateral root system (Farmer Jr. 1962, Sten&R&d, Perala 1977, Heeney et al. 1980,
Perala 1990, Frey et al. 2003) following large-scatand replacing disturbances. Aspen
is also capable of producing sprouts from its mdtar and stump. Reproduction from
these structures, however, is not common (DeBykVE@mokur 1985). Where aspen is
already present in a stand, suckering is the pgimmaade of regeneration with success
dependent on growth hormones (Farmer Jr. 1962ek¢eri974), root carbohydrate
stores (Scheir and Zasada 1973), root size (Kemgedf77), clonal variation (Maini
1967), soil temperature, root depth, soil moisf{iMtaini and Horton 1964), soil
compaction, previous stand age, herbivory, andtglampetition (David et al. 2001).
Following natural stand-replacing disturbances @edrcutting, sucker densities of
20,000 to 30,000 stems per acre are not uncommeBylE and Winokur 1985, Perala
1990, Peterson and Peterson 1992). The numbepehasickers quickly declines as
clumps self-thin and, by the tenth year after disince, most clumps have been reduced
to a single ramet (DeByle and Winokur 1985, Peteestd Peterson 1992). The result of
this rapid self-thinning is clones of a few to seddaundred stems extending from 1 to 5
acres (Peterson and Peterson 1992). Inter andlioicl competition and mortality

continue throughout the life of the stand (Peteraoa Peterson 1992).
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2.3.2 Genetics and improvement

In general, population genetics theory suggestsgietic variation increases with
species environmental variation, population sing, i@nge. It is not surprising then that
both aspens and balsam poplar are geneticallystvese species (Barnes 1966, Burns
and Honkala 1991, Mitton and Grant 1996, Ostryl.t289, David et al. 2001, Madritch
et al. 2006). With separate male and female trgies] pollination ensures large levels of
genetic diversity at the population level (Burnsl &dionkala 1991, David et al. 2001).
Recent work by Madritch and Hunter (2002) and Matret al. (2006) suggests that loss
of genetic variation within populations can infleencommunity and ecosystem level
processes such as litter decomposition and nutigring. Within seedling-derived
aspen populations, the greatest loss of genotymegenetic variation occurs during the
stand initiation phase when density-dependent rigria at its peak (David et al. 2001).
New genes enter populations from other populatimaseed migration during seedling

establishment and from pollen flow during flowerifi2avid et al. 2001).

In clonally derived sucker stands, aspen genotgpesypically conserved on the
site following disturbance so long as sucker préidncand growth are sustained from
one generation to the next and the overall aresacier production is maintained (David
et al. 2001). However, the actual loss in genotypesy, associated with a disturbance
event is unknown and is probably more closely eeldb intraspecific competition, an
individual genotypes’ propensity to sucker (Farderl962, Maini 1967, Steneker 1972)

and soil conditions (Bates et al. 1998) than thaaalisturbance event itself.
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Based on the life history traits, natural levelgehetic variation, and geographic
range of quaking aspen, the potential for impro\ang trait is similar to that of most
conifers. For volume, that translates into an iasesof approximately 15 to 22 percent
per generation, but there are no native aspenrge@vement programs for three
reasons. First, when most tree improvement prograens initiated (from the 1950s to
the 1980s), aspen had very little economic valueak considered an undesirable tree
and its suckers an impediment to the growth offeorsieedlings which were favored.
Second, in areas where aspen was desired, itsavogjaibility made regeneration of the
stand after harvest silviculturally simple and emmically feasible. Therefore, there was
no reason to develop an aspen program. Finallyjdv@spen maintains all the attributes
of native aspen with the added bonus of improveavtr rates. For this reason, the

majority of breeding work has been devoted to asyydmids and not native aspen.

There are two active aspen breeding programs ithMonerica and both are based
on a cooperative model. The Aspen/Larch Genetiap€ative (ALGC) is currently
located at the University of Minnesota but hasotsts in the former Institute of Paper
Science and Technology in Appleton, Wisconsin. dtier cooperative aspen breeding
program is the Western Boreal Aspen Corporatioedtas Edmonton, Alberta. Of the
two, the ALGC is the only breeding program focussately on hybrid aspen and, in
particular, crosses between quaking aspen andutap&an asperP( tremulaL.). TheP.
tremuloidesx P. tremulacross is particularly productive with a majorityfamilies
producing seedlings with hybrid vigor. Whereasveataspen grow from coppice at

roughly 0.25-0.50 cords/ac/year, hybrid aspen f@sirom this breeding program are
25



growing at 1.0-2.5 cords/ac/year, approximatelyg 4Q times the growth rate of the
native material (see Chapter 3 or Domke et altgUnew)). At these growth rates, hybrid
aspen competes favorably with hybrid poplar andthasadded advantage of deployment

in an operational forest setting.

These growth and yield observations for hybrid asge based on the deployment
of seedling-based families. Growth rates couldnoegased if clonal deployment were
possible as in hybrid poplar. In clonal deploymtet very best genotypes are selected,
propagated and then planted in the field. Thisw@stthe entire genetic value of the
superior genotype with virtually no tree-to-tregigaon in the field. Hybrid aspen
propagate readily from roots but not from hardwoattings like hybrid poplar.
Additional gains in growth rate and yield couldditained if there were an economically

feasible and reliable vegetative propagation metbotlybrid aspen.

Accurate forecasting of hybrid aspen growth anddyweould also benefit from
volume functions for individual hybrid aspen tre€sirrently, the only available volume
functions are from a single Swedish study that émbéit hybrids oP. tremulax P.
tremuloidesn Sweden (Johnsson 1953). Likewise, biomass @mqsator both native
aspen and hybrid aspen in the Lake States woulbébeficial for estimating total
biomass on a site. Equations such as these arenbegmcreasingly necessary for

accurately estimating both the total accumulatedniss and its economic value.

With the current emphasis on forest certificatitere is increasing pressure to

exclude the use of non-native or hybrid seedlimgagriificial regeneration practices. In
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the case of hybrid aspen, the most discusseddeaatrogression, or gene flow from the
hybrid that dilutes the native gene pool. In rgalibhe issue is much more complex and a
thorough investigation of the likelihood of intr@egision and its impacts is warranted. In
order for any introgression &f. tremulagenes into th®. tremuloidegene pool, several
independent events must occur. First, the aspendsylmust produce viable pollen. The
pollen must then be transported to an individiaremuloideswhere it produces seed.
And finally, the resulting seed must land on a gikeere it can germinate and grow into

an adult.

The first two events are not difficult to accomplis the wild. Hybrid aspen are
capable of producing viable pollen or receptivelesuand crosses between hybrid aspen
andP. tremuloidedhave been accomplished with ease in a controlledndrouse setting
(Institute of Paper Chemistry, 1988). The next steftie process of introgression is
much more difficult. Once a backcrossed seed idymed, it must find an appropriate
place to germinate and grow to sexual maturityaBlgthing aspen literally from seed is
extremely difficult and less frequent in today’syeanment than during the presettlement

periods.

As a riparian species, aspen, like otRepulusspecies, was found primarily along
rivers and lakes that ebbed and flowed with sedsatjastments in water levels. This
riparian environment -- with its constantly shifiisandbars and scoured banks --
provided the moist, bare mineral soil with no cotimgevegetation that is required for
establishing aspen from seed. After the harvetitefjreat pineries and the resulting

27



slash fires from the 1880s to the 1930s, areaardiftom rivers became more hospitable
for establishing aspen from seed. In this way gtktensive aspen component in the Lake
States region that currently exists became estedulisToday, with the exclusion of stand
replacement fires and the control of seasonal texezls, the opportunities for
establishing aspen from seed are extremely lowsTte opportunity for introgression

between hybrid aspen aid tremuloidess also extremely low.

In this discussion of the risk of planting hybrgpan, it is imperative to include
several additional facts related to hybrid aspeeisetic background and its life history
traits. Hybrid aspen per se is not a geneticallgifred organism and by definition its
genetic component is one-half native aspen. Thezetbere is no risk of an engineered
gene escaping into the environment and each suceegmeration beyond the hybrid
would have it. tremulacomposition decreased by half, i.e., the firstagtession event
is really a backcross between a hybrid to a natspgen and results in a seedling with 25
percent of its genetic background derived fi®@nmremula This first generation
backcross introgressant would be composed of 7&ept?. tremuloidesand 25 percent

P. tremulagenes.

P. tremuloidesandP. tremulaboth belong to subsection Trepidae, section Lauce
the genu$opulus They are extremely similar morphologically andlegically and,
like all the members of Trepidae, they can be pasdssed (Einspahr and Winton 1977)
and natural hybrids do occur where their rangeslapéBarnes 1961; Andrejak and

Barnes 1969) or where one species has been planpeoximity to another (Peto 1938;
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Little et al. 1957). This information leads someastigators to consider these not as
individual species but rather as a single circurapspecies with different varieties or

races (Peterson and Peterson 1992).

One relatively unexplored method for controllindleo and ovule production in
hybrid aspen is to create triploid or 3N hybridesor artificial regeneration. As
triploids, these individuals have three copiesaafrechromosome instead of the regular
two. Although native aspen with three copies oheglmromosome are known in the wild
(van Buijtenen et al. 1957; Every and Wiens 19@ijing meiosis the chromosome
pairings are so mismatched that virtually no vigim#éen or ovules are produced
(Johnson 1940). This natural sterility could bedugl®ne or in conjunction with
engineered methods of sterility to control the apyaties for introgression in hybrid

aspen or genetically modified aspen.

2.3.3 Soilsand site productivity

In the Lake States, aspen grows on a variety ¢ §miimarily Spodosols, Alifsols,
and Inceptisols) ranging from shallow and rockgéep loamy sand and heavy clays
(Perala 1990). It grows best on well drained, lo@wmijs with high organic matter and
nutrient content and where the water table is betw&and 8 ft deep (Graham et al.
1963, Perala 1977, Perala 1990). Some of the nmoduptive aspen stands across its
range are in the northern part of the Lake Stag®n and adjacent Canada where soils
are cold, well-drained and rich in lime (Perala @@®espite this, most aspen in each of
the three Lake States is found on moderately produsites (Table 2.4).
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There are many studies examining the effects @stamanagement activities on
short- and long-term site productivity and nutriangilability (Bormann et al. 1968,
Stone et al. 1979, Alban and Perala 1990, Pennutkan Kessel 1995, Morris 1997,
Arikian et al. 1998, Grigal 2000, Stone 2001, Panadral. 2005). The results of these
studies vary widely with location, harvest methdurvesting intensity and frequency,
soil type, disturbance history, forest type, anchate (Bormann et al. 1968, Greacen E.L.
and Sands 1980, Freolich 1977, Stone et al. 19i8r & al. 1989, Pennock and van
Kessel 1995, Morris 1997, Arikian et al. 1998). Thest notable effects of harvesting on
forest soils and site productivity occur through #iteration of soil physical properties
(Greacen and Sands 1980, Grier et al. 1989, Ari&taal. 1998, Grigal 2000). Changes in
physical properties can persist for long periods,ret easily repaired, and can produce
conditions outside the natural range of variabilvith negative effects on tree growth
and site productivity (Froehlich 1977, Arikian ét 98, Grigal 2000). In contrast,
nutrient depletion due to forest harvesting hasoeein well documented and requires
long-term studies to see measurable effects (G2@@D). That said, it is generally
accepted that whenever organic matter is remowed & site, there is also net loss of
nutrients from that site (Grier et al. 1989). Thamsses tend to be proportional to the
volume removed, although total site nutrients stanewoody biomass differs for

different forest types and sites (Grier et al. 1989

In aspen-dominated ecosystems, there is a risktoent loss and reduction in site
productivity due to its rapid growth, reproductistnategies, and the fact that it

accumulates more nutrients than its common assscfalban 1982). In a study
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measuring soil compaction in 18 pure aspen andhds@&lwood stands in northern
Minnesota, Arikian et al. (1998) found that soihggaction following harvests reduced
regeneration density. They also found that dectkase aeration and increased root
damage inhibited root growth and productivity, kiimg the resources available for
residual tree growth (Arikian et al. 1998). In m#ar study in northern Minnesota, Bates
et al. (1993) found no significant evidence of soimpaction following clearcut but did
document reduced aspen suckering in areas witeased rutting and soil scarification.
Stone (2001) found that soil compaction negatiadfgcted aspen sucker growth on clay
sites across the Lake States but slightly increaseller diameter and height growth on
sandy sites. Alban and Perala (1990) kept compaetia soil displacement to a
minimum to examine the impacts of biomass remowab{e-tree clearcutting and
merchantable bole clearcutting) on soil nutriemd site productivity in aspen stands in
the Lake States. When compared to control plogy; tbund that whole-tree and
merchantable-bole harvesting had few short-terecesfon soil organic matter and
nutrient dynamics. In northern Quebec, Bellaeu atiters (2006) found that whole-tree
and stem-only harvesting decreased forest flooCnineralization to net N
mineralization (Cmin/Nmin) ratios and soil potassi(K) and increased extractable
phosphorous (P), Kjeldahl N, base cation concentraiof calcium and magnesium (Ca
and Mg), base saturation, pH, and effective cagtixchange capacity increased. Two

years after harvesting, no significant change®ihnsinerals were observed.

While it is clear that forest management activihase a variety of impacts on

forest soils and site productivity, the long-terffeets of these activities are still largely
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unknown for aspen types. There is a need for mwodg-sand long-term assessments of
the effects of different harvesting strategies egdipment on aspen site productivity.
These studies must be carried out across the datrsnd types which support aspen in
the Lake States to track changes in soil physicagqrties, nutrient mineralization rates,
and organic matter decomposition. These studid$etlome increasingly important as
stand management for energy (which often callshart rotations and significant

biomass removals) becomes more common in the LedtesS

2.3.4 Forest health

A variety of biotic and abiotic agencies affect tiealth and vigor of aspen
dominated ecosystems in the Lake States. Incréasésospheric C®and tropospheric
O3 can alter ecosystem structure and function (Kubetkal. 2007). In northern
Wisconsin, a free air carbon emission study by Kkbiet al. (2007) showed that
elevated C@encourages aspen growth and gives it a compeé#itlvantage over two
common associates, white birdetula papyriferaMarsh.) and sugar mapladcer
saccharumMarsh.) when compared to control stands. Howeavader elevated £ aspen
growth was reduced and mortality increased whenpeoed to the two associates and the
control plots (Kubiske et al. 2007). In pure asp&nds, there were large clonal
differences in growth rate and mortality under ated CQ and Q conditions,
suggesting that rates of ecological successionlmaaitered in the future (Kubiske et al.

2007).
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Other abiotic factors such as wind, drought, flogdifire, hail, and extreme
temperature fluctuations also impact aspen ecasysealth. These agents can, in some
cases, lead to direct mortality but more often edtse damage creating opportunities for
secondary pests and pathogens (Manion 1991). Weatbats such as derechos,
tornadoes, and floods following major weather esel@maged 69,171 acres of aspen
timberland in the Lake States during the most reEéh inventory period (Figure 2.6).
Fire was a relatively minor problem over the 20@0& inventory period, only damaging

18,085 acres across the region (Figure 2.6).

The aspens have two primary defense systems td ggainst damaging biotic
agents. The first is chemical defense where aspamaulates phenolic glycosides and
condensed tannins in tissues and coniferyl benzodlewer buds (Lindroth 2001). The
phenolic glycosides are toxic to a variety of pgghs, insects and small mammals, while
coniferyl benzoate is toxic to ruffed grouse (Liotir 2001). The second defense strategy
IS aspens capacity to maintain growth and repraooiucifter repeated defoliation events
(Lindroth 2001). This strategy is particularly adtegeous for the aspens which are hosts
to several outbreak folivores which have the paatd cause extensive and uniform

damage during peak periods of defoliation (Lindr2@i91).
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Figure 2.6 Area of aspen timberland damaged by biotic andtizbégencies during the
2004-2008 inventory period in the Lake States.

Animals, domestic and wild, damaged 128,130 ackesen timberland during
the latest inventory period in the Lakes Stategufd 2.7). Domestic (livestock) animals
can cause tree damage through grazing and tramgolicigan reduce soil quality through
compaction (Krzic et al. 2004). White-tailed de@d6coileus virginianussoldman and
Kellogg) and other wild ungulates can also causeadge through compaction but more
often from browsing. Beaver€éstor canadensiKuhl) can damage aspen directly by
cutting and feeding on sapling to mature sizedstraed indirectly, by dam building
which leads to flooding (Skinner 1984, Debyle anmh@Xur 1985). Small mammals such
as rabbits, hares, mice, and voles feed on aspék dspecially during winter months,

which can result in mortality, particularly on singprouts (Debyle and Winokur 1985).
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Insects also play a major role in the aspen ecesybealth. There are many
insect which prey on the three tree species, blytafew cause widespread damage.
Insects damaged 18,367 acres of timberland duln@gnost recent FIA inventory period
in the Lake States (Figure 2.7). The forest tetarpdlar (Malacosoma disstri&ltibner)
is a major contributor to this damage, defoliatingusands of acres of aspen in some
years. Outbreaks occur every 6 to 16 years, eatindad to 5 years (Peterson and
Peterson 1992). During the outbreaks, insects e#olidte entire trees (sometimes over
multiple years), resulting in reduced vigor andsame cases, death (Peterson and
Peterson 1992). With the exception of the forest ¢aterpillar, no insect defoliates more
aspen than the large aspen tort@heristoneura conflictanaValker). Outbreaks
typically precede forest tent caterpillar outbreaksd last 2 to 3 years before the
population crashes (Ostry et al. 1989, PetersorPatelrson 1992). During outbreaks, the
tortrix consumes buds and leaves causing growtlingscand, in extreme cases, death.
The last insect pest, the gypsy mdtlirhantria dispail.), is native to Europe and Asia
and was introduced near Boston, MA in the 1860sat since spread west to the Lake
States where individual insects have been found.gipsy moth caterpillar feeds on the
foliage of hundreds of different plant speciesilgimost common hosts are oaks and the
aspens. With the large aspen resource in the Lalatss, it is likely that the gypsy moth

will become a more frequent defoliator as it coméis to expand throughout the region.

Hundreds of diseases affect the aspens acrossakeeStates, however only a few
cause large scale damage and mortality (LindseyGlhbeértson 1978, Ostry et al. 1989).

Most of the fungi associated with the aspens atutding dead or fallen trees and are
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of minor importance to live aspen (Lindsey and &itbon 1978, Peterson and Peterson
1992). During the most recent FIA inventory peridideases damaged 45,227 acres of
aspen timberland (Figure 2.7). The fun@eellinus tremula¢Bond.) Bond. & Borisov
causes white trunk rot in living aspen and resualt®ore volume loss than any other
disease (Lindsey and Gilbertson 1978, Ostry €t989). The spores from the fungus
land and germinate in wounds on aspen stems akddawn, hoof-shaped conks
develop and lead to decay (Ostry et al. 1989).flihgi is most common in over-mature
aspen stands where branch breakage and stem daneagmmmon and in young stands
which were damaged during mechanical thinning. Aaofungus which affects aspen in
the Lake States is the Hypoxylon cankentpoleuca mammatufWwahlenberg) J.D.
Rogers and Y.-M. Ju (syRlypoxylon mamaturWalhenberg) P. Karst). This fungus is
the most common and damaging disease of quakirepasml, likePhellinus infects

trees through wounds on stems and branches (Liratsggilbertson 1978, Ostry et al.
1989, Ostry and Anderson 2009). Once the spores ganminated, the fungus grows
rapidly into the main stem where it girdles andskihe tree (Ostry and Anderson 2009).
It is most common in understocked stands and wibere feeding mammals or insects
wound stems and branches and in stands damaged) dunning operations (Ostry et al.
2004). Armillaria root disease and butt rot aresesmlby several species of fungi in the
Armillaria genus. It is most common in stressed or over-radtees but is also found in
highly productive aspen stands managed on shatioos (Stanosz and Patton 1987a,
Ostry et al. 1989, Peterson and Peterson 199)rdtads from tree to tree by

rhizomorphs which grow through the soil until trentact and infect the root system of
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uninfected trees (Peterson and Peterson 1992).llariairoot rot may limit rotation
length and the number of times that aspen standswacessfully regenerate vegetatively

(Stanosz and Patton 1987b, Peterson and PeterSain 19

There has been a limited amount of research on geament strategies to mitigate
the effects of insect pests and pathogens on aspka Lake States. Some work on
chemical, mechanical, and biological control agéats been conducted, but the results
are often site- or clone-specific. More work is de@, particularly as it relates to early
thinning, clonal selection and disease resistadttalies examining the effects of global
climate change on insect outbreak patterns andgbeciated interactions with aspen are
also appropriate. There is also a shortage ofetutibcumenting the mechanisms driving
various biotic and abiotic interactions which atfaspen forest health. Further study on
the biology and ecology of Armillaria root diseasenanaged stands is also needed,
particularly on productive sites. Finally, as thggy moth continues to expand its range,

monitoring should continue and control measuresilshioe taken wherever possible.

2.3.5 Wildlife habitat

Aspen-dominated ecosystems provide food, coverpageding habitat for a
variety of wildlife species (Gullion 1977, Gullid®84, Debyle and Winokur 1985,
Hoover and Wills 1987). In the Lake States, the $pecies most commonly associated
with aspen forests are the white-tailed deer afféddigrouse Bonasa umbelluk.)
(Graham et al. 1963, Byelich et al. 1972, Gulli@Y1, 1984, 1987, 1990). White-tailed
deer rely on young aspen stands primarily for f(iyelich et al. 1972). The prolific root
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suckering ability of aspen provides abundant, lyigidlatable foliage during the spring
and summer months (Byelich et al. 1972). As aspamds begin to self-thin into evenly-
spaced poles, they provide ideal vertical covertfied grouse (Gullion 1990, Peterson
and Peterson 1992). Ruffed grouse prefer to feadar aspen clones which are 30-50
years old (Peterson and Peterson 1992). They feddedfoliage during the summer,
staminate flower-buds during the winter, and catkmearly spring (Gullion 1990). The
highest concentrations of ruffed grouse are fomnaréas where there are a variety of

aspen age classes available for food, drummingtsires, and cover (Gullion 1990).

Other wildlife species also use aspen-dominatedystems. Black beatJ¢sus
americanudallas), feed on aspen catkins and leaves in pategsafter emerging from
their dens (DeByle and Winokur 1985, Rogers e1388). Beaver feed on stems and
branches and use aspen as construction materidiios and lodges (Skinner 1984).
Cottontail rabbits $ylvilagus nuttallBachman), snowshoe hateepus americanus
Erxleben), and porcupinekrethizon dorsatunh.) feed on the bark of young aspen
stems (Graham et al. 1963, Banfield 1974). Manyllsma@ammals -- including shrews,
mice, chipmunks, and voles -- inhabit aspen undgr&nvironments (D.A. West worth
and Associates Ltd. 1984, Moses and Boutin 2001¢s& species play an integral part in
the trophic dynamics of forests as both prey fagdacarnivores and as consumers of
insects and other invertebrates, plant materiatiGuéarly fruits and seed), and fungi
(Hamilton Jr. 1941, Westworth et al. 1984, Peteraath Peterson 1992, Carey and

Johnson 1995, Elkinton et al. 1996, Moses and BdAD1).
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Aspen stands also provide habitat for a varietlyiaf species (Thomas 1979,
DeByle and Winokur 1985, Yahner 1991, PetersonRetdrson 1992, Schulte and
Niemi 1998). Many of these species specifically i standing (snags) and downed
material for drumming, excavation, nesting, andteh¢Thomas 1979, Petit 1985,
Gullion 1990, Telfer 1993, Schulte and Niemi 199hulte and Niemi (1998)
documented 53 bird species in burned and loggeehasiands in northern Minnesota.
The most common species were the Nashville wa(blemivora ruficapillg, chestnut-
sided warbler@endroica pensylvanigamourning warbler@porornis agili§, common
yellowthroat Geothlypis trichal white-throated sparrowZnotrichia albicollig, and
song sparrowNlelospiza georgianaSchulte and Niemi 1998). In a study comparing
bird diversity in recent clearcuts and clearcutwésidual (uncut) patches, Merrill et al.
(1998) documented many of the same species ast8ama Niemi (1998) in residual
patches. In the clearcuts without residual patctiresmost common species were the
veery Catharus fuscescejdeast flycatcherEmpidonax minimysovenbird Seirus
aurocapillug, winter wren Troglodytes troglodytgsrose-breasted grosbedkhgucticus
ludovicianug, Canada warbleMilsonia canadensjsand black-throated green warbler

(Denroica viren¥ (Merrill et al. 1998).

Most of the research examining wildlife habitatued of aspen-dominated
ecosystems in the Lake States has focused on gaeuies, particularly white-tailed deer
and ruffed grouse. There is a shortage of inforomatin aspen ecosystems as non-game
habitat. Assessments of game and non-game spétiedance, inter- and intraspecific

interactions, and habitat usage are needed in twdbrvelop new wildlife management
39



recommendations and amend current practices. §gat® incorporate wildlife
management into current silvicultural practicesdspen and mixedwood stands are also

of interest.

24 Silviculture

Aspen stands in the Lake States have historicagnbnanaged with the clearcut-
coppice silvicultural system, where the nominaatioin age is often determined by the
culmination of mean annual increment or a dimimgheéconomic rate of return (Perala
1977, Puettman and Ek 1999). In practice, howewtation age has much to do with
achieving merchantable tree size for economic fsting A typical silvicultural
prescription called for mature aspen stands tddmaaut at age 40 to 60 years
(depending on site and clone) thereby creating opmal conditions for root suckers to
become established. The ramets self-thin as tihe statures and, at maturity, the
process is repeated (Cleland et al. 2003). Thieragimplistic approach has been used
for decades in situations where net volume yielhavuniformity, and sustainability
(regeneration in this case) have been the primaryagement objectives. With the cost
of regeneration being very low (typically just tharvest cost), this approach has also

proved economically attractive.

In recent years, forest management practices iretffien have begun to focus
less on timber production and more on practiceshhieet environmental standards
(e.g., for forest certification) and maintain thrusture and function of ecosystems for

various objectives. Table 2.5 summarizes histaret @ntemporary aspen management
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objectives and corresponding silvicultural treattsetocumented in the Lake States.
Some treatments listed have been conducted onpamigental basis while others are
commonly used in practice. In order to address gingrforest management interests,
forest managers must mix traditional silvicultuedhniques (e.g., clearcutting) with
contemporary approaches (e.g., early and commehdnaling, variable density thinning,
retention patches in clearcuts, and clearcuttirth vasiduals) to manage for non-timber
objectives or multiple objectives, while capitatigion specific aspen characteristics, e.g.,
its regeneration ability, clonal nature, and higiel of genetic diversity (Perala 1977,
Weingartner and Doucet 1990, David et al. 2001¢hSuanagement complexity is
especially evident on public lands. However, shand long-term changes in yield with
the adoption of complex management practices havbaen carefully examined. For
example, in leaving competing tree species, yigldy be reduced and aspen acreage
lost. Additionally, the environmental gains fronchunanagement practices have not
been well documented. For example, the variougipescmay favor biological diversity
and/or certain wildlife species over others, yemtesuch as diversity are difficult to
define. Further, the stated desired conditionsbeashort lived and expensive to
maintain. Old growth or aesthetics can be espgdiakting objectives with expensive
consequences for subsequent restoration or coowefanally, most of the contemporary
non-timber management objectives have been dewtlape stand level, based on
ecological, habitat, or aesthetic concepts andests, with little quantitative attention to
the overall forest implications for yield, costpeoational or long term management

considerations. This situation indicates the sahed of the various non-timber focused
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treatments and stand conditions across large owipsrs a neglected activity in practice

and a potentially very instructive area for reskarc

A renewed interest in early or precommercial thigrinas occurred in recent
years because of the predicted aspen timber skesrtaghe Lake States due to an
imbalance in the aspen age class structure. Thoalance is a result of the rapid 1850 to
1930 harvest of the original mature pine and othixed forest and its replacement by
aspen as the dominant forest type. The result &as bharacterized as a “wall of wood”
moving forward across the region as the aspen latisred. Harvesting overall has
tended to replace older stands by younger ongmgrinas an attempt to create an equal
distribution of acres in each age class. Howewehaavesting has varied by decade and
location, the age class structure remains uneveryaunger stands have not yet reached
merchantable size, thus the apparent shortaggehastil they do so. Importantly, even
then, reduced acreages of aspen may still limiplseg As a result of the aspen supply
problem, there has been an increased emphasisaniog high quality fiber from
younger stands (David et al. 2001). In young aspands where sucker and sprout
densities are very high (up to 20,000 to 30,00fhstac), precommercial thinning has
been used to shorten the length of pulpwood ratatipromote the diameter growth of
residual stems, and favor superior clones (Grahaah #8963, Perala 1977, Jones et al.
1990). Another technique used to favor superionetoand thus shorten rotation lengths

in heavily stocked juvenile stands is “stem flaibey’

42



Table 2.5 Silvicultural practices for aspen management inLihee States (adapted from Clelagtcal. 2003)?

Management Objective

Silviculture Timber/Fiber Production Wildlife habitat or .
- . . Old growth or aesthetics
Natural Managed Plantation diversity
. b
Clearcut ) Clearcut . Clearcut commercially Clearc_ut or variable None , variable aspen
Harvest commercially commercially retention of other retention, clearcut, or burn as

mature stands

mature stands mature stands desirable species

stand breaks up

Extremely variable
depending on habitat
objectives

Generally large (25+ acres
or entire stand

Generally large (25+
acres) or entire stand

Generally large (25+
acres) or entire stand

Size of harvest

A <5 acres to entire stand
units

20 to 80+ years depending
on the area age class
distribution

35 to 70 years ,

V : 15 to 30 years®, depending
depending on site and

on site and clones

30 to 70 years®, depending
on site and clones

Rotation or

-120+
cutting cycle 60-120+ years

clones
d R R
Variable; extensive
chemical and mechanical in
agroforestry setting, some d d

None , except where a
dense understory of

Site tolerant trees requires d
. None . .
preparation cutting, disking, 'chemlcal. and/or mechanical | None None
burning or herbicide in operatlonal forestry
treatment setting
Precommercial thinnin
for dense stands or & Agroforestry - 2 to 3 years
commercial thinnine to mechanical and chemical Optional; thinning will
Tendin None . s vegetation control; shearing | Generally none produce large-diameter trees
g expand desirable clones
orréa ture carly cconomic option at 6 to 12 years for more quickly
returrlz Y seedling derived plantations
Pure or mi i
Pure stands preferred Pure stands preferred ure or m xed species, . .
Overstory multistoried stands Pure or mixed species,
o (less than 15 percent (less than 15 percent Pure stands preferred - . o
composition depending on habitat multistoried stands

other tree species) other tree species)

objectives

a
This table highlights silvicultural practices prescribed to accomplish different management objectives in the region. Many of the practices used to achieve a particular
objective have proven useful in meeting other management objectives (e.g., clearcutting for timber production also benefits certain wildlife species). In all cases

retention of aspen is the goal.
b

No management or disturbance may lead to succession from aspen to other species.
C

Very short rotations (less than 20 years) may lead to deterioration of aspen root systems.
d

Provided adequate potential for sucker reproduction exists.
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This technique typically results in alternatingpsr(6 to 8 ft wide) of flattened,
but not severed, juvenile aspen stems (8 to 1Gyad) and untreated strips (6 to 10 ft
wide) (Zasada et al. 2000, David et al. 2001, Qkblet al. 2003).The flattened stems are
killed and the new suckers are suppressed undshtme of the residual strips. In
severely understocked juvenile aspen stands, slgglaais been an effective technique
used to restore full stocking (Perala 1983, Dontka.€In review)). However, data on

the effectiveness of these approaches in termeelaf ¥ very limited.

The interest in thinning has also been stimulatethb introduction of new
harvesting technologies, specifically cut-to-len@IfTL) whole tree processors. These
processors can greatly reduce damage to the résidina because of their improved
maneuverability relative to older harvesting equgnin(David et al. 2001) and a
reduction in skidding damage. Some CTL equipmeptatng on clearcut travel strips
can reach as far as 23 ft into a stand that iggl@iimned. Feller buncher harvesting
equipment may also be used in this manner. Comaldhinning has been recommended
for aspen growing on good sites (site index 80etten) that are at least 20 to 30 years

old and have basal areas of 120 to 1#@dt(Perala 1977, David et al. 2001).

Depending on management objectives, thinning froova (which calls for the
removal of co-dominant and dominant trees to relediser co-dominant and
intermediate individuals) or below (which calls the removal of suppressed and
intermediate trees to favor co-dominant and dontimadividuals) could easily be

implemented with CTL harvesting equipment. Furthamn variable density thinning (a
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technique which calls for unthinned areas and gé#vinned patches, along with
variable levels of thinning and residual densityyild be carried out with CTL
equipment. Again, the yield response in terms oftatity salvaged and increased growth
of the residual stands from such practices is redt @ocumented for the range of clones,

sites, and locations germane to aspen managenressdhbe region.

Clearcutting with reserves or retention harvestiag be thought of as a
continuum from uniformly distributed to highly aggated (David et al. 2001). This
silvicultural approach may be a viable option iee\aged aspen stands where the
primary objective is to convert the stand to a redhort, mixed species assemblage.
Again, the yield response and non-timber (e.gdibErsity) gains, if any, are not well

documented.

Given an interest in both pulpwood and biomas®f@rgy, improved native
aspen or hybrid aspen managed in plantations nsayb&come more common across the
region. Currently, superior clone selection is picad in native stands where the desire is
to improve stem form or growth potential of thenstgPerala 1977). The possibility for
long-term genetic improvement of an aspen stanstgxXiowever there are some
drawbacks. First, it is difficult to identify indidual clones during winter (leaf off)
harvest conditions so inferior clones are oftethueintentionally. Second, elimination of
unwanted clones, even with the use of herbicidesot always effective. Assuming plus
clone selection were to be practiced during cortsexharvests in the same stand, the

potential for changing stand genetics is greatlogss require multiple selection events.
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Several decades of research in the Aspen/Larcht@sr@ooperative at the
University of Minnesota have demonstrated improgexivth with three distinct
plantation approaches; intensively managed, corosadt and dense packs. Although it
is possible to use either native aspen or hybpemasn a plantation setting, hybrid aspen

is typically deployed due to its superior growttera

The intensively managed plantation method is idahto hybrid poplar culture,
with extensive alteration of the ground (competimggetation and soil surface through
mechanical and/or chemical site preparation anétagign management for the first two
to three years until crown closure is attainedsThethod exploits the genetic potential
of aspen seedlings by reducing competing vegetatmohsupplying seedlings with
necessary resources during early stand developfenthe production of pulpwood and
biomass for energy, realistic rotation ages fohbotbrid aspen and hybrid poplar range
from 12 to 20 years depending on site, growing @, genotypes used and success in
controlling competing vegetation. Under these cbos, hybrid aspen competes well
with hybrid poplar while providing wood fiber wiuperior whiteness and the ability to

regenerate the site after harvest at minimal daavigd 2003).

The conventional approach is based on a conifetagian model where site
conditions, location and costs prohibit intensivenagement. In this approach, chemical
and/or mechanical site preparation is used to peeib@ site for planting aspen or hybrid
aspen seedlings at a density of 540 to 890 per After planting, control of competing

vegetation is minimal with the use of herbicideaaglease option and is encouraged if
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growth rates stagnate due to competition. At atge ¥ the plantation should be
evaluated for stocking, growth rate, annual mdstaite, and incidence of insects and
disease. This evaluation will assess the risk ofyoay the existing plantation to harvest
or, alternatively, sheering the entire hybrid asgiamd and regenerating the plantation
from coppice. Although shearing appears to delayithe to harvest by the age of the
plantation at shearing, the established root sysfeom the planted hybrids allow for
rapid growth of the new suckers. This rapid grodelcreases the discrepancy between
the predicted harvest dates of the sheared anctareshstands. As an added advantage,
shearing will increase stocking and improve thaage stem form (Domke et al. (In

review)).

The third plantation approach has been called émsel pack design. In this case,
small groups of 25 to 81 seedlings are plantedtatZlfoot spacing. The distance
between these dense packs varies from 30 to 6@debit there are approximately 16-
49 dense packs per acre. There are a few majereiiftes between dense pack
plantation establishment and the conventional ntetRost, in the dense pack design, the
seedlings are planted in groups as opposed taensgsc grid pattern of single seedlings
spread evenly across the whole site. Second, betheplanted seedlings are in groups
with unforested areas between them, the dense pacsisbe sheered once the root
systems have establish in order for new suckeecapture the unforested areas and

achieve full site stocking.
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Mandatory shearing with the dense pack design thoesase the length of the
first rotation. Because the seedlings are growettogy in groups, they are typically
smaller than seedlings planted in the conventiorethod at the same age so shearing is
recommended at the slightly older age of 8 to J&yeAdditionally, with this method
there is the risk that if a dense pack is growiagrly or fails altogether, stocking levels
in the vicinity of that dense pack will be low asmexistent. Understocked sites may
require a second or third shearing to achieve amtegiocking. The primary advantages
to the dense pack design are lower site preparatidrtending costs because initial site
preparation is required only in the vicinity of Badense pack and, when grown in
groups, release efforts are typically not requirddo, seedlings are less susceptible to
browse, vegetative competition and extreme clincatelitions because the tightly
spaced seedlings mimic the spacing found in a gtageherating from coppice. Since
dense packs are composed of a group of seedlinggassible to lose individual stems
but still maintain an aspen presence and therélfigrability to regenerate a specific area.
This concept is similar to a coppice derived stahére suppressed stems are

outcompeted and die leaving dominant stems to gbitfite site.

25 Economics

The economics of aspen management at the staricclvée attractive due to
the relative ease of establishing aspen standg]isity of management, and potentially
short rotations. Technological adaptations by ityu® use aspen as a raw material for a

wide range of manufacturing processes and prodhasts resulted in a high demand for
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aspen roundwood, particularly for engineered womdlpcts like oriented strand board
(OSB) and waferboard (Balatinecz and Kretschmar1 20rhis was not the case as
recently as 25 years ago, when lack of marketsinmbtota necessitated programs that
actually paid loggers to “recycle” old aspen stadsgpen has also come to be
appreciated as key habitat for certain wildlifestigallarly game species. In particular,
early to middle-age aspen stands provide impohahitat for a variety of wildlife
species. Before markets were established for aspech of the forest management in

this type was conducted solely for improving wildlhabitat.

Figure 2.7 describes historical stumpage pricet&e States aspen. Published
prices of aspen roundwood sold by public land mansnt agencies in Minnesota from
1989 to 2005 indicate an average annual increaseif@l) of over 17 percent (MNDNR
2006). While not as dramatic, aspen stumpage pinceschigan and Wisconsin also
increased considerably over this same time pehog006, a downturn in the housing
market combined with aging facilities and the gnagvcost of production led to sharp

declines in stumpage prices across the regionicpkatly in Minnesota (Figure 2.7).
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Figure 2.7 Historical stumpage prices for aspen pulpwood éltake States.

Kilgore and MacKay (2007) compared aspen stumpaddaest land value
changes occurring from 1989 to 2003. Given thedrapirease (averaging 13 percent per
year) in the median price of Minnesota forest lahd,relationship between stumpage
and forest land prices change was assessed dhrngeriod. Forest land capitalization
rates, which are a measure of investment over tivaes calculated from 1989 to 2003
using aspen stumpage prices and growth rates @@ for annual timber rents. During
the first seven years of this time period, Minnasoforest land capitalization rate
increased to its peak of 3.2 percent, reflectirgghbstantial rise in stumpage prices
relative to forest land values. After 1995, theitadization rate steadily decreased to 1.2
percent in 2003 — just 0.1 percent below the chpation rate that existed in 1990 and

0.3 percent above the 1989 rate. Thus, in spiteeofapid increase in forest land values
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and stumpage prices during this period, the cortipatiess of forestry as an income-
producing use of the land was greater in 2003 (whemmedian price of forest land was
$981 per acre) than it was in 1989, when the mepliee of forestland was less than
$200 per acre (Kilgore and MacKay 2007). Updateddbland sales and aspen stumpage
price data through 2005 indicates the value graMtispen relative to forest land has
increased since 2003 but is still lower than whenttend reversed in 1995 (Kilgore and

MacKay 2007).

Research on the economics of aspen managememt iakie States is almost
non-existent and severely outdated. Ek and Brdd&%) conducted one of the more
thorough assessments of alternative strategiesxnmee financial returns to the
landowner according to the intensity of managenstg,quality, and product utilization.
Other studies addressing the economics of aspeagearent include Husain (1996),
Bella and Yang (1991), Hove (1990), Graham andeB&1t1985), Nordeen (1968), Perala
(1983), and Zasada (1952). Several of these stadeesot specific to Lakes States aspen.
Moreover, nearly all were conducted under vasttiecent market, price, cost, and

utilization conditions than exist today.

It can be argued that aspen management has becsageradary consideration in
aspen management at the stand level on some poldsis. In contrast, many timber
companies, counties and other forest owners are s@nsitive than ever to the need for
forest management investments to be successfeinmstof stand outcomes, yields, and

allowable harvest calculations. Harvest schedutroglels (Hoganson and Rose 1984,
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Borges and Hoganson 1999, Wei and Hoganson 2008)decome an essential tool to
providing forest management plans that are operallypfeasible, financially efficient,
and sensitive to the diverse environmental congsdaced in managing large forested
landscapes. Such model-based planning can addaimeity about tradeoffs in choices
involving rotation ages and stand treatments tfiatoutputs and services at the stand
and forest level. The approach can also identifgmregful allowable harvests that less

guantitative approaches have missed.

As an example of scheduling issues, consider grain the 1 to 10 year age
class is thought to be prime habitat for ruffedug® Managing aspen on 50 year
rotations provides such habitat 20 percent ofithe.tHowever, managing some aspen
stands on 40 year rotations provides such halstgePcent of the time. Clearly, rotation
age choices and their distribution across the leaqoks are important considerations in

wildlife management.

Finally, there is the increasing interest withiatstgovernment to address the
highly competitive and global nature of today’sdsirproducts industry. This interest is
largely driven by the desire to retain jobs in finest-based sector or encourage
industrial expansion and the associated economitipiner effect. While global forest
products firms may view investments on a locatiod profitability basis, states may
view investments in forest management as “jobslp@0 cords.” Thus, stand-level
economic considerations may pale in comparisoegmnal employment and ecosystem

service needs. The Lake States forests, which éaseed into a complex set of public
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and private forest ownership conditions and asgettipolicies and management
strategies, have the potential to play a major irofestering economic development.
While this chapter necessarily considers the ecarsof stand-level aspen management,

the possibilities and implications for larger scaleestments need to be considered.

2.6  Research Needsand Strategies

This review has covered much of what we know alagpens and their
management. Clearly, the retention of aspen andarsagement is important to the
forest products industry and the diverse foresidamers in the Lake States for a variety
of purposes. With this interest and the findingsrfrreview, it is apparent that research
on aspen and its management has been very modessitat his research needs further

focus, organization and resources. The evidenarelsaneeds include:

2.6.1 Resources status and trends

» Examine aspen covertype acreage losses with respeahtributing ecological,
management and harvesting factors, including oviiygrédditionally, the full
set of economic and ecological implications andorasion strategies need to be
developed.

» Develop improved growth and yield models for aspemagement with
capability for estimating the gains from the apgtion of early and commercial
thinning for pulpwood and energy potentials andudmng both stem and full tree

utilization levels.
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» Assess trends in aspen stand yields with respestte@onditions, location,
disturbance history, and other stand charactesistic

* Develop volume functions for individual hybrid aspeees to accurately forecast
hybrid aspen growth and yield.

* Examine growth responses to early (precommerdiaiping treatments.

* Develop biomass functions for both native aspentglid aspen in the Lake

States for estimating total biomass on a site.

2.6.2 Biology and ecology

» Identify clone, site, insect and disease interactito identify appropriate aspen
management potentials and problems.

» Examine aspen insect and disease problems intbarhing operations.

* Examine aspen clonal resistance to decay fungi.

» Examine the biology and ecology of Armillaria rati$éease in managed aspen
stands.

* Articulate tree and clone improvement strategiegriaditional and intensive
plantation management and for addressing the pat@ficlimate change.

» Develop clonal propagation methods that are phggioally reliable and
economically feasible.

» Develop clonal propagation methods that addrespdhtential of climate change.

» Assess the mechanisms driving various biotic amatigbnteractions which

affect aspen forest health.
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* Assess harvesting impacts on site productivityeeisly with respect to nutrient
removal and future species composition.

» Thoroughly investigate the likelihood of gene flimm hybrid aspen to the
native aspen gene pool and its impacts.

* Improve documentation of the ecological (e.g., biedsity) contributions of
managed aspen forests at the stand and landsadps. sc

» Assess the game and non-game species abundaeceamd intraspecific
interactions, and habitat usage in aspen and migedwstands is necessary in
order to develop new wildlife management recommgoda and amend current
practices.

» Develop strategies to incorporate wildlife managetmeto current silvicultural

practices for aspen and mixedwood stands.

2.6.3 Silviculture
» Assess management activities such as plus cloeeties, clearcutting, and
variable retention harvesting on genetic diveraitthe stand level.
» Identify rotation ages and thinning strategies appate to timber and non-timber
objectives that can serve multiple objectives.
* Articulate harvest scheduling strategies for erforests that are conducive to

timber, non-timber and multiple objectives overddime periods.
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* Examine short- and long-term changes in yield wh#hadoption of complex
management practices (e.g., early and commercmalitiy, variable density
thinning, retention patches in clearcuts, and clgéng with residuals).

* Examine management strategies to mitigate thetsftéansect pests and
pathogens on aspen in the Lake States.

* Examine changes in yield from mortality salvaged excreased growth of the
residual stands from thinning treatments for thegeaof clones, sites, and

locations germane to aspen management across kieeStates.

2.6.4 Economics

» Conduct financial evaluations of aspen managensgmtes that incorporate
alternative thinning, site-preparation, and fir@htion strategies.

» ldentify economic trade-offs associated with mangdhe aspen covertype on an
extended rotation policy.

» ldentify and evaluate important factors impactiagital investment decisions
that utilize the aspen resource in the Lake States.

* ldentify financial and economic implications ofattative land tenure
arrangements and associated management strategtbe fispen resource.

» Identify strategies to increase the global competitess of the aspen resource as
a wood fiber source in the Lake States.

» Estimate willingness to pay for aspen stumpagedondwood and energy uses in

the Lake States.
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» Identify and evaluate economic trade-offs assodiatéh managing aspen stands
for fiber versus non-timber benefits (primarily etchge stands for wildlife

habitat) in the Lake States.

Research developed to address these needs vill,likelihood, be conducted by
existing university and agency research prograntisinvine region. We recommend a
substantial focus on aspen and these issues wgtbtéal requests for proposals (RFPs) or
other dedicated resources. Existing data from Fld @her sources should contribute to
this effort. However, it will also be important éstablish experiments and field trials on
a level comparable to that already conducted femtlost studied species in the region
(red pine and white spruce). It may also be appapto establish an aspen cooperative
of some type to develop and synthesize researthese topics. The Minnesota Tree
Improvement Cooperative, where industry and agermievide “in kind” support is one
model for this effort. New information tools suchthe web-based Forest Management

Guides for the North Central Regidmitf://nrs.fs.fed.us/nfmjg Domke et al. 2006) may

be a particularly effective vehicle for transfegimformation and technologies to

landowners.
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Chapter 3
Hybrid aspen response to shearing in Minnesota:

iImplications for biomass production
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There is great potential for the production of wpbtbmass feedstocks from
hybrid aspen stands; however, little is known altbatresponse of these systems to
silvicultural treatments, such as shearing. We Bbtgaddress this need by integrating
results from more than 20 years of individual @ee yield measurements in hybrid
aspen Populus tremuloideMich. x P. tremulaL.) stands in north central Minnesota.
Specifically, tree and stand-level responses aserded in terms of sucker density, early
diameter and height characteristics, volume, anthbgs production. Overall, shearing
treatments increased the density of hybrid aspnstrelative to pre-shear densities at
the same age. In addition, average stem diametev@ume as well as stand-level
biomass were considerably greater in hybrid aspards relative to similarly aged native
aspen stands also established via shearing treatifesse findings illustrate that coppice
systems using hybrid aspen provide great potetaticdpidly produce biomass

feedstocks, with little management investment.

31 Introduction

Renewed interest in the use of woody biomass ferggnhas created an
opportunity for the development of silviculturalssgms that can produce high levels of
biomass over shorter rotations than traditionaleaghes to plantation management
(Weih 2004, Dickmann 2006). One area within thenarwhere there is a great deal of
potential is the management of short-rotation hd/bspen (Liesebach et al. 1999,
Karacic et al. 2003, Rytter 2006). In particulatlg successional hardwood tree species
-- such as those in thiopulusgenus -- typically exhibit rapid initial height adéhmeter

growth, making these species ideally suited fortstaiation forestry applications aimed
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at maximizing biomass production over short timalesg (Johnsson 1953, Karacic et al.
2003, Rytter 2006). In many cases, greater leviedaudy growth have been achieved
through the use of aspen hybrids, such as the bedggen quaking aspeR.(
tremuloidesMichx.) and European aspeR.(tremulaL.). The improved growth of hybrid
aspen over the parental species is thought toebeetult of heterosis. Li and Wu (1997)
suggest that the improved growth of hybrid aspeghirtbe due to overdominance
interaction between two alleles, one from Ehdremulaparent and the other from tRe
tremuloidegparent, at the same locus.

In addition to the rapid growth of these hybrideit prolific root-sprouting
presents potential management options for the ptamuof woody biomass using
coppice methods after initial plantation establishtr(Liesebach et al. 1999). Moreover,
the use of existing aspen root stocks as sourcesyeheration for subsequent rotations
provides a silviculturally straightforward and cestective means for sustaining these
systems over multiple short rotations (Hoffman-8thiet al. 1999). Finally, the
expansion of aspen root systems with each subserptahion may provide a long-term
opportunity for increasing belowground carbon ggeran these sites (King et al. 1999).
Most research on hybrid aspen has focused on thetitptive genetics and early growth
of selected genotypes in highly controlled field dab environments (Benson and
Einspahr 1967, Li and Wu 1997, Tullus et al. 20¥&ry few studies have examined the
response of hybrid aspen to silvicultural treatraetoperational scales. In the mid
1980s, the Aspen/Larch Genetics Cooperative abtheersity of Minnesota began a

series of hybrid aspen planting trials in northtcarMinnesota. These trials were

60



initiated to compare hybrid aspdd. tremuloides x tremu)atand characteristics to
native aspenR. tremuloidesstand characteristics on similar sites. In thd tailate

1990s, the hybrid aspen stands were sheared toaterhgbrid aspen sucker density and
growth with native aspen suckering and growth. 8hgas an effective technique for
stopping the flow of auxin from the abovegroundtjoor of the tree to the root system,
initiating the development of new meristems anapising primorida on the roots,
which often develop into suckers (Schier 1981, Retf83, Frey et al. 2003). During
that period, two native aspen stands, which wgreesentative of much larger aspen sites
in the study area, were added to the study to rmlosely compare hybrid aspen stand
attributes with native aspen stand attributes. Fundnd personnel changes, as well as
operational constraints over the 23 year studyopetlimited sampling and measurement
in certain years. Nevertheless, this study is dribelargest and longest of its kind and
the data provide useful reference points for fusitelies on hybrid aspen growth and
yield.

The study results are used to examine (1) regeaenasponse of hybrid aspen
pre- and post-shearing, (2) native and hybrid asfgencharacteristics (height, diameter,
and volume) pre- and post-shearing, and (3) natncehybrid aspen volume and biomass
production post-shearing. In addition, the findiags used to evaluate potential
silvicultural options for managing hybrid aspemsitg and their implications to carbon

storage and biomass production for energy.
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3.2 Methods

3.2.1 Site conditions and treatment history

This study was conducted in five stands located 6eand Rapids, Minnesota (47°
15’N, 93° 30'W). The most common soil type on titeswas Stuntz very fine sandy
loam (Glossoboric Hapludalf; Natural Resources @oretion Service 2009). All sites
had the same ecological classification (UPM Blarllyper Company system) with site
indices ranging from 21.3-24.4 meters (m) for ratgpen at a base age of 50 years
(Cheryl Adams, UPM Blandin Paper Company, persoaaimunication November 6,
2009). The climate is continental with warm sumn{erean July temperature 20 °C),
cold winters (mean January temperature -14 °C),7&idmm of precipitation, about half
of which occurs during the growing season (Natidde¢anic and Atmospheric
Administration 2004). The five sites were treatdthwlyphosate (Accord) prior to
planting and sheared at different dates over thieseoof the study (Table 3.1). All sites
were sheared in late winter or early spring undezdn ground conditions to minimize
damage to root systems. Shearing was consistedit sites and occurred by cutting and
felling stems with a “KG” blade mounted on a cravilactor. The shearing equipment
used in this study was to apply a treatment witloost consideration. Current methods
often utilize brushsaws. Table 3.1 summarizes siaiodmation. All hybrid aspen stands
in the study were planted with a mixture of hylkagpen families to ensure genetic

diversity and ameliorate major pest problems (Rddand Bishir 1997, Weih 2004).
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Table 3.1 Description of study sites, sample sizes, andasiteities.

Area Siteindex Stand Site Number Plot size
Site (ha) (mat base-age50) Date age (yrs) activity of plots  (m2)
Mar-86 1 Planted
Jan-98 13 Sampled 28 81
Hybrid1 12 244 Mar-98 13  Sheared
Dec-98 1 Sampled 26 4
Aug-01 4  Sampled 23 10
Apr-08 10 Sampled 27 16
May-86 1 Planted
Mar-93 8 Sampled 16 405
Hybrid2 8 21.3 Mar-94 8 Sheared
Nov-98 5 Sampled 14 4
May-08 14  Sampled 23 16
Apr-91 1 Planted
Hybrid3 12 213 Dec-97 7 Sampled 26 81
Mar-98 7 Sheared 19 4
Apr-08 10 Sampled 26 16
. Jan-98 1 Clearcut
Native 1 2 216 Apr-08 10 Sampled 5 16
Native 2 2 216 Jan-98 1 Clearcut
Apr-08 10 Sampled 5 16

3.2.2 Sampling methods

Plot and sample sizes varied across sites and sgrapbds in this study (Table
3.1). Permanent plot centers were establisheckitdiibrid 1 and Hybrid 3 sites and non-
permanent plots were taken in the Hybrid 2, Nativand Native 2 sites. In all cases, a
systematic line plot design was used with trankmetions determined by a random start
and plot centers established along these trangdtts/e native and hybrid aspen stems
were measured in each plot. This is noteworthyesingrid aspen suckers may develop

from the established root systems of the plantdxtitiyaspen seedlings prior to shearing.
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The tree variables of interest in this study weeens per hectare, diameter at breast
height (dbh), total tree height, individual treduroe, total stand volume, and above-
ground biomass production. Tree diameter was medsairl.3 meters (m) above-ground
using calipers, and total height was measured wstetescoping measuring rod or, when
necessary, a digital hypsometer. Stem volume waslated using individual tree height
and diameter information and an equation origindyeloped by Gevorkiantz and Olsen
(1955) and modified by Ek (1985) for small aspens:

V =FBH

where,V = the peeled volume of an individual sten?Yrf¥ = the cylinder form factor,
[for trees < 9.14 m in heighE, = 0.42 + 0.02(9.144); for trees >han 9.14 mF = .42],B
= the basal area computed from dbh outside bark, and tree height (m). Stand
volume estimates were calculated according to EkBandie (1975):

Vs=04974H - 45) "N ®4
where,Vs = total stem volume (1¥tac = 0.0670 ritha) from 0.15 m stump to tip of all
trees> 0.30 m tallH = average dominant height (ft, 1 ft = 0.3048 mid W = trees per
acre (1 acre = 0.405 ha). Individual tree biomaas @alculated according to Jenkins et
al. (2003):

bm= Exp(8, + £,(In)dbh)
where ,bm= total aboveground oven-dry biomass (kg) forar2® cm dbh and largéi,
=-2.2094 5, = 2.3867 dbh = diameter at breast height (crixp = exponential function,

and In = natural log base “e” (2.718282).
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3.2.3 Data analysis

Due to the variability in plot and sample sizesoasrsites and sample periods, and
the lack of control plots at each site, only dgsore statistics were used to analyze
treatment effects, tree characteristics, and yrgtmrmation. Plot-level data was used
throughout the analysis. All statistical analysessvweonducted using R statistical
software, version 2.10.0 (R: A Language and Envirent for Statistical Computing,

version 2.10.0, 2009).

3.3 Results

3.3.1 Stem density

Pre- and post-shear stem density information isqureed in Table 3.2. There was
considerable variation in stem density across plattsin hybrid aspen stands, but mean
stem density increased on all three sites follovehgaring. Ten years post-shearing stem
density in the Hybrid 1 site was nearly 3.9 tim@eén = 6,521) that of the 13 year old
pre-sheared stand. The Hybrid 3 site had 1,483stenseven years post planting and ten
years after shearing stem density increased nddrligmes to 4,396 stems/ha. The
Hybrid 2 site had substantially fewer stems (me&76) than the other two hybrid aspen
sites prior to shearing. Fourteen years post-shgastem density increased nearly 3.8
times that of the pre-sheared stand to 2,149 stkemBle to the late addition of the
native aspen stands, stem density was not meaguogdo shearing. Ten years post-
shearing the Native 1 and Native 2 sites had 7s8&ms/ha and 8,525 stems/ha,

respectively.
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Table 3.2 Pre-and post-shear stem density information fofitleestudy sites.
Stems per hectare

Standard Coefficient of

Site Age Status Type Mean Deviation  Variation (%)

Sapling 234 261 112

13  Pre-shear Sucker 1,456 1,150 79

Hybrid 1 Total 1,690 1,274 75

1 Post-shear Sucker 32,790 23,355 71

4 Post-shear Sucker 40,720 27,171 67

10  Post-shear Sucker 6,521 4,410 68

Sapling 406 340 84

8 Pre-shear Sucker 164 185 113

Hybrid 2 Total 570 445 78

5 Post-shear Sucker 8,119 6,387 79

14  Post-shear Sucker 2,149 1,776 83

Sapling 504 275 55

7 Pre-shear Sucker 979 867 89

Hybrid 3 Total 1,483 966 65

1 Post-shear Sucker 14,177 11,409 80

10 Post-shear  Sucker 4,396 3,326 76
Native 1 10 Post-shear Sucker 7,537 1,874 25
Native 2 10 Post-shear Sucker 8,525 4,377 51

3.3.2 Treecharacteristics

Given that the sampling periods were not alignedte different sites and the
shearing treatments occurred at different timetg d&re combined according to pre-and
post-shear stand ages to focus our analysis oth@ecteristics and yield information.
Pre- and post-shear site combinations and treectaaistics are summarized in Table
3.3.

Pre-shear hybrid aspen suckers (which arose fremldnted seedlings and were
several years younger at the time of shearing)saptings were compared on the Hybrid

2 and Hybrid 3 sites (Table 3.3). The pre-shearilydspen saplings were more than 1.5
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times (mean = 4.54) taller than pre-shear hybnmeasuckers (mean = 2.89) and there
was less variability within the sample (CV = 32®Bje-shear saplings also had greater
diameter growth (mean = 3.38 cm) than the hybrmkasuckers (mean = 1.60 cm) on
the two sites and substantially higher individuaetvolume and biomass production than
hybrid aspen suckers (Table 3.3). Pre-shear hy@spen tree characteristics on the
Hybrid 2 and Hybrid 3 sites were also comparedastyshear native and hybrid aspen
sucker characteristics. In all cases, post-shearenand hybrid aspen tree characteristics
were greater than pre-shear values (Table 3.3).

Post-shear aspen suckers from the Hybrid 1 anditi@lsites (both age ten) were
compared to aspen sucker characteristics on thevzeNband Native 2 sites of the same
age. Hybrid aspen suckers were more than 1.5 tiatles (mean = 2.18) than native
aspen suckers (mean = 1.41) with no differenceeight variability between the grouped
sites (CV = 24%). Aspen sucker diameters in therldyb and Hybrid 3 sites were nearly
1.7 times greater than sucker diameters in thevBldtiand Native 2 sites with a small

difference in diameter variation between the twauged sites (Table 3.3).
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Table 3.3. Descriptive statistics of the measured and caledlatdividual tree
characteristics: tree height (m), diameter at hireaight (dbh) (cm), and volume (dm
for grouped sites: Hybrid 3 (age seven) and HyBr{dge eight) aspen saplings and
suckers prior to shearing treatments, Hybrid 1ldyidrid 3 (age ten) suckers post-
shearing, and Native 1 and Native 2 (age ten)exggbost-shearing.

Number Tree Standard  Coefficient of
Grouped sites of plots characteristics Mean Deviation Variation (%)
) ) Height (m) 454 1.44 32
Hybrid 2 and Hybrid 3 a1
(pre-shear Sapllngs) dbh (Cm) 3.38 1.42 42
Volume (dnd) 3.35 3.41 102
Height (m) 2.89 1.28 44
Hybrid 2 and Hybrid 3 37
(pre—shear Suckers) dbh (Cm) 1.60 0.87 54
Volume (dn) 0.66 0.93 141
Height (m) 9.19 2.18 24
Hybrid 1 and Hybrid 3 53
(post—shear suckers) dbh (cm) 6.05 2.02 33
Volume (dnf)  16.26 13.82 85
) ) Height (m) 5.93 1.41 24
Native 1 and Native 2 10
(pOSt-Shear SUCkerS) dbh (Cm) 3.60 1.00 28
Volume (dnf) 4.02 2.35 58

3.3.3 Volume and biomass production

Stand volume and biomass production were compareédeoten-year-old native
(Native 1 and Native 2) and hybrid (Hybrid 1 andddg 3) aspen sucker stands. Stand
volume was substantially higher on both hybrid asgtes relative to the native aspen
stands (Figure 3.1). The Hybrid 3 site had the ésglstand volume (mean = 63.94)
which was more than 4.2 times that of the Natiw#& Individual tree biomass in the
hybrid sites was more than 3.6 times (mean = 14d3ter than in the native sites (3.97)
of the same age. Stand level biomass productiorcalaslated using the mean stems per

hectare on the native and hybrid aspen sucker. Sitkeshybrid aspen sites produced
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substantially more biomass per hectare than theenaspen sites of the same age (Figure
3.2). The Hybrid 3 site averaged nearly 2.8 tirmegn = 86.66) as much biomass/ha as

the Native 2 site (mean = 31.34).
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Figure 3.1 Estimated total stand volume {fa) from 0.15 m stump to tip of all trees
0.30 m tall for post-shear ten-year-old native hylrid aspen stands. Native 1 and 2
(site index = 21.6), Hybrid 1 (site index = 24.diyd Hybrid 3 (site index = 21.3).
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Figure 3.2 Estimated total aboveground biomass (oven dry ®hiag¢ for trees 2.5 cm
dbh and larger for post-shear ten-year-old nativeleybrid aspen stands. Native 1 and 2
(site index = 21.6), Hybrid 1 (site index = 24 .dhd Hybrid 3 (site index = 21.3).

34  Discussion

Renewed interest in the use of woody biomass ferggnhas created an
opportunity for the development of silviculturals$gms that can produce high levels of
biomass over shorter rotations than traditionafreaghes to plantation management.
This is one of only a few studies examining hylashen sapling and sucker response to
shearing treatments at an operational scale. Hudtsesuggest that hybrid aspen yield
can be substantially higher than the already higlding parental species and that

shearing is a viable option for increasing stanasdg on marginally stocked sites.

3.4.1 Stem density

Shearing hybrid aspen sapling and sucker standgigm age from seven to
thirteen years substantially increased initial iylaspen sucker density on all sites

(Table 3.2). These results are consistent withmalas shearing study conducted in native
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aspen stands with similar site index in north c@rittinnesota (Perala 1983). Hybrid
aspen sucker density increased on the Hybrid Treie years one to four following the
shearing treatment and subsequently began to decrélae initial increase is not
surprising, given native aspen suckers typicallyticme to appear in the first two years
after treatment (Brown and DeByle 1987). Therea#telf-thinning begins and continues
throughout the life of the stand (Peet and Chrstarn987). Pre-shear sucker density in
young hybrid aspen stands may also contribute $¢-gloear regeneration success. In this
study, the Hybrid 1 site had the highest mean sud&mesity and the lowest mean sapling
density of the three hybrid aspen sites at the thshearing (age thirteen) and produced
more than two times as many suckers/ha in theyf@at post-shearing as the next highest
hybrid aspen site (Table 3.2). The higher pre-sheeker densities would generally be a
sign of higher root densities, which would transletto higher post-shear sucker
densities (Graham et al. 1963, Frey et al. 2003).

There are several other factors which may also baug&ibuted to the differences
in sucker density after shearing. These includespear stand age, family variation,
differences in site index, soil moisture, soil targiure, and varying levels of harvesting
and traffic impacts to existing root systems (LdaNu 1997, Frey et al. 2003). Despite
large differences in stand density before and aftearing and extensive self-thinning in
the ten years post shearing, all three hybrid aspmrds exceeded full stocking
recommendations (Perala 1983) for native aspeneaist sample period. These findings
suggest that shearing is a viable option for impr@stocking in young hybrid aspen

stands.
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3.4.2 Treecharacteristics

Pre-shear seven- and eight-year-old hybrid aspginga and suckers were
compared on the same sites (Hybrid 3 and Hybrid [2¢. planted hybrid aspen saplings
were substantially larger than the hybrid aspekensc(Table 3.3). This is not surprising
since the planted hybrid aspen seedlings mustlestadtrong root systems before
producing suckers. This may occur in as littlerase years under ideal conditions but
when herbivory and vegetative competition exists,grocess may take much longer.

A comparison of pre-shear seven- and eight-yeahglatid aspen saplings to post-
shear ten-year-old native aspen suckers reveadednd native aspen stands had slightly
higher mean diameter and volume and markedly higteam height (Table 3.3). This
may be due to age but may also be the result opettion for light with other aspen
suckers. As aspen stem density increases, lighldelecrease, forcing suckers to forage
for light and allocate resources to height grovatner than diameter growth (Comeau
2002). In the pre-shear hybrid aspen stands, sessity was relatively low, with stems
scattered individually or in pockets, so competitior light was not as severe as it
typically is in native aspen sucker stands of @imélge. These height characteristics are
consistent with other studies, which have found ptented hybrid aspen saplings require
a period of adaption and root expansion beforereig® height and diameter growth can
begin (Luoranen et al. 2006). Even with this adapperiod, the pre-shear seven- and
eight-year-old hybrid aspen saplings in this sthdg similar mean diameter and volume
per tree as the post-shear ten-year-old nativenaspekers. The height and diameter

characteristics from the hybrid aspen saplingsismdtudy are also consistent with hybrid
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aspen studies in Sweden, Finland, and Estonia 004 ,2Rytter 2006, Tullus et al. 2007).
As with differences in sucker density, differengestand age, family, and microclimate
may also be contributing to these trends in hetbaracteristics (Barnes 1966).
Post-shear native aspen sucker heights and dissveéee also compared to post-
shear hybrid aspen sucker characteristics in stafttie same age. The-ten-year-old
hybrid aspen stands were substantially taller awtHigher mean diameter than the
native aspen sucker stands (Table 3.3). Hybridraspekers were more than 3 m taller
and 2 cm in diameter larger at breast height tlaivenaspen suckers of the same age.
These large increases point to hybrid vigor, algiott must be noted that stand density
was higher in the native aspen stands. The inaldasight and diameter growth of the
hybrid suckers resulted in a concomitant increasaedividual stem volume. Mean
hybrid aspen stem volume in the ten-year-old stavadsmore than 4.0 times higher than
native stems of the same age. The improved volsmetisurprising given the diameter
and height characteristics and results from sinsiladies in the Midwest and
Scandinavia. For example, a study in lowa found ttia mean annual increment (MAI)
of hybrid aspen stems at age ten was approximaté® dniwhich is consistent with
results from the post-shear hybrid aspen sites (MAI62) in this study (Hall et al 1982).
Similarly, Yu et al. (2001) found that mean estietastem volume of five-year-old
hybrid aspen was 3.9 times that of native Euroesgen . tremulg in Finland. That
said, microclimatic variation and differences iarsi density and site index across the

sites may have contributed to the large differandese volume.
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3.4.3 Stand volume, biomass production, and carbon storage

Stand volume varied substantially across the femyear-old stands. This was
likely due to differences in stand density and widlial tree volume across the four sites.
The hybrid aspen stands (Hybrid 1 and Hybrid 3) tmadh lower stem density (Table
3.2) than the native aspen sites (Native 1 andv&l@) but substantially higher
individual tree volumes (Table 3.3), resulting iankedly higher stand volume estimates
(Figure 3.1).

The ten-year-old hybrid aspen stands produced tharetwice as much biomass
per hectare as the ten-year-old native aspen staigige 3.2). These yields are
consistent to those found in hybrid aspen stan@wieden (Rytter and Stener 2003,
Rytter 2006), Germany (Liesebach et al. 1999),lanc (Hall et al. 1982), and native
aspen stands in north central Minnesota (Peral@)18&®netheless, these findings should
be interpreted with caution. In particular, therbass equation used to calculate oven dry
weight of above-ground woody material was develdpeough a large-scale, nationwide
meta-analysis (Jenkins et al. 2003). While thisa¢igu is useful, stand-specific, local or
regional equations would be more appropriate tor@tely estimate woody biomass
production.

Much of the renewed interest in hybrid aspen aheérdiast-growing tree species
has revolved around renewable fuels and the patdossil fuel offsets of using woody
biomass for energy (Kauter et al. 2003); howeVastd is also potential for substantial
belowground carbon storage with the expansiornvaidiroot systems. The root systems

of most tree species die when the above-groundopaot the tree is removed (King et al.
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2007); however, the root system of mBsipulusspp. in the sectioRopulus(formerly
Leuce) (Eckenwalder 1996) remains active for degaaled in some cases, centuries after
the above-ground portion of the tree is killed (Kemmman and Barnes 1976). These
belowground structures provide the carbohydratesssary for root suckers to establish
after harvest (Barnes 1966, Frey et al. 2003).0&$ suckers grow, they contribute to the
expansion of the belowground clonal root systemthegrocess is repeated after each
harvest or stand-replacing disturbance. While smoedie-off occurs following major
disturbance, most of the belowground structuresicoa to grow and can extend many
hectares in some parts of the aspen range thougharerestricted to less than a hectare
in size (Kemperman and Barnes 1976). With the éshabent of short-rotation hybrid
aspen plantations comes the establishment of kermy+belowground carbon storage
structures. These structures immediately beginmngfaarbon and continue to expand
with each subsequent above-ground disturbancesuéls, the use of hybrid aspen
systems for the production of biofuel feedstocky mlao offer an opportunity to increase

belowground carbon storage and enhance the caffs®t potential of these areas.

3.4.4 Silvicultural methodsfor stand development

The establishment of high density, large area ptéots is currently constrained by
limited quantities of high genetic quality plantistpck, both seedling and clonal origin.
Silvicultural approaches to overcome planting staeilability and high establishment
costs have been examined on an operational scateofnmended practice includes: 1)
controlling competing vegetation before plantind@Zx0 well-distributed trees per

hectare, 2) protecting planted seedlings from erlyi 3) growing the trees for six to
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eight years, allowing root systems to sufficiertvelop and occupy much of the area
between trees, and 4) cutting these sapling-sg&s tand producing a sucker stand. This
approach adds four to six years to the first rota{suckers reach heights of uncut stems
very quickly). Another establishment method cabisihterplanting hybrid aspen in every
sixth row in larch iLarix spp.) plantations where pulpwood clearcut harvasplanned

for age 20 to 25. These approaches have the adeaotdow establishment costs and the

deployment of rapid growing feedstock of limitecadability.

3.4.5 Harvesting consider ations

Seasonality, cutting height, and equipment limitagi are three important
harvesting considerations in short-rotation copgiggems. Harvest timing is important
given the interactions between apical dominancesaadonal fluctuations in
carbohydrate reserves (Bates et al. 1993, Bell @989, Frey 2003). In most native
aspen stands in the Lake States regeneration suscest a concern so timing of the
harvest, at least for the sake of regeneratiompti® major consideration (Mundell et al.
2008). In contrast, on sites where hybrid aspeleiberately planted at low densities
with the intention of increasing stem density tlgloshearing, harvesting should be done
during the dormant season to maximize sucker resgpadn addition, the height at which
stems are harvested may be important when consglexgeneration in young native and
hybrid aspen stands. In particular, Bell et al9@)%ound that increasing the cutting
height in young native aspen stands reduced syckduction and stem mortality and
increased sprouts and overall sprout height. Binatjuipment capable of efficiently

harvesting large quantities of small diameter, ldghsity material on uneven terrain is
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not common in the Lake States. This type of equigmeuld be necessary for large-

scale short-rotation systems to be cost-effectiiae region.

35 Conclusion

This study, although somewhat limited statisticallgmonstrates that the use of
hybrid aspen in combination with shearing treatrag@mbvides an effective and
straightforward approach for generating woody bissifar energy relative to native
Populusspecies. The use of coppice silvicultural systeuitis this forest type also
provides an opportunity to increase belowgrount@aistorage, due in large part to the
presence and expansion of clonal root systemstwmerin these areas. These increases
in carbon are particularly important to consideainas where hybrid poplar is being
planted on former agricultural lands, as this ailbw for the proper accounting of
greenhouse gas offsets related to feedstock priedueithin biofuels life cycle analyses
(Searchinger et al. 2008). As such, future workngrang the patterns of belowground
carbon storage in these areas will be criticabmerating reliable estimates of the

impacts of these practices on regional patterrtadion sequestration.
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Chapter 4

M odd framework for the assessment of carbon
flows associated with the procurement and

utilization of harvest residues for energy
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Forest-derived biomass is a renewable fuel thabegorocured locally from a
variety of sources such as forest harvest residndsmall diameter material from early
silvicultural treatments. Energy generation fromawable feedstocks like forest biomass
may alter the carbon balance in comparison to sieeotfi fossil fuels like coal or natural
gas. Carbon flows associated with the extractiahuaitization of fossil fuels for the
production of energy are well documented, whilesthassociated with forest biomass are
not. This study presents a model framework fonesting harvest residue availability
and carbon flows associated with the extractiandport, and utilization of the biomass
residues in a proposed 26-megawatt bioenergy tiaolinorthern Minnesota. Model
results suggest the facility would emit 0.28 tonoE€02/MWh based on a 100-year
planning horizon. While this estimate is markediywér than direct CO2 emissions
reported for fossil fuels (i.e., exclusive of extian, refinement, and transport
emissions), it suggests there are carbon costsiag=st with the utilization of forest-

derived biomass residues for energy production.

41 I ntroduction

Utilization of renewable resources for energy masdased substantially in the
United States over the last several decades. Thesases have been driven, in large
part, by energy policy aimed at reducing dependendereign oil, boosting economic
development, and curbing fossil fuel emissions (&aai. 2007, McCarl and Boadu
2009). Early bioenergy legislation was initiatedreg national level (Energy Policy Act
of 1992, Federal Energy Policy Act of 2005, Eneimgyependence and Security Act of

2007). In recent years, state governments havegdsss mandating further reductions
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in energy consumption and greenhouse gas emissindsncreases in energy
conservation and use of renewables (Becker eDaD&). In 2007, the Minnesota
Legislature passed the Next Generation Energy ot at bolstering investments in
renewable power, increasing energy conservatiahgdacreasing the state’s contribution
to global warming (Minnesota Statute 216C.0. 200Vjesponse to the legislation, a
Minnesota energy provider proposed the developmieat26-megawatt (MW) woody
biomass generation facility as part of its planléselop additional renewable energy
resources and offset carbon emissions from thairfo@d facilities. The company
initiated a comprehensive review detailing forest fsupply, procurement, and project
engineering as well as an assessment of carbos #igsociated with the extraction and
utilization of harvest residues (tops and limbs amall diameter material) to inform
decision making on investments in renewable energy.

There have been a number of studies that haveexsstihg forest inventory
databases to estimate biomass availability andoastocks (Cost et al. 1990, Birdsey
1992, Brown et al. 1997, Ney et al. 2002). Thoseists have focused on a variety of
spatial scales and have used a variety of techsitpuestimate biomass and carbon
flows. This study builds on previous work by combaseveral methods into a
framework designed to estimate carbon flows astegtiaith the extraction, transport,
and utilization of forest harvest residues for ggesver a multi-year planning horizon.
The objectives were to 1) characterize biomasdatbiy over time and by forest type,
2) estimate carbon stocks in the study area o¥ireint planning horizons, 3) develop a

model to estimate the flow of carbon associateti fatest harvesting, transportation of
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raw material to the energy facility, and carborxfassociated with forest management in
the study area (with and without the proposeditggiland 4) provide a standardized
estimate of carbon emissions for northern fores¢e@ated with the production of
energy from forest harvest residues for comparisasther fuel sources and to inform

renewable energy project development and policy.

4.2 Methods

4.2.1 Definitions

There are many definitions of woody biomass. Ferghrposes of this study, we
followed the Minnesota Forest Resources CounciD72@efinition which includes:
snags, tops and limbs, coarse woody debris, stgngpsncluded in this analysis), under-
sized stems, and brush. Estimates in this anadysibased on live tree data >2.54 cm in
diameter at breast height so the results refleetdiomass and forest harvest residues in

the aforementioned categories.

4.2.2 Study area

The study area includes forest resources locatddnra 100-mile radius of the
proposed bioenergy facility in Minnesota. The am@aesents 7,859,660 acres of
timberland in northeast Minnesota and 1,417,648saer northwest Wisconsin for a total
of 9,277,309 acres (Table 4.1). There are severasf types within the study area but
only a few species and forest types dominate. Bperaforest, which is dominated by
Populus tremuloide@Michx.) and to a lesser extelAt grandidentatgMichx.) occupies

more than 36 percent of the study area or 3,20%806 (Table 1). Balsam fiaies
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balsamedL.) Mill.) represents about 7 percent of the asfmeast type volume in the
study area, and paper birdetula papyriferaviarsh.) represents about 6 percent. The
spruce forest type, which is dominatedfigea mariang(Mill.) Britton, Sterns and
Poggenb.) and to a lesser extenglauca((Moench) Voss), represents nearly 12 percent
of the productive forestland in the study area payler birch accounts for nearly 8
percent (Table 4.1). Northern white-cedayja occidentalisis included in the total
acreage but not in the analysis due to the relgtsmall proportion of cedar harvested
annually. The average live biomass per acre fan ege class and forest type in the
study area is listed in Table 4.2. The maple-bassvamd northern hardwood forest types
have the greatest volume per acre across all agsed (live trees >2.54 cm diameter),
while tamarack and spruce have the lowest biomaisagre. This is not surprising as the
majority of tamarack and spruce stands within theysarea are growing on low to
moderately productive sites. Due to limited infotima on harvest levels and
transportation networks for the Wisconsin portiéthe study area, information from

Minnesota was extrapolated to develop the carbsesament.

4.2.3 Data sour ces

Data for this study were collected from a varietgaurces. The geographic
location of the facility was used to retrieve sfiedUSDA Forest Service Forest
Inventory and Analysis (FIA) field plot locationgtivn the study area using Forest
Inventory Mapmaker Version 3.0 (Miles 2008). Th& Blata Mart (2008) was then used

to retrieve empirical data on the 4,716 FIA plotthim the study area.
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Table 4.1 Forest types by acres and stand age class forofect study area.

Age Balsam N.white- Bottomland
Class Jack pine Red pine fir Spruce Tamarack cedar hardwoods
0-10 9,067 21,642 24,563 32,087 21,275 2,188 26,298
11-20 25,955 36,236 53,321 39,790 22,225 2,349 981,3
21-30 43,344 46,787 28,101 50,107 24,521 7,627 375,8
31-40 52,881 48,213 34,689 71,585 38,916 6,940 729,1
41-50 18,096 46,900 58,880 160,567 56,239 13,143 ,3748
51-60 16,799 37,874 55,171 160,850 46,797 28,220 ,9383
61-70 17,343 32,484 26,395 195,300 88,756 26,328 ,0189
71-80 21,111 16,898 14,574 148,696 68,490 36,026 4,271
81-90 15,492 13,149 9,463 96,546 51,076 34,472 468,9
91-100 0 8,825 13,801 56,068 35,835 35,213 21,378
100+ 0 15,157 12,184 144,885 48,531 189,435 106,354
Total 220,088 324,165 331,142 1,156,481 502,661 381,941 94,987
Age Northern Maple- Paper Balsam

Class hardwoods basswood Aspen birch poplar Other Total

0-10 33,352 27,079 618,543 49,668 36,624 235,467 1371853
11-20 10,506 2,987 467,036 48,896 27,418 58,652 , 7806
21-30 25,410 6,078 376,090 33,657 17,993 27,664 ,2163
31-40 29,584 12,857 310,188 31,547 26,705 59,064 2,324
41-50 19,006 23,032 402,221 49,094 27,972 77,736 1,288
51-60 67,430 29,808 397,732 151,218 32,268 80,845,1881947
61-70 99,199 83,271 350,585 168,699 24,451 105,681,307,505
71-80 64,369 82,998 200,964 110,330 18,699 82,190 79,696
81-90 49,372 52,274 56,896 42,515 6,080 53,503 7859,
91-100 15,239 7,061 17,674 33,031 2,334 24,901 3801,
100+ 13,692 11,185 11,377 12,760 3,182 29,915 598,6
Total 427,159 338,630 3,209,306 731,415 223,726 835,618,27738B09

This information was used to characterize the taesources in the study area and as
model inputs for projecting carbon flows over tl®dyear time horizon.

Estimates of logging residues (tops and limbs analldiameter material) were
taken from the Minnesota Department of Natural Reses (MNDNR 2006) Minnesota
Logged Area Residue Analysis. The volume of coargkfine woody debris reported for
each forest type were used in conjunction with n@tto-mass estimates reported in the
MN DNR (1981) Timber Scaling Manual to derive fdrgge-specific residual biomass

values. The residual biomass values were theneapmithe average live harvestable
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biomass per acre for each species and forest dypetérmine the proportion of

roundwood left as residual biomass (Table 4. 3).

Table 4.2 Average biomass per acre (tonnes) by stand age ataisforest type for the
project study area.

Age Balsam Bottomland
Class Red pine Jack pine fir Spruce Tamarack hardwoods
0-10 5.76 5.20 11.01 7.6 10.41 11.86
11-20 17.14 10.04 14.28 8.2 5.96 10.27
21-30 30.19 15.62 13.94 12.6 8.81 12.75
31-40 34.49 17.65 19.63 13.7 11.67 8.48
41-50 38.42 23.08 21.73 16.8 10.45 19.09
51-60 37.18 23.37 19.13 19.3 16.99 25.85
61-70 48.79 32.47 17.32 18.1 19.67 31.74
71-80 64.91 34.53 18.16 19.8 16.62 32.32
81-90 49.35 26.04 21.56 19.2 19.71 39.84
91-100 49.85 31.04 20.19 12.6 18.51 41.18
100+ 52.38 35.44 15.63 13.9 18.64 36.47
Age Northern Maple- Paper Balsam

Class hardwoods basswood Aspen  birch poplar Other

0-10 13.33 20.14 8.48 13.06 10.0 9.07
11-20 15.16 25.29 14.74 13.44 11.9 10.22
21-30 17.89 48.85 19.56 12.40 235 15.94
31-40 28.18 36.84 24.95 28.32 24.4 22.01
41-50 45.87 38.12 33.40 27.18 31.2 31.57
51-60 44.84 55.95 34.66 36.95 32.1 33.74
61-70 44.75 53.34 39.90 37.89 28.3 29.64
71-80 47.07 59.76 43.08 35.72 28.5 47.10
81-90 55.69 64.93 40.06 42.55 46.2 45.06
91-100 46.82 56.58 56.28 42.26 -- 40.98
100+ 56.20 60.84 41.34 39.35 - 54.38

Information on the extraction and processing ofjlag slash was compiled from
existing literature (Sturos et al. 1983, Brinkeakt2002) modeled for Lake States
operations, as well as from personal communicatatislogging professionals
operating within the study area (Tables 4.4 anjl D&e to a dearth of information on

harvesting efficiency for the forest types foundhe study area, a conservative estimate
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of 50 percent of the total residual biomass avalalas assumed to be extractable. This
estimate is based on recommendations from the MIR [2006) Logged Area Residue
Analysis, as well as from work in whole-tree hatedsblack spruce stands in Ontario
(FPInnovations 2008 presentation). The remainingé&@ent left on site exceeds the 33
percent recommended by the Minnesota Forest Reso@wauncil (2007) to sustain soll
productivity, biological diversity, and wildlife léat on forest lands. This
recommendation assumes that 20 percent of thevboely debris (tops and limbs) is
intentionally retained with an additional 10 to{dércent retention achieved by incidental
breakage during removal. These assumptions will dapending on the type of
equipment used, silvicultural prescription, seasbharvest, and forest type and

condition, and so the more conservative estimatqfercent was assumed.

Table 4.3 Estimated annual roundwood and residual biomass&katargets for the study
area based on the average statewide harvest lewédsest type over the last 5 years.

Roundwood Residual
Species % Residual % Roundwood biomass biomass
Jack pine 0.17 0.83 129,150 26,571
Red pine 0.10 0.90 77,163 8,334
Balsam fir 0.26 0.74 106,666 36,767
Spruce 0.24 0.76 27,525 8,649
Tamarack 0.28 0.72 115,088 45,434
Bottomland hardwoods 0.24 0.76 25,430 7,833
Northern hardwoods 0.19 0.81 30,169 6,972
Maple-basswood 0.15 0.85 38,740 6,708
Aspen 0.15 0.85 903,195 163,544
Paper birch 0.22 0.78 200,098 55,964
Balsam poplar 0.25 0.75 42,649 14,021
Other 0.20 0.80 34,016 8,742
Total 1,729,889 389,539
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Table 4.4 Equipment productivity for harvesting sub-merchatgdiomass less than 12.7 cm dbh (based on Stuads
1983).

Tonnes
Machine Rate gal/hp- gal/tonne kg kg C/tonne C/Tonne
Equipment Horsepower PMH  (tonnes’PMH) hr gal/PMH chips Clgal chips chips
Drott 40 LC
Feller/buncher 250 62.0 23.86 0.0263 6.583 0.276 .3910 2.8664 0.0022
740 John Deere Skidder 180 290.1 50.84 0.02800 5.040 0.099 10.391 1.0301 0.0008
Morbark 22-in Chipper 630 27.8 53.22 0.03492 22.00 0.413 10.391 4.2955 0.0034

Table 4.5 Equipment productivity for harvesting logging raséd — tops and limbs (based on Sturos et al. 1983).

Tonnes
Machine Rate gal/hp- gal/tonne kg kg C/tonne C/Tonne
Equipment Horsepower PMH  (tonnesPMH) hr gal/PMH chips Clgal  chips chips
Drott 40 LC
Feller/buncher 250 94.8 31.07 0.0263 6.583 0.212.3910 2.2013 0.0017
740 John Deere Skidder 180 92.1 31.98 0.02800 5.040 0.158 10.391 1.6375 0.0013
Morbark 22-in Chipper 630 61.6 47.82 0.03492 22.00 0.460 10.391 4.7806 0.0037
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To characterize transportation routes and esticatgon emissions for transport of
biomass to the bioenergy facility, a GIS layer wesated with FIA plot coordinates and
the bioenergy facility coordinates overlaid on ade layer allowing for calculating
transportation distances to and from various haingsites. To estimate annual carbon
emissions resulting from transport of harvest nesisl an average roundtrip
transportation distance (270 kilometers) was daterdhby calculating the average
distance of FIA plot locations from the bioenerggifity. The roundtrip haul estimate
was used in conjunction with fuel consumption dat@2 kilometers per liter) for log
trucks and chip vans (collected from a survey gfjing professionals in the study area)
and the annual biomass utilization target (251 &&®&n tonnes) at the bioenergy facility

to estimate transport emissions.

4.2.4 Carbon flow modd

The carbon flow model developed for this study seaes of spreadsheet models
linked together to estimate current and future @arftocks on timberlands within the
study area, as well as carbon flows associatedfai#st management activities. The
following sections provide a description of eachesglsheet model, key inputs, and

assumptions.

4.2.5 Forest age class change model

The model form chosen to estimate forest type ahanbased on the idea of area
control in forest management, where specificatibthe acreage harvested annually is

used to manage (or control) the development ofdtest over time (Buongiorno and
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Gilless 2003). The model, through the descriptiboh@nges in forest type acreage by
age class, is then used to relate the impactsiassdevith forest harvesting,
transportation of raw material to the bioenergylityc and estimated net carbon flows
associated with forest management in the study area

A forest age class change model (Domke and Ek 2088)developed using FIA
inventory data (2003-2007) to grow timberland a@esr a 100-year time horizon. This
model portioned the acres within the study area 1f-year age classes and each year, 10
percent of those acres were assumed to move iatoetkt age class. Acres at the end of
the final age class (110 yrs) were assumed tordlaeturn to the 0-10 year age class in
each forest type in order to create a closed systéimno loss of acres over the 100-year
planning horizon.
Rotation length and harvest intensity varied by$btype. Baseline rotation ages were
based on recommendations in the Forest Developktential (MN DNR 1997) and
adjusted based on professional judgment and cuneemesting conditions reported in
Minnesota’s Forest Resources report (MN DNR 20B@)vest intensity, based on the
volume harvested annually, was proportionally rdtased on Minnesota statewide
harvest levels reported in Minnesota’s Forest Ressureport (MN DNR 2007). Table
4.6 displays the estimated volume harvested bysfaype within the study area. Since
harvest levels vary from year to year, the avestgtewide harvest over the most recent
five year period (2001-2005) was used as the staudlume cut by forest type. In
reality, some (but not all) stands are cut at @rnkee rotation age. In fact, harvesting

continues throughout all harvestable age classisallravailable stands are harvested,
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die, or succeed to another forest type. The haademtres in each age class were
multiplied by the average biomass derived from B&ta for each 10-year age class
(Table 4.2). The biomass estimate for each ags @las based on the oven-dry weight of
all live stems in each age clasz54 cm diameter at breast height. All biomasseslu
were then converted to carbon using an equatioaldegd by Birdsey (1992) that

assumes the dry mass of wood is approximately Bepecarbon.

Table 4.6 Proportion of the Minnesota statewide harvest va@uwthin the study area

used to define harvest targets (study area ODT).
Proportion of Proportion of  Study area

statewide forest typein volume Study area

Forest type har vest study area (cords)* ODT (tonnes)
Jack pine 0.082 0.501 149,263 155,721
Red pine 0.043 0.525 81,951 85,496
Spruce 0.054 0.768 150,579 143,433
Tamarack 0.017 0.517 31,900 36,174
Balsam fir 0.053 0.800 153,866 160,522
Bottomland

hardwoods 0.014 0.577 29,334 33,264
Northern

hardwoods 0.018 0.456 29,775 37,141
Maple-basswood 0.034 0.335 41,317 45,448
Aspen 0.510 0.557 1,031,472 1,066,739
Paper birch 0.089 0.699 225,807 256,061
Balsam poplar 0.030 0.478 52,057 56,670
Other 0.053 0.196 37,706 42,758

T Based on the 5-year average Minnesota statewidestdevel 3,630,000 cords.

4.3  Carbon sequestration

Carbon sequestration rates are a function of treet and thus, yield, which
generally follows a nonlinear, asymptotic patteithvage. To account for this, yield was
modeled using FIA data and the Carbon Online Es6m&OLEv2.0 USDA FS 2005).

Sensitivity analysis showed that yield curves fbfaest types in the study area (FIA
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analysis) and Minnesota (COLE) change their sld@pproximately age 40, which
allowed us to derive two separate carbon sequistrattes for stands < 40 years of age
and stands 40 years of age using linear regression. Figurelldistrates the sensitivity
analysis that was run for the aspen forest typeadirather forest types in the study area
to approximate the age at which the rate of cadsmuestration changes.

For forest stands 40 years of age, carbon accumulation rates wéraasd
simultaneously by two methods that were then coetbéor consistency. The first
method used empirical information from the FIA as& within the study area and the
other used data generated by the COLE for all faypes in Minnesota. Regression
analysis was used in both methods to determineatieeof carbon accrual by stand age,
based on rotation length. Due to the high levelsraertainty associated with temporal
changes in other carbon pools, we assumed thathelt pools of carbon in the ecosystem

did not vary over the 100-year projections.
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Figure 4.1 Sensitivity analysis using COLE data and linearesgion to
determine the age at which carbon sequestratiom$é&mychange for the asg
forest type.
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Moreover, the change in total carbon (C) in acalating wood vastly outweighs
other changes —thus, for purposes of this assessmeireated wood as the sole
variable estimated. Both methods provided estimaftesnual carbon sequestered per
acre. The empirically derived estimate was 0.7@ésnC/acre/year (Figure 4.2) and the
modeled rate was 0.58 tonnes C/acre/year (Fig3je Bhese estimates were averaged to
provide a parsimonious sequestration rate for stad@ years of age for all forest types
within the study area. For stane40 years, a carbon accumulation rate of 0.11 tonnes
Clacrelyear was derived from linear regressionyasmalising COLE for the all forest
types in Minnesota (Figure 4.4). FIA data wereus#d for the=40 year analysis due to
the lack of data and large variability for manydsirtypes. Table 4.7 lists the carbon

sequestration estimates per acre per year footestftypes in the study area.

4.3.1 Decay emissions

To determine the carbon emissions associated hétld¢cay of forest biomass left

following harvest, the following equation was used:
Dy = Dpe™V

where Ris the annual decompositiong B the residual biomass produced each year, t is
the time of decomposition (years), and k is theodgmosition constant. Decomposition
constants were used from existing literature whexlable or were derived from
published values used for other species in thdysfliable 4.8). The annual
decomposition values were integrated over theehtrvest area and time until nearly
all biomass was decomposed (< 0.1 tonnes). Iragk< this required more than 100

years. Consequently, the biomass decay estimatesiéh planning horizon were
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reported along with the range in time necessaryéarly complete decomposition (< 0.1
tonnes). Note that only the extractable biomass;hwvas assumed to be 50 percent of
the available harvest residuals, was includederatimalysis since the remaining biomass

would be left on site with or without the propod®denergy project.

4.3.2 Harvesting emissions

The model harvest system is described as a coovehtiwhole-tree operation that
processes the tree and residual biomass (limbsoasyl at the harvest landing. Once at
the landing, the biomass is processed using edtlcbipper or grinder, then transported to
the mill in a chip van. Forest type mix, size classd wood quality, as well as site
conditions, management and regeneration objectarekey determinants of recoverable
biomass volume on a given harvest site, which nzay greatly depending on these
factors.

Equipment horsepower, delay-free productive machmes (PMH), and diesel
fuel consumption rates for each piece of equipmeane used to calculate the carbon
dioxide (CQ) emitted per tonne of wood chips processed. Caémaissions conversion

factors for diesel fuel were used from the ClimRegistry (2005).
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Minnesota.

Table 4.7 Annual carbon sequestration/acre (tonnes C) fofdfest types in the study
area calculated using FIA and COLE data and linegiression.

<40years >40years
------------------ Data Sour ce------------------ Data Sour ce
Forest Type COLE FIA Average COLE
Jack pine 0.52 0.53 0.53 0.08
Red pine 0.75 0.97 0.86 0.10
Balsam fir 0.69 0.56 0.63 0.05
Spruce 0.53 0.41 0.47 0.11
Tamarack 0.48 0.32 0.40 0.14
Bottomland hardwoods 0.46 0.37 0.42 0.18
Northern hardwoods 0.90 0.75 0.83 0.07
Maple-basswood 0.77 0.50 0.64 0.14
Aspen 0.58 0.70 0.64 0.11
Paper birch 0.51 0.66 0.59 0.09
Balsam poplar 0.52 0.72 0.62 0.05
Other 0.64 0.60 0.62 0.16

The whole-tree harvest system was modeled as & &tC Feller/Buncher,

John Deere 740 Skidder, and a Morbark self-loadmpgper. Productivity and
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horsepower ratings used for each piece of equiparenteported in Tables4. 4 and 4.5
based on studies of comparable harvest conditforest types, and size classes in the
Lake States (Sturos et al. 1983, Gingas and Fawr@®d). Fuel consumption rates per
PMH were calculated based on estimates from Brigkat. (2002).

Table 4.8 Decay constants used to calculate the annual dexsitigm of extractable
biomass within the study area.

Forest type Decay rate (K) Source

Aspen 0.080 Alban and Pastor 1993

Balsam poplar 0.080 Assumed K as aspen in AlbarPastbr 1993
Paper birch 0.068 Harmon et al. 2000

Maple-basswood 0.045 MacMillian 1988

Northern hardwood 0.096 Arthur et al. 1993

Bottomland hardwood 0.089 Chueng and Brown 1995

Other 0.076 Mean of all published values in thiddga
Balsam fir 0.011 Lambert et al. 1980

Jack pine 0.042 Alban and Pastor 1993

Red pine 0.055 Alban and Pastor 1993

Spruce 0.071 Alban and Pastor 1993

Tamarack 0.045 Mean of published conifer valughimtable

Total productivity was modeled for both small diderenaterial (< 12.7 dbh) and
chips from slash generated from the harvest ofdauaod & 12.7 cm dbh). Productivity
and fuel usage is affected by the size of machises, horsepower rating, and
equipment specifications. Other factors affectingdpictivity include tree species, size,
taper, and site operability, which may vary gre&ityn one location to another. The
productivity equations used in this study are peexand do not reflect the full range of

possible harvest systems in use.
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4.3.3 Transportation emissions

The emissions from transporting biomass residukddioenergy facility were
estimated using data from a recent survey of lagggompanies operating within the
study area. Companies were asked to provide avarageal fuel consumption for chip
hauling equipment. This information was used injgoction with the average FIA plot
distance estimated using GIS to calculate transgpoissions based on a 22.7-tonne (25-
short ton) load from within the appropriate fuebgurement radius. Road type was used
to calculate speeds and associated fuel usagemnasdiens, which were then scaled up
for all biomass processed to determine the ann@ak@issions of transporting residue

to the bioenergy facility.

4.3.4 Carbon flow model assumptions

Due to the nature of the carbon flow analysis,aswecessary to make several
assumptions. Below is a detailed list of key asdionp with associated values used to
develop the estimates:

* The total timberland area within the study areaaieed fixed at 9,277,309 acres
and all acres assigned to each forest type (Tghiemained fixed with no
conversion to other types or addition from chandargl use.

* The annual biomass necessary to fuel the bioerfaogity was assumed to be

145,652 oven-dry tonnes (ODT) for annual generatiob82,208 MWh.
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The model assumes that there are no disturbanggsifsects, disease, fire)
other than forest management to set back stand @gestenth of the acres in
each age class moved to the next age class anuouddiys harvested.

Rotation lengths assigned to each forest typedmtbdel were based on the
Forest Development Manual (MN DNR 1997) and protesd judgment.
Harvest intensity measured as the percent cutdh age class for each forest
type was adjusted based on rotation length angribigortion of the total harvest
assigned to each forest type. Table 3 was usadddifine each forest type-
specific model to reflect the volume removed ankyualer the last five years
reported in the Minnesota’s Forest Resources répiitDNR 2007).

FIA plot coordinates were used to represent haiteeations when calculating
average harvest site distance.

All slash and small diameter material availableuse from the site is included in
estimates of total available biomass. The analyses not consider economic
feasibility of removal or optimization by specigpé and landowner.

Carbon contributions from the manufacturing andveey of the harvesting
equipment were not included in the modeled systemyere the carbon
contribution from the construction of highways twess forests and the
bioenergy facility.

Loss from chipping is estimated from values obtdibg Stokes and Watson
(1991). For clean and dirty chips, flail chain lesgstimated at 15.10 percent of
total chips. For clean chips only, screening reigdt90 percent.
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* Average fuel (wood) moisture content was assumdx 42 percent.
» Conversion from carbon to carbon dioxide (@as based on the atomic mass
of C and CQ, where one carbon atom is 12 u and one oxygen stds u.

Therefore, the conversion factor used was 44/126x.

4.3.5 Trace gas assumptions

In addition to the carbon dioxide (Glows associated with the removal and/or
decay of woody biomass, other gases -- namelyustoxide (NO) and methane (CHi-

- have the potential to alter the overall carboddai. To compare these gases with, CO
emissionsthe Global Warming Potential (GWP) of each gas wsesl. GWP is intended
to be a quantified measure of the globally averagdhtive forcing impacts of a
particular greenhouse gas (EPA 2002). GWP is egpdesn a relative basis using carbon
dioxide as the reference gas to which all otheegineuse gases are compak¥tile

GWP values are a useful measure for estimatingeflaéve impacts of emissions and
reductions of different gases, they typically hameuncertainty of approximately +35
percent (EPA 2002). Nitrous oxide has a GWP 31@githat of C@Qso even minor
emissions or reductions of this gas have significansequences.

There are many anthropogenic sources of nitrougepxncluding fertilization in
agricultural situations, combustion of fossil fyelastewater treatment, and waste
combustion; however, the only source potentiallgvant to this study is biomass
burning. Minimal information exists for quantitieglogging residues subjected to open
field burning, prescribed burning, or wildland fiend their effective pD emissions.

N>O emission factors for boiler combustion of woodynhbass vary between EPA and
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IPCC publications from 0.013 Ibs/MMBtu (0.03 tonré®,e/MWh) to 0.009 Ibs/MMBtu
(0.02 tonnes Cg/MWh), respectively (EPA 1995, Gomez et al. 20@8)e to the
uncertainty of MO production in forests, the potential contributaiN,O was not
included in the carbon flow model.

Methane, which is primarily produced through anberalecomposition of organic
matter, has a GWP 21 times that of {BPA 2002). Anthropogenic sources of £H
include agricultural processes such as rice cuiowaenteric fermentation in livestock,
and the decomposition of animal wastes. Methaaéssemitted during incomplete
fossil fuel combustion, and during the productionl distribution of natural gas. The
primary methane source of concern in this studigesdecomposition of organic matter
(leaf material, tops, and limbs from harvest anireh mortality and breakage) on or
near the forest floor (Megonigal and Guenther 200&khin and Voronin 2009). The
methane emitted through litter decomposition maypfeet, in part, by soil bacteria
(methanotrophs) which use methane as a sourcelurcéhrough methane oxidation
(Adamsen and King 1993, Schnell and King 1994 uftet al. 1995). Due to the
uncertainty of Cl production in forests following harvest, the paigincontribution of

CH4 was not included in the LCA.

44  Results

4.4.1 Biomass availability

Under current levels of forest management and cawciaidarvesting, the

proposed bioenergy facility would utilize approxiels 145,652 ODT of woody biomass
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annually to generate 182,208 MWh per year of al@ttr(operating at 80 percent
capacity factor). Based on the study assumptiariicient biomass is available within

the assumed procurement radius of approximatelykrt6(Table 4.3).

4.4.2 Carbon stocks

Table 4.9 lists the current estimated harvest aamndscarbon stocks expressed as M
(million) tonnes of carbon dioxide (G The average annual harvest of roundwood in
the study area is 3.46 M tonnes £Ad the average annual residual is 0.60 M tonnes
CQO,. Of the 0.596 M tonnes of residual biomass proddoem the annual harvest, 50
percent is considered operationally feasible too@mwhich results in an average annual
extractable biomass availability in the study as€@.30 M tonnes C®

Table 4.10 lists the total harvest acres and casbacks over the 100-year
planning period within the study area.. The totiest of roundwood over the 100-year
planning horizon (based on the current averagewidé harvest level) is 349.63 M
tonnes CQ@and the total extractable biomass produced fromesting over the 100-year

period is 30.07 M tonnes GO

4.4.3 Carbon sequestration

The carbon sequestration estimates for the foypsstwithin the study area are
listed in Table 4.11. Average annual carbon seqaigsh is 2.55 M tonnes GOThe total
carbon sequestration over the 100-year planninigghéor each forest type is 254.99 M

tonnes CQ.
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Table 4.9 Estimated annual carbon stocks (L 0y forest type within the study area.

Total acres Annual Annual Annual extractable
Forest type 0-100+ harvest har vest residue removed
(years) (acres) = --------- (M tonnes COy) ---------
Aspen 3,209,306 41,274 2.247 0.172
B. poplar 223,726 2,068 0.086 0.011
Paper birch 731,415 5,310 0.289 0.032
Maple-basswood 338,630 1,488 0.042 0.003
Northern hardwood 427,159 2,464 0.056 0.005
Bottomland hardwood 594,977 3,358 0.042 0.005
Other 835,618 5,276 0.088 0.010
Balsam fir 331,142 4,288 0.117 0.015
Jack pine 220,088 2,092 0.087 0.007
Red pine 324,165 2,062 0.183 0.009
Spruce 1,156,481 6,725 0.176 0.021
Tamarack 502,661 4,421 0.048 0.007
TOTAL 8,895,368 80,827 3.462 0.298

Table 4.10 Estimated total carbon stocks (6@y forest type within the study area.

Total acres Annual Annual Extractable
Forest type 0-100+ harvest harvest residue removed
(years) (acres) = ---m---- (M tonnes COp) --------
Aspen 3,209,306 4,168,642 226.993 17.400
B. poplar 223,726 208,895 8.692 1.075
Paper birch 731,415 536,328 29.194 3.190
Maple-basswood 338,630 150,313 4.205 0.310
Northern hardwood 427,159 248,853 5.629 0.528
Bottomland
hardwoo 594,977 339,206 4.203 0.495
Other 835,618 532,879 8.863 1.029
Balsam fir 331,142 433,096 11.861 1.520
Jack pine 220,088 211,342 8.831 0.753
Red pine 324,165 208,310 18.494 0.901
Spruce 1,156,481 679,181 17.781 2.126
Tamarack 502,661 446,478 4.881 0.740
TOTAL 8,895,368 8,163,524 349.627 30.069
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Table 4.11 Estimated carbon (M tonnes ©Gequestered annually and over the 100-year
planning period within the study area.

Annual Total

Forest type sequestration Sequestration

--------- (M tonnes COy) --------
Aspen 0.340 34.008
B. poplar 0.060 6.031
Paper birch 0.139 13.946
Maple-basswood 0.196 19.621
Northern hardwood 0.267 26.691
Bottomland hardwood 0.316 31.563
Other 0.440 44.007
Balsam fir 0.106 10.629
Jack pine 0.039 3.916
Red pine 0.075 7.461
Spruce 0.388 38.762
Tamarack 0.184 18.354
TOTAL 2.550 254.989

4.4.4 Decay emissions

The average annual emissions from decay of exbiectaomass, which would
otherwise be utilized in the bioenergy facilityedisted in Table 4.12. Estimated annual
decay emissions are 0.23 M tonnes,CIdtal decay emissions from extractable residual
biomass (50 percent of the total available biomkgspn harvest sites over the 100-year

planning period are 22.71 M tonnes £g@able 4.12).
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Table 4.12 Estimated carbon (M tonnes of CO2) emitted throdgtomposition annually
and over the 100-year planning horizon from ex#llet biomass left on the harvest site
for each forest type.

Forest type Annual Decay Total Decay
—————— (M tonnes CO,) ------
Aspen 0.136 13.617
B. poplar 0.008 0.844
Paper birch 0.025 2.496
Maple-basswood 0.002 0.223
Northern hardwood 0.004 0.430
Bottomland hardwood 0.004 0.396
Other 0.008 0.796
Balsam fir 0.006 0.552
Jack pine 0.005 0.524
Red pine 0.007 0.667
Spruce 0.016 1.645
Tamarack 0.005 0.520
TOTAL 0.227 22.710

4.4.5 Harvesting and transport emissions

Harvesting and transport emissions represent d gnoglortion of the collective
carbon flux within the study area when comparinthvgroject and without-project
scenarios. However, the harvest and transport emsa the with-project scenario are
not offset by any emissions in the without-proganario and contribute a net positive
CO; to the results. Table 4.13 lists the estimatediahand cumulative harvest and
transport emissions to extract and haul 145,652 ©OD¥oody biomass to the bioenergy
facility. The average annual harvest emission9d@62 M tonnes CH)Hwhile the annual
transport emissions are 0.004 M tonnes of @@l the cumulative (100-years) harvest

and transport emissions are 0.62 M tonnes &@ 0.408 M tonnes GOespectively.
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Table 4.13 Esimtated annual and cumulative (100-year) carbbtofines of CQ)
emissions from harvesting and transport for eaokstaype within the study area.

Annual Emissions Cumulative Emissions
Forest type Harvesting Transport Harvesting Transport

------------------ (M tonnes COyp) -------------------
Aspen 0.00360 0.00240 0.3600 0.2360
B. poplar 0.00020 0.00010 0.0220 0.0150
Paper birch 0.00070 0.00040 0.0660 0.0430
Maple-basswood 0.00010 0.00000 0.0060 0.0040
Northern hardwood 0.00010 0.00010 0.0110 0.0070
Bottomland hardwood 0.00010 0.00010 0.0100 0.0070
Other 0.00020 0.00010 0.0210 0.0140
Balsam fir 0.00030 0.00020 0.0310 0.0210
Jack pine 0.00020 0.00010 0.0160 0.0100
Red pine 0.00020 0.00010 0.0190 0.0120
Spruce 0.00040 0.00030 0.0440 0.0290
Tamarack 0.00020 0.00010 0.0150 0.0100
TOTAL 0.00620 0.00410 0.6220 0.4080

4.4.6 Carbon flow summary

Estimated annual carbon flows with and withoutltfeenergy facility are listed in
Table 4.14. With the proposed facility, the ann@@, emissions are estimated to be 0.28
M tonnes. This estimate includes carbon stock resddrom the harvest site, carbon
emissions from extracting biomass, and carbon e@omsg$rom transport to and from the
facility. Without the proposed facility, the annwldcay of CQfrom the extractable
biomass left on the harvest site is estimated 10.98 M tonnes. The difference between
the with- and without-project scenarios is 0.05dvirtes of CQ With an estimated
production of 182,208 MWh/yr, the difference in kviand without-project scenarios is a
net positive production of 0.003 tonnes of ANDNVh.

Cumulative (100-years) carbon flow with and withthe bioenergy facility is

described in Table 4.15. With the proposed factliiy total CQ emissions area
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estimated to be 27.76 M tonnes. This estimate dediwcarbon stock removed from the
harvest site, carbon emissions from extracting lsnand carbon emissions from
transport to and from the facility. Without the posed, facility the total estimated decay
in CO, from the extractable biomass left on the harviéstis 22.71 M tonnes. The
difference between the with- and without-projed@rsrios is 5.05 M tonnes of GO

With an estimated production of 182,208 MWh/yr ZEBBM MWh/100yrs), the

difference in with- and without-project scenarissinet positive production of 0.28

tonnes of C@MWh.

45 Discussion

45.1 Carbon flows

The total carbon flows over the 100-year planniagZon with and without the
bioenergy project were developed under a numbassdimptions listed above. Figure
4.5 illustrates the net carbon inputs and outpastibed in the study. With the proposed
facility, the total estimated Cmitted over the life of the project is 27.76 Mnes.
This estimate includes carbon stock removed froerhirvest site, carbon emissions
from extracting biomass, and carbon emissions tramsport to and from the proposed
bioenergy facility. Without the proposed facilithe total CQ emissions from
decomposition of extractable biomass left on thedwst site is estimated to be 22.71 M
tonnes. With the 100-year production of 18.22 M MW@flelectricity generated from the
bioenergy facility, the resulting G@er unit production is 0.28 tonnes €kWh. This
value would most likely be reduced to just emissirom harvesting and transport
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(0.057 tonnes of C&@/MWNh) if the planning horizon were extended towalthe
accumulated biomass over the 100-year planninggéwhich would otherwise be
utilized in the bioenergy facility) to decomposemqaetely. Complete decomposition
would likely take approximately 250 to 350 yearsrfwost species, based on the
exponential decay rates used in this study. Imptgtadecay processes vary
substantially by material size, woody decay classtion, climate, and species. Thus,
the decay rate model and associated rate estistadedd be used with caution.

The carbon flow values presented here would alsogh under different methane and
nitrous oxide emissions assumptions. As previosislted, our examination suggested
that trace gas fluxes would be very small in thetext of this study. Consequently,
analysis was limited to the G@missions and did not include secondary gaseard-ut
studies of this type would benefit from furthergasch on trace gas emissions from
decomposition of logging residues. Should metham® biomass decomposition prove
to be present in traceable quantities, utilizatfmmenergy could substantially decrease

the net carbon footprint of biomass energy faetiti
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Table 4.14 Estimated annual carbon stock changes with anduiitthe proposed bioenergy facility. Extractabkdee
removed values have been adjusted based on tatdlgapacity (ca. 89 percent of total extractabsedue available).

With project --Without project--

Extractable Residue Emissions Emissions

Removed Harvesting Transport Total Decay Total Difference
Forest type (M tonnes COy)
Aspen 0.155 0.004 0.002 0.161  0.136 0.136 0.024
B. poplar 0.01 0 0 0.01 0.008 0.008 0.001
Paper birch 0.028 0.001 0 0.029  0.025 0.025 0.004
Maple-basswood 0.003 0 0 0.003  0.002 0.002 0.001
Northern hardwood 0.005 0 0 0.005 0.004 0.004 0.001
Bottomland hardwood 0.004 0 0 0.005 0.004 0.004 0D.0
Other 0.009 0 0 0.01 0.008 0.008 0.002
Balsam fir 0.014 0 0 0.014  0.006 0.006 0.009
Jack pine 0.007 0 0 0.007  0.005 0.005 0.002
Red pine 0.008 0 0 0.008  0.007 0.007 0.002
Spruce 0.019 0 0 0.02 0.016 0.016 0.003
Tamarack 0.007 0 0 0.007  0.005 0.005 0.002
TOTAL 0.267 0.006 0.004 0.278  0.227 0.227 0.050
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Table 4.15 Estimated cumulative (100-years) carbon stock chamgth and without theproposed bioenergy facility.

Extractable residue removed values have been adjbsised on total plant capacity (ca. 89 percetutal extractable residue
available).

With project --Without project--
Extractable Residue Emissions Emissions

Removed Harvesting Transport Total Decay Total Difference
Forest type (M tonnes COy,)
Aspen 15.466 0.36 0.236 16.063  13.617 13.617 2.446
B. poplar 0.956 0.022 0.015 0.993 0.844 0.844 0.149
Paper birch 2.836 0.066 0.043 2.945 2.496 2.496 490.4
Maple-basswood 0.276 0.006 0.004 0.286 0.223 0.223 0.064
Northern hardwood 0.47 0.011 0.007 0.488 0.43 0.43 0.058
Bottomland hardwood 0.44 0.01 0.007 0.457 0.396 9®.3 0.061
Other 0.915 0.021 0.014 0.95 0.796 0.796 0.154
Balsam fir 1.351 0.031 0.021 1.403 0.552 0.552 5D.8
Jack pine 0.67 0.016 0.01 0.696 0.524 0.524 0.172
Red pine 0.801 0.019 0.012 0.832 0.667 0.667 0.165
Spruce 1.889 0.044 0.029 1.962 1.645 1.645 0.318
Tamarack 0.657 0.015 0.01 0.683 0.52 0.52 0.163
TOTAL 26.727 0.622 0.408 27.758 22.71 22,71 5.047
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Estimated Carbon I nputsand Outputs over the 100-year Planning Period

tonnes CQ

| — 4

tonnes CQ@ A tonnes CQ@

Without Plant With Plant

Forest Uptake  Emissions Forest Uptake Emission Emission from Emission from
(residue portion) from decay | (residue portion)  from harvest transport. = combustion =
=26.727 M =22710M | =26.727 M =0.622 M 0.408 M tonnes 26.727 M
tonnes CQ tonnes C@ | tonnes CQ@ tonnes CQ CO, tonnes CQ

Residue Residue Residue Residue

removed = removed = chipped = delivered =

26.727 M 26.727 M 26.727 M

Net CQ Emissions = Total Emissions with Plant — Total Esions without Plant
= (0.622 + 0.408 + 26.727) — (4D) = 5.047 M tonnes GO
Net CG, Emissions per MWh = 5.047 M tonnes £Q8.221 M MWh = 0.277 tonn&0,/MWh

Figure 4.5 Estimated carbon inputs and outputs (M tonnes of KI®h) over the 100-
year planning period for the proposed bioenergyifac

4.5.2 Improvementsin forest management and harvesting

Currently, widespread removal of logging residigelnited in part by available

harvesting equipment, fuel costs, roundwood mdtketuations, and landowner

interests. Importantly, the biomass estimatesigmgtudy do not fully incorporate these

economic or social constraints. To compensaterfutdd supplies, the supply distance

may need to be expanded or management practiessifed to increase biomass

availability.

Increases in yields, and thus, sequestration,@ssilgie with intensified forest

stand management. With investment in combinatidqsaxtices such as using improved

planting stock, improved site preparation, andyeaehetation management including
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early and commercial thinnings, the yields per asrshown in Table 2 for the forest
types may be increased substantially (Ek 2007 himstudy, trials indicated yields were
also sensitive to rotation length. Shortening rotes tended to increase supply over the
100-year planning horizon, particularly for the gHived species (i.e., aspen, paper
birch, jack pine). This investment could incredse rtate of carbon sequestration as well
as overall storage potential of our short-livedekis and also result in more residual
biomass available for utilization. Advancementfianvesting technologies have created
opportunities for harvesting small diameter mateBaould this trend continue, the

interest in thinnings and logging residues may aiscease.

4.5.3 Comparisonsto fossil fuels

The proposed bioenergy facility in northern Minnesis estimated to emit 0.28
tonnes of C@MWh based on the 100-year planning horizon. Rengptie harvesting
and transport emissions from the overall estimatgiges a direct emissions estimate of
0.22 tonnes of C&MWh. This estimate can be compared to direct @onssreported for
fossil fuels in the Electric Power Annual (2007)rdat emissions (exclusive of
extraction, refinement, and transport) for coahstdaurbines are approximately 1.00
tonnes CQMWh. Natural gas combustion turbines emit appratety 0.60 tonnes
CO./MWh, and natural gas combined cycle emissionappeoximately 0.40 tonnes
CO,/MWh. With an estimated production of 182,208 MWthkgonverting from coal
steam turbines to forest residues for energy prtoolugvould reduce emissions by

approximately 142,122 tonnes g@nnually. In regions where forest-derived biomiass
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available, using harvest residues for energy géioerenay provide a viable option for

reducing greenhouse gas emissions and dependeifiegsdriuels for energy.

4.6 Conclusions

As electrical utilities weigh renewable energy ops to meet state and federal
energy targets, they will need a methodology fanparing existing emissions with
renewable alternatives. This study provides a nuiilogy for estimating the carbon
flows associated with the procurement and utilaabtf forestharvest residuetor
energy. The results suggest there is a carborasestiated with the utilization of harvest
residues for energy, however when weighed agairsttcemissions (exclusive of
extraction, refinement, and transport) from fofiséls used in energy production, the
costs are comparatively small.

We relied on a number of assumptions in this stodyder to generate results
useful for comparison to fossil fuel emissions agged with energy production. Our
analysis compared G@missions over a 100-year time horizon. While tine period
may make sense from a forest management perspdttivay not be the most
appropriate time period to account for carbon flanvirests from a policy or
atmospheric science perspective. The atmosphtgioie of CQ is estimated to range
from 5-200 years, depending on the rate of secatestrby different processes (IPCC
2007). This variability in C@sequestration is evident even within this studyungred
pine stands (< 40 years), for example, would séquesn average, more than twice the
carbon per acre per year that young tamarack eoméind hardwood stands would

within the study area (Table 4.7). Given this Maitity, it would be useful to provide
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carbon flow estimates over multiple temporal scal@sging from much shorter, to
potentially longer than the 100-year time horizeediin this study. This approach would
provide a more complete picture of the potentiaboa benefits or consequences of

biomass utilization for energy in the near and ltergn.
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Chapter 5
Model development for rapid estimation of forest-

derived biomass availability
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Renewed interest in woody biomass for energy heated a need for rapid
estimation of roundwood and harvest residues adaifr utilization. The Forest Age
Class Change Simulator (FACCS) is a spreadsheetlmsnputational tool designed to
estimate current and future biomass availabilitgarruser-defined management
scenarios and harvest intensities. FACCS reliesx@ting data sources and forest
management information to produce forest type $ipdaibmass estimates over multiple
spatial and temporal scales. In this chapter detailthe development of the base model

are described, along with examples of recent magelications and future uses.

51 Introduction

Recent state energy legislation and pending fe@detadn has led to renewed
interest in the use of forest-derived biomass fargy production (Becker et al. 2010a).
In 2007, the Minnesota Legislature made a commitrteeimcrease renewable energy
production and conservation and decrease greenigassemissions by passing the Next
Generation Energy Act (Minnesota Statue 216C.0 R00s prompted energy providers
to begin looking at renewable resource options sscforest-derived biomass and,
particularly, harvest residues as potential fuekses. Since 2002, utilization of harvest
residues (small diameter stems and tops and litvdss)ncreased more than fivefold,
from 15,400 oven-dry tons (ODT) to an estimated,@00 ODT (MNDNR 2004,

MNDNR 2010a). Increased utilization has been driverarge part, by the development
of new bioenergy projects and retrofitted co-geti@naechnologies at existing forest

products facilities. There are currently 43 woodyntass-related energy facilities in
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Minnesota, which produce approximately 1.3 percéile state’s total energy (EIA
2008, MNDNR 2010b).

Rapid expansion of forest-derived bioenergy markatscreated concerns over
the current and future physical, social, econog] environmental availability of
roundwood and residual biomass in the state. Whiteent physical availability can be
estimated using data from the USDA Forest Senngerntory and Analysis (FIA)
program, that data does not reflect harvestingéitioins, annual harvest levels,
management practices, or market pressures. A yarfie@omputer models and decision
support systems have been developed to accommadataplex array of decisions and
constraints associated with the production, praoerd, and utilization of forest-derived
biomass (Mitchell 2000, Freppaz et al. 2004, Fromtbal. 2009). These tools have been
very useful for informing bioenergy project proplssand supply assessments but are
often limiting due to data requirements, modelirgeztise, and software adaptability.

FACCS is a spreadsheet-based tool designed toatstourrent and future
biomass availability and carbon stocks under aetyanf user-defined scenarios. It was
developed as the main component of a design suppstem to aid a bioenergy
developer interested in biomass availability antbea flows associated with the use of
harvest residues for energy. It was designed wsingpular spreadsheet platform familiar
to a wide range of potential users. This formab albows for adaption to a broad range
of biomass supply and carbon flow applications sTdiapter describes the development
of the FACCS base model and provides examplescehtenodel applications and future

uses.
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5.2  Mode development

FACCS was originally conceived to aid in estimatoagbon flows associated
with the procurement, transport, and utilizatiorhafvest residues for energy (Domke et
al. 2008a). The tool was developed using a widetgpted spreadsheet platform so that
a variety of components could be built into thenfiess base model and for accessibility

by those familiar with the spreadsheet software.

5.2.1 User interface

The base model consists of a customized lookup t&bich is populated with
forest type specific inventory information (e.gea, yield, harvest levels) for the area of
interest, along with the user-defined harvesttadée. The lookup table allows the user
to populate a single sheet with information thdinked to a large number of user-
defined forest type sheets. Forest type sheetorebpreadsheet functions as well as
equations and data from the lookup table shee¢temte biomass estimates by area and
age class over a user-defined time horizon. A tsag€other information derived from
the biomass estimates such as carbon stocks aggneeated in the forest type sheets, if
desired. Results in each forest type sheet are suzred and linked to a single output
sheet and annual harvest estimates are linkedtbdbk harvest rate table within the
lookup table sheet to allow the user to match $ieelcharvest targets for the area of
interest. The output sheet utilizes a series abtpiable tools to generate tables and

figures describing the biomass or carbon attribofesterest.
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5.2.2 Data inputs

The FACCS base model relies on a small number r&f ioputs which can be
generated from forest inventory data or adapteah jpablished sources. The model was
originally designed to operate using FIA data summed by forest type for the
geographic region of interest. The primary inpatdude forest land area, biomass yield,
and harvest level targets. Forest land area cageberated for specific geographic
locations, political regions (i.e., counties anatas), or other attributes through FIA data
(USDA Forest Service FIA DataMart Version 4.0) gegior by using the online FIA
Retrieval System (EVALIDator Version 4.01), otheventory systems or published
sources. Forest land area information is summabygedrest type and 10-year age class
in a lookup table (Table 5.1) and linked to therappate forest type sheet. Biomass
yield information can be generated in a similar meron a per unit area basis (e.qg.,
hectare or acre) by forest type and age clashéuser-defined area or attribute (e.qg.,
site index class) and regression techniques camipdoyed to establish continuous
values for all age classes in the model. The bisregsations developed for each forest
type are included in the lookup table and linkedhttividual age classes in the forest
type sheets to generate biomass per unit areaatetimAlternatively, published biomass
equations (Jenkins et al. 2003) can be used tagienestimates by forest type if
inventory information does not include yield estiesafor the area or attribute of interest.
Biomass per unit area estimates in each forestdlgpet are then multiplied by the
estimated area in the matching age class to genei@nass estimates by forest type and

age class for the area of interest. Harvest largkts in the model are based on average
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statewide harvest levels by forest type. Harvestdlleargets at smaller spatial scales are
proportionally adjusted, based on the area andhwelaf the area of interest. Table 5.2
summarizes Minnesota statewide harvest level tatggeted on 10-year average harvest
levels published by the MN DNR (2009). Additionafarmation such as mortality
factors, residual biomass proportions, and manageatirnatives (e.g., shortened or

extended rotations, early stand treatments) cantesncorporated, if desired.

Table 5.1 Forest type area (acres) by age class for Minndgdét&urvey Units 1-3

Age  Whitered- Spruce- Oak- Oak- EIm-ash- Maple- Aspen-
Class  jack pine fir pine  hickory cottonwood beech-birch birch

0-10 53,818 90,524 19,086 110,089 60,438 120,8024,022
11-20 73,969 143,681 23,470 49,342 32,130 52,8414,398
21-30 142,509 183,014 25,834 53,680 56,409 44,3794,483
31-40 120,667 223,174 17,971 72,956 81,630 35,3080,081
41-50 116,381 391,367 25,293 206,598 114,007 90,46@2,170
51-60 82,864 432,816 46,942 251,997 200,262 131,9847,010
61-70 71,457 461,762 35,237 310,352 217,846 243,4465,427
71-80 64,158 379,067 19,973 294,178 175,626 193,9938,626
81-90 59,377 283,891 16,798 215,901 121,474 174,9283,001
91-100 21,507 228,504 2,902 116,204 74,653 63,0173,146
100+ 33,838 641,271 17,062 127,407 132,952 66,1059,012

T'Survey Unit 1: Carlton, Cook, Koochiching, Lake, St. LouBrvey Unit 2: Aitkin, Becker, Beltrami,
Cass, Clearwater, Crow Wing, Hubbard, Itasca, lafkbe Woods, Mahnomen, Roseau, Wad&uayey
Unit 3: Anoka, Benton Carver, Chisago, Dakota, Dougldénbre, Goodhue, Hennepin, Houston, Isanti,
Kanabec, Le Sueur, Mille Lacs, Morrison, Olmstette©Tail, Pine, Ramsey, Rice, Scott, Sherburne,
Streans, Todd, Wabasha, Washington, Winona, W@ghinties.
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Table 5.2 Harvest level targets by forest type based on thgehr average statewide
harvest levels in Minnesota (Becker et al. 2010a).

Proportion of Estimated Estimated
Forest Type statev\ﬂ de harvest harvest (cords) ODT/cord oDT

White-red/jack pine 0.123 433,337 1.158 501,631
Sprucel/fir 0.129 455,342 1.116 508,300
Oak/pine 0.008 27,532 1.259 34,671
Oak/hickory 0.037 132,354 1.375 181,987
Elm/ash/cottonwood 0.017 60,351 1.250 75,438
Maple/beech/birch 0.051 179,820 1.225 220,300
Aspen/birch 0.635 2,244,266 1.150 2,580,905
TOTAL 1.000 3,533,000 4,103,232

5.2.3 Area change matrix

Each forest type sheet includes an area changexmaltrich is populated with
information from the lookup table sheet and dribbgra series of spreadsheet functions
and user-defined harvest rates. The change mabwsgarea over a user-defined time
period. The area in each cell in the change matiixked to biomass equations in the
lookup table sheet, which generate biomass estingt@ge class and area over time.

The change matrix within each forest type sheesistsof rows which represent
time (years) and columns which represent individagdst type age classes (years)
(Table 5.3). The first row represents present aaitions (time = 0) and is populated
with an array of forest type area values for eaclividual age class from the lookup
table sheet. In the example in Table 5.3, the fdyg®e currently (year = 2010) occupies
100 acres, all located in the year 1 age classtdtaénumber of rows in the change
matrix determines how long each forest type is groihe modeled time horizon
(growing period) in the example in Table 5.3 isyg@rs (2010 to 2019). In the FACCS
base model, growing periods (rows) range from 50yi€ars and age classes (columns)
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range from 100-200 years. The first column (agescfal) in the change matrix serves as
the starting point for all acres removed from ottets due to harvesting. A spreadsheet
function in column one compiles all harvested afma® the associated row. In the
example in Table 5.3, five acres were harvesté&tDii8 in age class 4 and were reset to
the first column, where they immediately begin girayv As acres are harvested over
time, new cells are populated in the change matrtk multiple values will return to the

first column at individual years. This is evidehiaars 2016 and 2019 in the example in

Table 5.3.

Table 5.3 Example of the area change matrix within each tdggee sheet.

Year Forest type age class (years) Total Area
1| 2| 3|a|s5|e6|7]|8]|09]|10] C(acre
2010 100 O 0 0| 0] 0] o] 0] O 0 100
2011 0 [100] O 0| 0| 0] 0] O] O 0 100
2012 0 0 |00/ 0O | O| O] O] 0] O 0 100
2013 5 0 0 |95 0] 0] 0] 0] O 0 100
2014 0 5 0 %] 0] 0] 0] O 0 100
2015 0 0 5 0|9 | 0] 0] O 0 100
2016 6 0 0 |4 0] 0]9%]|0] O 0 100
2017 0 6 0 4 0] 0]9]O0 0 100
2018 0 0 6 0| 4 09| 0 100
2019 7 0 0 0] o0 0| 0] 8 100

The primary function moving the area values frore age class to the next over
time begins in the second row and column of thenghamatrix and continues throughout
the rectangular array of values. The basic funatimves area values from one cell (year
and age class) to the next, thereby growing the aver time. In the example in Table

5.3, cell 2010:1 represents 100 acres in year 204Qe class 1. The basic function
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moves the value in cell 2010:1 to cell 2011:2 amdrs through the matrix until a harvest
occurs or the value reaches the end of the gropémigd in the matrix. The basic
function is linked to the harvest rate table in linakup table sheet, allowing the user to
harvest a percentage of forest type area in acpéatiage class (based on established
forest management guidelines). In the example bi€la.3, five percent of the area (five
acres) in age class 4 was harvested in 2013 amcheet to the first column to begin
growing again. The percent harvested in each ags ¢ dependent on the harvest
targets created in the lookup table sheet (Talle Bhe function is wrapped in a
conditional expression within each cell of the dmatrix so that only available area
can be harvested, preventing negative values imtiael and maintaining a fixed
number of acres in each row over time. The tothaolumn in the example in Table 5.3
is the sum of all acres across age classes foretdweof interest. This column serves as a
guide to ensure the matrix is functioning propeaya closed system, with no change in

total area from year to year, despite harvesting.

5.2.4 Biomass estimation

Biomass estimates and other user-defined attrilareedeveloped from the area
change matrix. In the FACCS base model, biomasatems from the lookup table sheet
are linked to the age class values in the areageharatrix within each forest type sheet.
The biomass values at each age class are themphewltby the area within each cell at
that age class to generate total biomass estirfatadorest type, year, and age class.
Harvested biomass is broken into two groups withenforest type sheets -- roundwood

and residual. The average annual roundwood biohesest values are used to inform
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the user-defined harvest rates in the lookup tsineet. The residual material (tops and
limbs) is a proportion of the roundwood biomass ameercentage of that material is

deemed extractable, based on published inform@tidh DNR 2007).

5.2.5 Model assumptions

The FAACS base model relies on a few importantragsions: 1) forest type
area is fixed with no conversion to other typeadditions or losses due to land use
change, 2) there are no disturbances (e.g., ingistase or fire, except as these may be
inherent in the yield by age class input) othentftaest management to set back age
classes—area continues to age unless harvestime8) type area information is
available for the area of interest by age clasbl@l'a.1), 4) empirical or estimated yield
information is available for each forest type agé alass, 5) harvest residue information
is available for the modeled region, and 6) harirgensity in the model is based on

recent harvested volume data from the area ofastéiable 5.2).

5.3 Moded applications

5.3.1 Assessment of carbon flows associated with the utilization of harvest residues
for energy

FACCS was originally conceived to estimate residamass availability and the
carbon flows associated with the procurement, prarsand utilization of that material
for energy production (Domke et al. 2008a). On&@RACCS base model was developed
to estimate residual biomass available within taeyarea, it was expanded to estimate

biomass decay rates (and associated €fissions) if the material were left in the forest
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rather than utilized for energy. It also estimatadbon sequestration of living biomass
and carbon stocks of harvest residuals. Harvestrandport CQemissions were also
incorporated into the base model so carbon flowk amd without utilization for energy
could be compared. Early expansions of the baseehmodintained the overall integrity
of the FACCS interface with a lookup table sheetesal forest type sheets, a transport

and harvest sheet, and an output sheet.

5.3.2 Assessing forestation opportunitiesfor carbon sequestration in Minnesota

The FACCS base model interface was adapted inietyarf ways in this study to
accommodate the research needs. The goal of tlerpveas to assess, under a variety of
incentives, the carbon sequestration potentiabidts on land that is currently in some
alternative land use (Turner et al. 2010). The bagéel interface was changed so that
the information originally in forest type sheetssadaused within county-specific sheets
with multiple change matrices for the differentdst types within each county. Soll
productivity information for each county was alsgcarporated into the model and
biomass yield equations. Since the land under deraiion was under some non-forest
land use, all forest type area was phased intontbdel over a 10-year period to simulate
actual establishment conditions (e.g., limitationavailable planting stock, labor
considerations, and managing competing vegetationally, a carbon conversion matrix
was developed and incorporated into the modekbitktcarbon losses or gains associated

with the conversion of non-forest area to differiemest types.

5.3.3 2010 Outlook for Forest Biomass Availability in Minnesota
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FACCS was adapted in this project to estimate uagibdiomass availability under
a variety of management, utilization, marketing] demand scenarios (Becker et al.
2010b). The base model was expanded over five dgineat workbooks, one for each
major ownership type considered in the study (faklstate, county, industrial private,
and non-industrial private). Each workbook includeskries of lookup tables linked to
individual county sheets from Minnesota and Wisaond/ithin each county-level sheet,
seven area change matrices were built with accoympgbiomass estimation tables
which accommodated the wide array of managemenuglchtion scenarios. Results
from each sheet were linked to a single outputtshesach of the five ownership
workbooks. An additional workbook was establisheddmbine the output from the five

ownership workbooks for use in developing tables fagures for reporting.

54 Discussion

Renewed interest in forest-derived biomass forgynbas created a need for
biomass estimation tools that provide energy igdiind land managers with reliable
estimates of current and future biomass resounceerwa variety of management and
market scenarios. A variety of computer models @easion support systems have been
developed to accommodate stakeholder needs howmseare often limiting due to data
requirements, modeling expertise, and softwaretabdpy. FACCS is a spreadsheet-
based tool designed to estimate current and flioreass availability and carbon flows
under a variety of user-defined scenarios. It wvagbbped as the main component of a

decision support system to aid a bioenergy developerested in biomass availability

125



and carbon flows associated with the use of hanessiues for energy. It has since been
used on a number of other projects to estimateocasbquestration and biomass
availability over multiple spatial and temporal lesa

FACCS will continue to be refined to accommodate peojects. Recent
improvements to the FIA database, for example, albow for estimation of specific tree
and forest type biomass and carbon attributes.nidel is currently being adapted to
estimate carbon stock changes on the Superior iNdtieorest. This will require
expanding FACCS to allow for forest type conversiomner time. Mortality factors will
also be built into the model to simulate naturattady in combination with harvesting
and forest type conversions.

FACCS relies on a number of important assumptiosuser-defined inputs.
Future versions of the model will incorporate Mo@&lo simulation methods to reduce
the reliance on user-defined inputs, decrease taiosr, and improve the overall validity

of projections.
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Chapter 6

Conclusion
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The rise of the aspen forest type in the Lake Stagpresents one of the largest
human-induced vegetative conversions in historglaiothe aspen forest type is the
most dominant group of species in the region acdwaas for more than 41 percent of
the total annual pulpwood harvest. A renewed istarebiomass for energy has created
opportunities for all species in the region, butipalarly the aspen species -- both native
and hybrid -- due to their unique life history cheteristics. This renewed interested in
forest-derived biomass was prompted by state athetd¢ energy legislation designed to
increase energy conservation and decrease emisgignsenhouse gases from burning
fossil fuels. As a result of this legislation, powatilities and land management agencies
have becoming increasingly interested in foresivédrbiomass availability and the
carbon costs and benefits of using it in placeoséil fuels. This has created a demand for
tools capable of using existing forest inventorfpimation to estimate current and future

biomass availability and carbon stocks over mudtggpatial and temporal scales.

The goal of this dissertation was to contributéhexisting literature on aspen
forest type trends and to present a methodologggomating biomass availability and
carbon flows associated with the extraction, trans@nd utilization of biomass for
energy. The three main chapters served to: desthrdcurrent status and trends of aspen
research in the Lake States, helping to meet ingdusteds for information and
technology transfer and identifying research gaqyosaeas for potential collaboration;
assess aspen forest type changes in the regiom USBA Forest Service FIA data;

analyze biomass production potential in native laytatid aspen communities following
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shearing treatments; and estimating biomass aviéyand carbon flows associated with
the procurement and utilization of harvest residoegnergy. Each main chapter in this
dissertation was developed with a unique set adailyes without consideration for the
others yet, when combined, all contribute to owabller understanding of the aspen

resource.

The majority of the forest inventory informatianchapter 2 has been updated
with the latest FIA inventory data (2004-2008) tlse tables and figures may differ from
the original published document (Domke et al. 2008bumpage price information was
also updated for the three states and fluctuatadiderably in the three years since the
original figure was produced. The latest stumpatgep (2009) were nearly the same in

all three states (~ $22.00/cord) for the first timenore than a decade (1998).

Data analysis in chapter 3 was limited due to isggiancies in the experimental
design. Nevertheless, the information presentegksents some of the only hybrid aspen
biomass results available in North America. Estdifaig permanent fixed plots across all
sites and measuring all plots on a uniform basisl@vallow for additional analysis in the
future. There was no family information availabletbe hybrid aspen planting stock at
the time of establishment in this study. In futtrrals, labeling unique families during the
outplanting process would allow for clone-specé#i@lysis and further selection

opportunities.

A number of assumptions were made in chapter £neigte results useful for

comparison to fossil fuel emissions associated eiigrgy production. In the time since
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the original report was published (Domke et al.@9)0advancements in inventory data
have improved our ability to estimate biomass aard@n stocks by unique tree and stand
attribute (i.e., tops and limbs, bolewood, stungaglings, belowground). This update
eliminates biomass attribute assumptions and pesvs@veral additional sources of
biomass and carbon to consider in analyses. Wiiddg a major improvement in the
inventory system, a general lack of consistencyaiamwithin carbon accounting

studies. For example, in our analysis in chaptevelcompared Cfemissions over a
100-year time horizon. While this time period magk®a sense from a forest management
perspective, it may not be the most appropriate fperiod to account for carbon flows in
forests from a policy or atmospheric science patspe Until a universally agreed upon
time horizon is established for carbon estimatioforests, it may be useful to provide
carbon flow estimates over multiple temporal scal@sging from much shorter, to
potentially longer than the 100-year time horizeediin our study. This approach would
provide a more complete picture of the potentiaboa benefits or consequences of

woody biomass utilization for energy in the nead &mg term.
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