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Enthusiasm for the use of forest biomass as an energy resource is growing as a result of increased
energy costs and a desire to reduce the greenhouse gas emissions responsible for climate change.
Although the opportunity exists for forests to have a significant role in the development and use of
bioenergy technologies, justifiable concerns regarding the long-term sustainability of using forest-based
energy feedstocks have emerged. In this article, we review the state of our knowledge regarding the
impacts of intensive forestry with respect to issues relevant to bioenergy production, including soil and
site productivity, hydrologic quality, and biodiversity. We then present guiding principles intended to aid
with sustainable forest management decisions.
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R ecent concerns regarding climate
change and rising energy costs have
dramatically increased interest in

the use of renewable and alternative ener-
gies. Biomass—material derived from plants
and animals—has long been used as an en-
ergy source but is undergoing widespread re-
evaluation as a viable resource for the large-
scale production of bioenergy. The creation
of electricity, heat, and transportation fuel
from biomass has great potential to yield en-
vironmental and social benefits, including
reduced greenhouse gas emissions (Volk et
al. 2004, Malmsheimer et al. 2008), a
greater supply of energy from domestic
sources (Perlack et al. 2005), and strength-
ened rural and local economies (Domac et
al. 2005). The opportunity exists for forests

to have a significant role in the development
and use of bioenergy technologies. In the
context of climate change and greenhouse
gas mitigation, wood-based bioenergy often
compares favorably with fossil fuels and sev-
eral renewable energies because of a rela-
tively low amount of fossil fuel inputs and a
smaller “carbon footprint” (Hill et al. 2006,
Malmsheimer et al. 2008). In a broader con-
text, this energy can effectively complement
efforts to reduce overall energy consumption
and diversify energy resource portfolios.

Although energy consumption from
wood sources in the United States is cur-
rently greater than it was during much of the
20th century (Figure 1), the overall contri-
bution of wood to the nation’s energy port-
folio is small. In 2006, wood and wood-de-

rived fuels supplied 2% (2.2 quadrillion
British thermal unit [Btu]) of total energy
and 32% of renewable energy consumed in
the United States (Energy Information Ad-
ministration 2007). However, wood sources
are expected to contribute a greater portion
of energy in the future. For example, na-
tional efforts to increase alternative energy
use, such as the Energy Policy Act of 2005
and the Energy Independence and Security
Act of 2007, aim to boost woody biomass
use for energy, particularly in regard to cel-
lulosic ethanol production. Recently, the US
Departments of Energy and Agriculture de-
termined that US forestlands have the po-
tential to sustainably produce enough bio-
mass in 2030 to supply energy and products
equivalent to 10% of the nation’s current
level of petroleum consumption (Figure 2;
Perlack et al. 2005). This analysis suggests
that much of the feedstock would come
from the improved use of woody materials
remaining in the forest after harvest (e.g.,
tops, woody debris, stumps, and other log-
ging residues), nonmerchantable biomass
(e.g., small trees and noncommercial spe-
cies), and waste from the creation or disposal
of wood products (e.g., mill residues and
municipal wood waste). Additional material
may also come from short-rotation woody
crops of trees grown specifically for bioenergy.
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Because of the wide variety of biomass
sources, increased bioenergy use and greater
demand for woody feedstocks may directly
affect forest management practices in at least
three ways: (1) increased demand for small
diameter, poor quality, or otherwise previ-
ously noncommercial biomass leading to
implementation of management activities in
stands that have been unmanaged, inappro-
priately managed, or underused in the past
because of low market prices; (2) intensifi-
cation of harvesting in managed forests
through increased residue removal (from
materials such as tops, dead wood, or brush)
and/or decreased time between harvests and
rotations; and (3) expansion of short-rota-
tion energy crops in which their manage-
ment will more closely parallel agricultural

crops than contemporary forest products
(Figure 3).

Ensuring the long-term integrity of for-
estlands and natural ecosystems is essential
to maintaining ecosystem function and ser-
vices as well as providing for current and
future use of forest products. Sustainable
forest management, defined as “the practice
of meeting the forest resource needs and val-
ues of the present without compromising
the similar capability of future generations”
(Helms 1998), is a vital component of socially
acceptable and environmentally responsible
forest management. Consequently, although
woody biomass is rapidly moving to the
forefront as a renewable source of energy, it
is crucial that forest managers look past the
“boosterism” and consider the safeguards

needed to ensure that this feedstock is sus-
tainably managed rather than exploited.
Here, we review the state of our knowledge
regarding the impacts of intensive forestry
with an emphasis on issues relevant to bioen-
ergy production. Because the forests from
which biomass is harvested for energy are
likely to represent a continuum of manage-
ment intensities and production systems,
our review includes, but is not limited to,
literature on whole-tree harvesting, in-
creased residue removal, and woody crop
production. Based on this review, we then
present guiding principles for sustainable
production of woody biomass intended to
aid with decisions related to soils, site pro-
ductivity, hydrology, and biodiversity.

Potential Effects of Forest
Biomass Harvests

Soils and Site Productivity
Forest or stand productivity can be es-

timated by the amount of biomass produced
per unit of land as a function of time (Powers
et al. 1990, Burger 2002). Many factors con-
tribute to forest productivity, including site
conditions, soil characteristics, vegetative
cover, and management history (Fisher and
Binkley 2000, Grigal 2000). Soils are
uniquely important, because soils are posi-
tively or negatively impacted by manage-
ment, and soils perform functions necessary
for tree growth and site productivity, includ-
ing serving as the substrate for plant growth,
absorbing rainfall and providing water to
trees, house microorganisms essential to de-
composition and nutrient cycling, and re-
taining and supplying nutrients to tree roots
(Burger 2002).

Research regarding the sustainability of
forest productivity emphasizes the impor-
tance of preserving soil quality by maintain-
ing organic matter and soil nutrients (Vance
2000, Burger 2002). Soil organic matter is
essential for tree growth, because it provides
food for soil organisms, maintains the ability
of soil to hold adequate amounts of water
and air, supplies nutrients necessary for
growth, and moderates soil temperatures
(Fisher and Binkley 2000). In agricultural
systems, long-term experiments and obser-
vations show a direct association between or-
ganic matter and crop productivity (Vance
2000). Levels of soil organic matter are
largely tied to the quantity of materials avail-
able as inputs to the soil, as well as manage-
ment activities that disturb the forest floor.
Consequently, the degree of organic matter

Figure 1. Historical use of wood and wood products for energy in the United States, in
quadrillion British thermal units (Btu) per year. Data through 1945 represent fuelwood only
and data after 1945 include energy from wood and wood-derived fuels. (Data source:
Energy Information Administration 2007.)

Figure 2. Estimate of potentially available biomass resources from US forestlands by source
in 2030. (Redrawn from Perlack et al. 2005.)
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loss from disturbance is highly variable be-
cause of site and management factors (Vance
2000). A review (Johnson 1992) and meta-
analysis (Johnson and Curtis 2001) deter-
mined that, although studies varied widely
in terms of both site conditions and research
methodologies, no overall alteration of soil
carbon was evident as a result of forest har-
vesting except when there was intense burn-
ing, mechanical disturbance, or soil tillage.
Whole-tree harvesting resulted in slight de-
creases of soil carbon in the A horizon, while
the effects of stem-only harvesting varied by
species composition (Johnson and Curtis
2001). More intensive actions, such as sub-
stantially shortening rotations, removing
coarse woody debris, and/or harvesting of
submerchantable trees and brush, would be
more likely to reduce soil carbon and or-
ganic matter. Increased carbon accumula-
tion was observed after reforestation of for-
merly agricultural lands as well as through
nitrogen fertilization or fixation, which af-
fects organic matter content by increasing
primary production and generating greater
inputs to the soil from leaf fall and root turn-
over (Johnson 1992, Johnson and Curtis
2001).

Soil nutrients, such as nitrogen, phos-
phorus, calcium, magnesium, and potas-
sium, are also essential for plant growth and
development. For this reason, greater re-
movals of wood biomass for bioenergy or
other uses frequently raises concerns about
whether adequate levels of nutrients can be
maintained to protect site productivity. In
general, many tree components that com-
prise a small amount of biomass, such as
leaves, cambium, and root tips, contain dis-
proportionately large quantities of nutrients
when compared with tree wood (Hakkila
2002, Powers et al. 2005). Models of forest
nutrient budgets suggest that intensive,
whole-tree harvesting has the potential to re-
move enough nutrients to cause long-term
productivity declines (e.g., Boyle et al. 1973,
Paré et al. 2002), although actual evidence is
rare and frequently confounded by other
factors, such as site or management differ-
ences (Powers et al. 1990, Morris and Miller
1994). Reviews of research investigating
stem-only and whole-tree harvesting sys-
tems have found few long-term impacts on
soil nutrients or future biomass production
under more intensive management (Morris
and Miller 1994, Fox 2000, Hakkila 2002).
Johnson and Curtis (2001) found that min-
eral soil nitrogen levels increased after
sawlog harvest and decreased only slightly as

a result of whole-tree harvest. Examination
of nutrient budgets in the eastern United
States have suggested that calcium is the
most likely nutrient to become depleted in
the long term (Boyle et al. 1973, Mann et al.
1988, Federer et al. 1989). Evidence of
whole-tree harvest resulting in nutrient de-
ficiency and subsequent decline in growth
has been suggested by some studies (Sver-
drup and Rosen 1998, Joki-Heiskala et al.
2003), although the current evidence is lim-
ited by both a lack of long-term studies and
an uncertainty associated with the impact of
harvesting relative to nitrogen deposition
(Grigal 2000). Continued monitoring and
research is required given possible individual
and combined effects from harvesting prac-
tices and atmospheric deposition on forest
nutrients and site productivity (Adams et al.
2000, McLaughlin and Phillips 2006) and
potential alterations in forest composition
from interactions between nitrogen and
other key nutrients (Bigelow and Canham
2007, Zaccherio and Finzi 2007). In addi-
tion, more information is needed to evaluate
the effects of management activities that will
be altered as a result of increased biomass
use, such as changes in rotation length or
seasonality of harvest.

Tree species, density, and vigor can also
be strongly correlated with soil fertility and
have a role in site-specific nutrient dynam-
ics. Site-species specific productivity rela-

tionships are also important factors in eval-
uating the impact of bioenergy harvesting
on soil productivity. For example, sites that
have inherently low soil fertility are more
likely to experience nutritional deficiencies
(Burger 2002). Paré et al. (2002) found
greater nutrient demands by trembling as-
pen (Populus tremuloides) and balsam fir
(Abies balsamea) in eastern Canada when
compared with paper birch (Betula papyri-
fera), jack pine (Pinus banksiana), and black
spruce (Picea glauca); as a result, they sug-
gested avoiding whole-tree harvesting on
thin soils and on sandy outwash sands when
these species are present. In some situations,
and where economically viable, ameliora-
tion through fertilization, liming, or ash re-
cycling could be used where soil nutrient
depletion from bioenergy harvesting is of
concern (Burger 2002). Where these prac-
tices occur, the preservation of organic mat-
ter and other soil properties are necessary to
maintain soil quality and productivity.

Harvesting can also cause soil displace-
ment and erosion, as well as compaction and
other structural changes. Soil compaction
increases bulk density and decreases pore
space (Fisher and Binkley 2000, Grigal
2000), and the degree to which these effects
occur is related to initial soil characteristics
(Kozlowski 1999, Powers et al. 2005). The
risk of these impacts on soil productivity
may be exacerbated by greater removal of

Figure 3. Short-rotation woody crops, such as this willow stand, have potential to serve as
feedstock for bioenergy while maintaining or enhancing ecosystem services on former
agricultural or degraded lands. (Photograph courtesy of USDE National Renewable Energy
Laboratory.)
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forest biomass for energy and associated in-
creases in machinery use for the collection of
woody residues (Burger 2002). Soil compac-
tion is often caused by the first few passes of
machinery (Shetron et al. 1988, Williamson
and Neilson 2000); consequently, if traffic
patterns for biomass harvest resemble those
of conventional harvest, biomass harvesting
may not cause substantial increases in soil
compaction relative to conventional har-
vests. More research is needed to evaluate
changes in soil physical properties resulting
from intensive timber harvesting operations
and emerging biomass harvesting systems.

Results from agricultural studies indi-
cate that maintenance of long-term soil pro-
ductivity may be possible in short rotation,
intensively managed forest systems (Vance
2000). Plantations of short-rotation woody
crops have been shown to improve soils that
have been previously tilled; studies of agri-
cultural lands converted to short-rotation
woody crops showed increased soil organic
matter and reduced soil compaction from
equipment use (Mann and Tolbert 2000).
Although nutrient runoff and soil erosion
levels are similar to agricultural crops during
the 1st year after woody crops are planted,
these effects generally decline in subsequent
years after perennial woody crops have be-
come established (Mann and Tolbert 2000,
Volk et al. 2004). Nevertheless, it is less clear
whether these same benefits would occur if
woody crops were established on already for-
ested lands, and potentially irreversible
changes could occur.

Hydrology
Water is an essential ecosystem compo-

nent, where both water quality and quantity
serve as indicators of ecological function.
Disturbances from forest management can
subsequently affect natural processes, in-
cluding hydrologic flows and physical,
chemical, and biological properties of water-
ways (Brown and Binkley 1994, Neary
2002). Timber harvesting activities are often
associated with disturbance to the soil sur-
face and compaction, especially along skid
trails, which can lead to increased erosion
and sedimentation that negatively affects
water quality. Road construction is usually
the greatest contributor to erosion of the nu-
trient-rich soil surface layers (Grigal 2000),
and stream sediment from forest roads and
landings can have serious effects on aquatic
habitats. Logging often results in higher soil
moisture levels and runoff, which can alter
soil nutrient flows, increase streamflow lev-

els, and impact fish and other aquatic organ-
isms (Neary and Hornbeck 1994, Grigal
2000). Nitrate-nitrogen concentration, of-
ten used as an indicator of water quality,
generally does not increase after harvest but
is more likely to increase after fire or when
nitrogen fertilizers are used (Neary and
Hornbeck 1994, Neary 2002). Harvesting
significant amounts of vegetation adjacent
to waterways raises the likelihood of in-
creased water temperature, altered chemis-
try, and reduced clarity that can impair bio-
logical communities and ecological processes.
Overall, the effects of harvesting on forest hy-
drology are highly variable among sites and
from year to year; however, harvest impacts are
generally greatest immediately after harvest
and recover to preharvest conditions within
2–5 years (Aust and Blinn 2004).

Although typically voluntary, best
management practices (BMP) for water
quality have been established in all 50 states
to serve as guidelines to prevent nonpoint
source water pollution from activities asso-
ciated with forest management (Shepard
2006). These recommendations focus on
maintaining water quality through (1) care-
ful planning and construction of roads, (2)
minimization of exposed soil, (3) quick
revegetation, and (4) maintenance of buffers
adjacent to streams (Aust and Blinn 2004).
Existing BMPs should largely be applicable
to biomass removal in conventional forestry

systems, although increased fertilizer use un-
der more intensive management may be a
concern (Shepard 2006). Regional guide-
lines that specifically address greater forest
biomass removals for bioenergy can be de-
veloped (e.g., Minnesota Forest Resources
Council [MFRC] 2007, Pennsylvania De-
partment of Conservation and Natural Re-
sources [PA DCNR] 2008) to address hy-
drologic, as well as many other, potential
concerns associated with intensified harvest
(Evans and Perschel 2009). Furthermore,
biomass production using short-rotation
woody crops may require expanded BMPs
to address increased site preparation, greater
use of fertilizers, and more permanent road
systems (Shepard 2006). It may also be pru-
dent to consider development of BMPs for
hydrologically sensitive areas not covered by
most contemporary BMPs (e.g., vernal
pools, ephemeral streams, and wetlands).

Biodiversity and Forest Habitats
Sustainable forest management seeks to

maintain or enhance ecosystem function
and sustainability by emulating natural
stand dynamics and disturbance regimes
(Figure 4). Such practices often include an
objective of preserving biodiversity, as biodi-
versity losses can reduce forest productivity
and damage the ability of forest ecosystems
to provide habitat for associated wildlife and
plant species as well as other valuable ecosys-

Figure 4. Increasing level of complexity in retention of biological legacies after harvesting:
(A) traditional clearcut, (B) clearcut with snag retention, (C) clearcut with green-tree re-
tention, (D) two-aged management, and (E) uneven-aged management of northern
hardwoods.
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tem services (e.g., Naeem et al. 1994). The
extraction of additional biomass from the
forest for energy may have detrimental ef-
fects on some species where essential habitat
is degraded or removed beyond the range of
natural variability. Consequently, decisions
on how to balance biomass harvesting with
maintaining forest biodiversity will require a
system-level assessment of tradeoffs.

Species diversity in forest ecosystems is
closely tied to habitat patch size and struc-
tural diversity, both of which may be influ-
enced positively or negatively by intensive
forest management (Fischer et al. 2006,
Flaspohler et al. 2009). Strong species-
area relationships have been observed in
many ecological systems, with larger habitat
patches containing more species (Brown
and Lomolino 1998). Consequently, the
production of bioenergy feedstocks using
short-rotation woody crops may provide an
opportunity to increase biodiversity, de-
pending on previous land use, if the end re-
sult is an increase in the amount and/or con-
nectivity of forest habitat. Biodiversity gains
are most likely following conversion of agri-
cultural fields to woody crops, which may
occur more frequently in the future as a re-
sult of programs such as the 2008 Farm Bill
Biomass Crop Assistance Program, while the
effects on biodiversity would likely be nega-
tive after conversion of native forest or open-
land vegetation (Cook and Beyea 2000, Lin-
denmayer and Hobbs 2004, Flaspohler et al.
2009). Although short-rotation woody
crops often provide a more desirable habitat
for forest species than agricultural fields, es-
pecially when these new stands have a diver-
sity of tree species, ages, and growth habits
(Cook and Beyea 2000), plantation forests
generally do not support the same level of
diversity present in natural forests (Linden-
mayer and Hobbs 2004). For example, re-
search by Volk et al. (2004) has indicated
that although bird diversity is higher in
short-rotation willow plantations in the
northeastern United States than on agricul-
tural lands, it is not as high as levels found in
natural forests. Similarly, although often
overlooked, soil organisms are expected to
benefit from reduced tillage under perennial
energy crops (Mann and Tolbert 2000),
which usually need fewer pesticide and fer-
tilizer applications than traditional agricul-
tural crops (Cook and Beyea 2000, Mann
and Tolbert 2000).

Age-class diversity and mixed species
plantings can be used to enhance structural
heterogeneity at a variety of spatial scales rel-

evant to wildlife (Kerr 1999, Cook and Be-
yea 2000, Hartley 2002). Retention of bio-
logical legacies during harvest operations in
both native forests and plantations can en-
hance structural heterogeneity in developing
stands (Figure 4; Hartley 2002). For exam-
ple, the retention of legacy trees has been
shown to yield important benefits for the
conservation of wildlife diversity in inten-
sively managed forests (Mazurek and Zielin-
ski 2004). Consequently, many of the po-
tential impacts to wildlife will depend on the
level and pattern of harvesting and the na-
ture and number of biological legacies re-
tained after regeneration cuts (Kerr 1999,
Fischer et al. 2006).

In addition to living biological legacies,
deadwood and other forest residues may be
disproportionally impacted by biomass har-
vesting and increased use of cull trees and
logging residues. Deadwood, in the form of
both standing dead trees and down wood, is
an essential structural component for biodi-
versity in forest systems (Figure 5; Harmon

et al. 1986, Hunter 1990). In terrestrial sys-
tems, this material provides habitat for a
host of arthropod (Jabin et al. 2004), am-
phibian (Butts and McComb 2000), mam-
mal (McCay and Komoroski 2004), and
bird species (Rosenberg et al. 1988). Its
quantity and quality are related to manage-
ment intensity (Goodburn and Lorimer
1998, Jenkins et al. 2004, Webster and Jen-
kins 2005), with the quantity of deadwood
in managed forests ranging from 2 to 30% of
the amount present in unmanaged forests
(Fridman and Walheim 2000). Increased
harvesting/recovery of forest residues (mate-
rial that otherwise would recruit into the
coarse woody debris pool) will likely reduce
or possibly eliminate this component from
forests intensively managed for bioenergy.
Research on slash harvesting in Sweden has
shown a significant negative effect on species
composition and richness of bryophyte and
liverwort communities (Astrom et al. 2005).
Slash removal has also been found to reduce
beetle abundance and species richness

Figure 5. Deadwood provides an important substrate for regeneration as well as habitat for
a multitude of forest plants and animals.
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within the first year after harvest and prompt
longer-term shifts toward generalist nonfor-
est species (Gunnarsson et al. 2004, Nitterus
et al. 2007). Consequently, provisions will
be needed for the creation, retention, and
preservation of deadwood in forests inten-
sively managed for bioenergy.

Guiding Principles
Similar to any other forest manage-

ment practice, ensuring the sustainability of
biomass harvesting for energy will require
attention to individual site conditions and
consideration of multiple management ob-
jectives. Based on our review of the litera-
ture, we offer the following guiding princi-
ples that can be incorporated into biomass
management activities:

• Increase extent of forested land where
feasible. Afforestation of agricultural, aban-
doned, and degraded lands can produce
many ecological benefits while also pro-
viding more forestland for production of
wood products and/or energy. The bene-
fits derived from the establishment of both
conventionally planted forests and short-
rotation woody crops will likely vary as a
result of prior land use, landscape context,
species composition of the planting, and ro-
tation length. Short-rotation woody crops in
particular may help to shift intensive forest
management away from natural forests
while enhancing biodiversity and soil and
water quality relative to past land uses (Cook
and Beyea 2000, Volk et al. 2004)

• Adapt management to site conditions.
Although it is widely recognized that forest

management objectives and activities need
to be matched to existing site conditions, the
probable intensification of harvesting to ob-
tain woody biomass for energy underscores
this fundamental adage. For example, old
forests and areas of high conservation prior-
ity have inherent value because they pro-
vide essential services for biodiversity, eco-
system health, and carbon sequestration.
Biomass harvesting is not suitable for many
of these sites because the benefits that would
be obtained from woody feedstocks are
dwarfed by the ecological and social needs to
manage for other ecosystem functions and
services. In areas where biomass harvest is a
possible management objective, the occur-
rence and intensity of biomass removal
should consider and address potential limi-
tations due to site productivity, soil physical
properties (e.g., potential for compaction
and/or erosion), presence of valuable habi-
tat, or conflicts with other management
goals.

• Use management guidelines. A multi-
tude of guidelines have been developed for
specific aspects of forest management, such
as BMPs for water quality, which contain
information to prevent or minimize the ef-
fects of most harvesting activities on water
resources. Recognizing the value of BMPs,
additional guidelines specific to biomass
harvest have been created (e.g., MFRC
2007, PA DCNR 2008) or are in the process
of being written in many states to comple-
ment existing recommendations for forest
management. Where available, these guide-

lines should be used to better understand
the challenges of biomass harvesting specific
to a geographic location, as well as actions
that can be taken to promote sustainability
(Evans and Perschel 2009).

• Retain organic legacies for soil produc-
tivity. Long-term impacts on site productiv-
ity will be largely reduced by keeping a por-
tion of forest biomass on site. Preserving
existing sources of organic matter, such as
deadwood and the forest floor, and retaining
some slash from harvesting will help to
maintain adequate levels of organic matter
and nutrients in the soil and to minimize
compaction, rutting, and erosion (see Table
1). For example, deciduous trees can be
harvested during leaf-off to allow for greater
cycling of nutrients and organic matter into
the forest floor. Transpiration drying—a
process where trees are cut and left on site
for several months to dry—can be used to
keep needles of coniferous trees and small
branches on site after harvesting but needs to
be balanced with threats to forest health
from fire or pests (Hakkila 2002). Piling
slash in windrows can also decrease produc-
tivity by concentrating the forest floor and
nutrient-rich, surface mineral soil layer on a
small portion of the site (Morris and Miller
1994). Dispersed slash will redistribute or-
ganic matter and nutrients and provide
more uniform productivity.

• Retain deadwood and structural hetero-
geneity for biodiversity. Objectives for biodi-
versity can be included in management and
harvest planning to minimize adverse im-

Table 1. General level of concern regarding long-term sustainability for intensive removal of tree and forest ecosystem components as
a result of increased use of woody biomass based on a review of the contemporary literature.

Harvested component Level of concern Comments

Forest floor High The forest floor retains organic matter, nutrients, and moisture required for tree growth and habitat
for soil organisms vital for nutrient cycling. Maintaining the forest floor reduces soil erosion,
compaction, and other impacts associated with harvest.

Dead down wood High Dead down wood provides habitat and structure necessary for biodiversity and provides substrate for
growth of some tree and plant species.

Standing dead trees Low when management
component

Bioenergy harvest may be appropriate and sustainable when used as a part of a silvicultural plan or
to mitigate the impacts of a disturbance, such as severe blow down or pest outbreak; a minimum
number of standing dead trees should be retained (number varies by forest type and management)
for habitat, regeneration, or other purposes.

Live trees (stem) Low Long-term research on harvesting of the merchantable tree bole shows minimal environmental
impact when part of a sustainable forest management system.

Live trees
(branches and foliage)

Medium There is little evidence of whole-tree use removing enough nutrients to reduce tree growth, although
some sites may be at greater risk. Sites that are nutrient poor or managed intensively on short
rotations may require fertilization or may not be sustainable if whole-tree harvest is performed. A
portion of crown material should be retained for value as down deadwood.

Live trees
(stump and roots)

High Extracting the stump and coarse roots of trees will disturb the soil, likely leading to greater amounts
of soil erosion and sedimentation, and may remove structure and substrate necessary for
biodiversity.

Stump removal may be possible when part of site preparation in some silvicultural systems.
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pacts. Managers will need to determine the
critical threshold for key habitat features
(Angelstam et al. 2002), especially snags and
down deadwood. To the greatest extent pos-
sible, management should strive to promote
and maintain deadwood (including stand-
ing and fallen trees), structural heterogene-
ity, native plants, and a healthy forest floor
(Figure 4). For short-rotation woody crops,
planting a variety of age classes and species
will increase diversity of other plant and an-
imal species.

• Evaluate role of fertilization and wood
ash recycling. Site-specific fertilization may
be beneficial or necessary in some intensive
bioenergy systems. Increased primary pro-
ductivity from fertilization causes greater in-
puts of organic matter to soil, which can im-
prove soil nutrient and water availability and
make soil less susceptible to compaction.
State and regional guidelines, including but
not limited to BMPs, provide information
and guidance on the use of specific site prep-
aration and fertilization techniques. Wood
ash generated as a byproduct of energy pro-
duction can serve as a fertilizer for calcium,
magnesium, and potassium. Although ash
fertilization rates �10 tons per hectare nor-
mally will replace these cations removed
during whole-tree harvesting (Vance 1996),
caution is necessary to prevent negative en-
vironmental effects that could occur from
ash fertilization, such as high concentrations
of heavy metals and large alkaline pulses. For
example, ash application rates of �5 tons
per hectare have been shown to have detri-
mental impacts on moss and lichen commu-
nities (Pitman 2006).

• Use biomass harvest as a tool for ecosys-
tem restoration. Biomass harvesting may
have the most positive effect on forest man-
agement if it effectively advances activities
that promote forest health and function
(Evans 2008). The development of a strong
biomass industry may enhance the eco-
nomic and operational viability of many
management operations by increasing the
value of the wood resource as well as increas-
ing the availability of harvesting and trans-
portation machinery specifically suited to
conditions typical of biomass harvest (i.e.,
removal of small diameter trees and brush).
Although the opportunities for ecosystem
restoration are wide ranging, applications
include fuels reduction in overstocked
stands or in the wildland–urban interface,
thinnings to improve tree growth and stand
vigor, and invasive species removals (e.g.,
Neary and Zieroth 2007, Evans 2008).
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