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14.1 Introduction

This report investigates the potential environmental effects associated with select biomass production scenarios
across the United States in the 2016 Billion-Ton Report: Advancing Domestic Resources for a Thriving Bioecon-
omy (BT16), volume 1. BT16 volume 1 (released in July 2016) evaluates potential biomass that could be avail-
able for use—at specified prices, assuming a future market for the biomass. BT16 volume 2 is a first effort to
analyze a range of potential environmental effects associated with select near-term and long-term biomass-pro-
duction scenarios from volume 1. As with volume 1, this report does not assume particular policy conditions.
This report takes the broad approach of including environmental indicators that would be of interest to a range
of stakeholders. Environmental effects of biomass production that are modeled include effects on soil organic
carbon (SOC), greenhouse gas (GHG) emissions, water quality, water quantity, air emissions, and biodiversity.
Land-management changes associated with the scenario transitions are also described and discussed.

BT16 volume 2 seeks (1) to advance the discussion and understanding of environmental effects that could result
from significant increases in U.S. biomass production and (2) to accelerate progress toward a sustainable bioeco-
nomy by identifying actions and research that could enhance environmental benefits while minimizing negative
impacts of biomass production. Therefore, this chapter synthesizes key results from the report, discusses this
chapter synthesizes key results from the report, discusses key uncertainties and limitations, and then focuses on
strategies to enhance environmental outcomes of commercial-scale biomass production.

This chapter returns to the initial questions from the Introduction (chapter 1):

e What are the land-use change (LUC) implications of the scenarios over time?

» What are the estimated values of environmental indicators and how do those compare among scenarios?

« What are the potential negative environmental effects, and how might they be managed or mitigated?

e What environmental benefits are possible, and under what conditions do they occur?

e Where is more research needed with regard to quantifying effects, enhancing benefits, and preventing nega-
tive consequences?

* How sensitive is feedstock productivity to climate?

This chapter describes many strategies to enhance environmental outcomes from biomass production, i.e., to
enhance potential benefits and reduce potential adverse effects associated with the specific scenarios as well as
biomass production more generally. The strategies include applying constraints that limit where and how bio-
mass can be sourced (such as the constraints employed in modeling biomass in BT16 volume 1); implementing
mitigations for specific potential impacts identified in this volume; using waste (that would otherwise be land-
filled or incinerated) for energy; applying best management practices (BMPs) and landscape design principles;
and integrating biomass harvesting with other activities (e.g., mineland reclamation and invasive species con-
trol). Concepts of ecosystem services and monetary strategies are also introduced. Finally, future research needs
are discussed.

556 | 2016 Billion-Ton Report



14.1.1Synthesis and
Interpretation of Results

The analyses in this report begin to illustrate the envi-
ronmental effects of biomass that could potentially be
available for energy or other purposes in the future,
given a market, a $60 price per dry ton of feedstock,
available land, and many other assumptions that are
described in chapter 2 and embedded in the economic
production models used in BT16 volume 1. Results
should be interpreted in the context of BT16, which
includes factors ranging from specific temporal and
spatial resolutions of available data to broad national
energy needs. Contextual factors to consider in an
assessment of environmental effects typically include
the purpose of the assessment, the biomass produc-
tion and distribution system, end use, policy condi-
tions, stakeholder values, location, temporal influenc-
es, spatial scale, baselines, and reference scenarios
(Efroymson et al. 2013).

Quantitative results in BT16 volume 2 are highly
dependent upon the particular scenario comparisons
that are used, but implications are relevant beyond
these scenarios. The temporal aspects of BT16 vol-
ume 2 are selected so that most analyses could focus
on near-term harvests of residues and future potential
production of energy crops. Comparisons of scenar-
ios containing energy crops (e.g., BC1 2040, HH3
2040) with those that do not (BC1 2017) highlight the
potential effects of those energy crops. Miscanthus
and biomass sorghum, for example, contribute to
gains in soil carbon in the 2040 scenarios. Some
scenarios have been designed to facilitate interpreta-
tions of how environmental effects are influenced by
annual yield increases. Higher-yield scenarios result
in lower air emissions for terrestrial biomass on a
per-ton basis, as well as a lower consumptive water
use for algae. The wide variety of algae scenarios
highlight effects of different types of cultivation sys-
tems and sources and purity of carbon dioxide (CO,),
which affect water consumption and GHG emissions,
respectively.

To further interpret the importance of the environ-
mental effects, they could be compared to effects
under alternative land uses and alternative energy
production systems. For example, the air emissions
analysis (chapter 9) notes that biomass production
activities may replace (rather than occur in addition
to) current activities and, therefore, may not pose air
quality challenges as results might suggest. While

a complex business-as-usual scenario is beyond the
scope of this report, reference scenarios, an agricul-
tural baseline, and fossil energy comparisons are used
in some analyses.

The analyses reflect effects of LUC (land manage-
ment) transitions associated with simulated biomass
production. LUC is important because all social, eco-
nomic, and environmental indicators of sustainability
can be affected by LUC (McBride et al. 2011; Dale et
al. 2013). Since 2008, effects of LUC have dominat-
ed discussion of bioenergy sustainability because of
their implications for GHG emissions, biodiversity,
food security, and other aspects of sustainability.

The primary type of LUC associated with BT16
biomass supply scenarios is the land management
practices that accompany transitions of up to 45 mil-
lion acres of annual crops to perennial cover by 2040.
Replacing annual crops with perennial crops has
multiple environmental advantages, such as reducing
soil erosion, increasing carbon sequestration (chapter
4), improving water quality (chapter 5), and pro-
viding higher-value habitat for wildlife (Robertson

et al. 2008; Dale et al. 2011). Unlike annual crops,
perennial crops can generally be grown with minimal
inputs of fertilizer, pesticides, and irrigation (chapter
8) (Chamberlain and Miller 2012; Dale et al. 2011).
Management of perennial crops typically involves
less-frequent physical disturbance (e.g., tillage,
seeding, cultivation), and harvests can be timed to
avoid critical life history events for wildlife (Gam-
ble et al. 2015; Roth et al. 2005). Indeed, chapter 10
recommends perennial crop management of this type
to mitigate potential habitat quality losses for par-
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ticular bird populations. In this study, energy crops
show favorable performance relative to conventional
feedstocks.

Historical land use in different regions is a major
element affecting scenario comparisons. For exam-
ple, an increase in soil carbon (i.e., a carbon sink) is
simulated when transitioning from historical cropland
to energy crops, whereas a transition from pasture-
land to energy crops does not always increase soil
carbon (except in the case of miscanthus and biomass
sorghum). Land management changes on forestland
are assumed to be minimal, involving thinnings

and harvesting of whole trees and residues but not
involving new road building or transitions into or out
of forest.

The location and type of biomass have also been
found to be major factors affecting the direction

and magnitude of environmental changes that were
estimated. Most counties analyzed in the scenarios
show potential for a substantial increase in biomass
production to support a growing bioeconomy with
minimal or negligible effects on water quality, water
quantity, avian diversity (as analyzed in chapter 10),
or air pollutant emissions, under the biomass supply
constraints assumed in BT16. Cellulosic biomass
generally shows favorable performance relative to
conventional feedstocks for the indicators investigat-
ed, with harvest of agricultural and forestry residues
generally showing the smallest contributions to
changes in certain environmental indicators. How-
ever, in some locations and under some biomass
scenarios, challenges may arise for maintaining SOC
levels, water quality, water availability, biodiversity,
and air quality.

The regional context influences the significance of
the environmental effects that are estimated in BT16
volume 2, and it is also important to note that factors
besides biomass production affect the environmental
indicators investigated here. For example, the air
emissions analysis (chapter 9) found that some coun-
ties already in nonattainment in 2015 for National
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Ambient Air Quality Standards could see emissions
representing greater than 1% of the National Emis-
sions Inventory for those counties. The chapter notes
that the spatial distribution of modeled air emissions,
including those not associated with biomass produc-
tion, would need to be understood before an estimate
of local air quality could be made. The water foot-
print analysis (chapter 8) discusses the importance of
considering the context of water withdrawals, such
as those from the Ogallala Aquifer, before fulfilling
water needs of new activities. Similarly, loadings

to waters would need to be placed in the context of
local water-quality criteria. The algae chapter (chap-
ter 12) reviews many of the indicators and indices of
water quantity that incorporate regional needs, such
as environmental flow requirements for fish. Going
beyond the environmental effects analysis in this
volume is critical to place the indicators in a regional
context.

In reality, environmental effects are often cumulative.
The analyses of forest water quality, water quantity,
and biodiversity focus on the potential environmental
responses associated with incremental biomass har-
vests, without considering effects of total harvests for
conventional forest products, as well as residential
development. Chapter 11 notes that for some forest
species and locations, biomass removal may lower
habitat quality such that it reduces local numbers of
individuals, thereby increasing vulnerability to other
factors affecting the population, such as competition
or fragmentation effects.

Most results presented in BT16 volume 2 represent
environmental effects for biomass production and
harvesting only (i.e., they do not consider feedstock
transportation logistics, biomass conversion, or
biofuel combustion). The analyses of logistics in the
GHG and air emissions chapters are exceptions; these
analyses illustrate the importance of studying envi-
ronmental effects of later stages of the supply chain
for relevant indicators.



A few illustrative cases have been completed to
estimate displacement of fossil-derived GHG emis-
sions and energy. Life-cycle GHG intensities for both
biomass- and fossil fuel-derived fuel and energy
products were applied to specific scenarios based on
potential growth in energy, power, and chemical pro-
duction between now and 2030. These cases illustrate
that GHG-emissions reductions (between 4%—-9%)
and fossil energy consumption reductions could be
expected, as compared to a scenario in which all

U.S. energy and conventional products are produced
from fossil fuels in that year. Results depend on these
GHG intensities, the biomass supply, and how the
biomass supply is allocated to different end uses.

Other than the illustrative cases showing the potential
reductions in GHG emissions and fossil energy con-
sumption, BT16 volume 2 does not investigate other
environmental or socioeconomic effects of displacing
fossil feedstock—derived fuel and products. Howev-
er, determining the net effects of displacing fossil
energy and products with biomass-derived energy
and products is a critical area for further analysis.
Some of the environmental effects of gasoline supply
chains are described in Parish et al. (2013) and Dale
et al. (2015). For example, environmental effects of
gasoline pathways include a shift of carbon from pre-
historic times to today’s atmosphere, a subterranean
dimension of disturbances, and extraction locations
in remote and fragile ecosystems that could negative-
ly affect biodiversity.

14.1.2 Uncertainties and
Limitations

As stated above and throughout the report, results are
limited to particular scenarios, as in all environmental
modeling studies. The results must be interpreted in
light of the uncertainties in the models used to simu-
late biomass in BT16 volume 1 (i.e., POLYSYS and
ForSEAM) and models used to simulate environmen-
tal indicators in BT16 volume 2. Volume 2 discusses
sources of uncertainty in these analyses, including

limited input data for model parameterization and
questions about extending models to regions, feed-
stocks, and time periods for which they have not been
calibrated or validated. Some of the uncertainties,
such as how fast yields could increase and what con-
servation practices might be implemented by farmers,
are handled through the use of multiple scenarios or
cases.

A major assumption in BT16 is that the agricultur-

al land base and the forest land base do not change
between the present and 2040. This assumption has
implications for all of the environmental effects anal-
yses, and modifying scenarios to allow transitions
between these major land classes could result in envi-
ronmental changes of different types, magnitudes, or
directions than the comparisons presented here.

Model inputs, such as land-cover and land-manage-
ment classes, are also uncertain, and chapter 3 focus-
es on those uncertainties. Large uncertainties in basic
land-cover classifications are well documented (e.g.,
Congalton et al. 2014; Kline et al. 2011; Feddema

et al. 2005). The classification uncertainties increase
when land “use” is inferred from land-cover classes
(Lambin et al. 2003), and uncertainties are inher-
ently greater when an analysis attempts to quantify
“change” (O’Hare et al. 2010; Dale and Kline 2013).
Moreover, crop rotations have not been investigat-
ed in this study, even though they are a common
land-management strategy.

Uncertainties in environmental models include pre-
sumed mechanisms or processes by which environ-
mental indicators respond to changes in land manage-
ment, as well as uncertainties in the drivers of change
on which empirical models are based. Chapter 6 de-
velops empirical relationships between forest harvest
area and water quality but notes that if sufficient data
and process-based platforms for silvicultural activi-
ties were available, a modeling approach that con-
siders soil type, topography, climate, vegetation, and
harvest systems involved in estimating water-quality
response to biomass harvests could lead to more ac-
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curate results. Drivers of environmental change may
be different in different regions. For example, the
agricultural biodiversity analysis assumes that bird
populations change in response to habitat, as reflected
in empirical estimates from local studies. However,

in a different location, the response may differ; e.g.,
if major changes in predator populations occurred in
one region but not another.

Similarly, decisions about allocation methods can
lead to uncertainties in environmental effects results.
For example, allocating GHG emissions or irrigation
water to corn grain and not to corn residues could af-
fect conclusions about the effects of harvesting those
residues on indicators. The importance of allocation
method has frequently been identified as an issue that
has a major effect on results in life-cycle analyses.

The county-level resolution is an important aspect of
BT16. Analyses of environmental effects of terrestrial
feedstocks require assumptions about how biomass
production—estimated at the county level in BT16
volume 1—is distributed within a county, especial-

ly when watershed-level effects are modeled. For
example, the water-yield analysis (chapter 7) finds
that increased water yields from biomass harvesting
in forests would have little additional effect, relative
to a 10-year reference. However, if harvest outputs of
ForSEAM had been available for particular locations
within the county, the effects of increased water yield
could have been more important in some locations.
Furthermore, biodiversity results depend on the ar-
rangement of feedstocks across the county landscape.

The potential global impacts of an expansion of
biomass production in the United States depend on
many factors not analyzed under BT 16 scenarios.
Reasonable assumptions about increasing biomass
production could generate estimates that not only
vary widely in terms of magnitude, but also in terms
of direction of the effects, particularly with respect to
whether forestland is expected to expand or con-
tract in response to policies associated with biomass
production (Kline et al. 2009). Potential international

560 | 2016 Billion-Ton Report

effects of future U.S. biomass production scenarios
are not considered, including potential indirect LUC.

14.2 Enhancing
Environmental
Outcomes: Strategies
Identified in this
Report

Actual environmental effects of future biomass pro-
duction depend on production practices that will be
used. Strategies that can help move toward environ-
mentally sustainable biomass production are de-
scribed below. As with conventional agricultural and
forestry resources, future potential supplies can be
estimated, but the environmental effects and sustain-
ability of these future supplies is wholly contingent
upon how those supplies are actually produced in the
future. Here, environmentally relevant supply con-
straints are introduced along with other approaches to
realize improved environmental outcomes for bio-
mass production.

14.2.1 Supply Constraints
in Biomass Resource
Assessments

As described in chapters 1 and 2, various supply
constraints were assumed in BT16, some of which
reflected sustainability principles. Though future
biomass production practices are not known with
certainty, these supply constraints reflect consider-
ations that can be implemented or assumed at large
scales. Environmental considerations that may affect
biomass resource potential estimates can be imple-
mented in models by:

* Restricting areas on which bioenergy crops may
be grown or residues may be collected. For ex-
ample, some areas in BT16 were restricted from
production to protect biodiversity. Fragile, re-



served, protected, and environmentally sensitive
forestland was not eligible for biomass harvests.
Algae were not produced on agricultural, forest,
or other sensitive lands.

Restricting energy crop choices or forest bio-
mass harvests to particular locations. For ex-
ample, the Biomass Research and Development
Board recommends selecting perennial crops
based in part on water requirements and avail-
able water (BRDB 2012). Copeland et al. (2012)
assert that species selection should consider
effects of different crop choices on regional air
quality. This type of restriction was not imple-
mented in BT16. Instead, energy crops were
allocated along with conventional crops at the
county level in a way that maximizes profit from
the landowners’ perspective.

Implementing management practices that main-
tain or enhance environmental outcomes (e.g.,
tillage type, production intensity, harvest fre-
guency, harvest area, residue removal percent-
age). Many of the supply constraints in BT16
relate to management practices. Agricultural
residue removal coefficients were employed and
constrained not to exceed the tolerable soil loss
limit of the USDA Natural Resources Conserva-
tion Service (NRCS 2016a; 2016b), and not to
allow long-term reduction of SOC. Moreover,
energy crops were not irrigated. At least 30% of
logging residues were left onsite to protect soil,
provide habitat, and maintain soil carbon. The
use of some BMPs was assumed and included in
cost estimates for forests and agriculture. Har-
vest levels were restricted to ensure that timber
growth always exceeds harvest at the state level.
Implementing targets for environmental indica-
tors (e.g., regulatory levels or thresholds) that
can be linked to productivity estimates. Such
targets are quantitative goals for an indicator,
usually to be achieved at a particular place and
time. (The German Advisory Council on Glob-
al Change terms these “guard rails,” WBGU

2009). An example of the use of environmental
targets was the restriction of algae water con-
sumption to no more than 5% of mean annual
basin flow.

e Altering farmer or forester choices (in agent-
based models) based on incentives, prefer-
ences, and established culture. For example,
environmental effects of energy crops, such
as improved water quality and wildlife habitat
have been shown to influence some farmers’
motivations for adopting perennial energy crops
(Hipple and Dufty 2002). While these feed-
backs from environmental effects to feedstock
production could be used to constrain supply,
such feedbacks were not implemented in BT16
volume 2.

14.2.2 Mitigation Strategies

While this report was not intended to be prescriptive,
some strategies were identified that may be used to
enhance the environmental outcomes from biomass
production. Strategies to mitigate effects of the BT16
volume 2 scenarios were identified.

Mitigation strategies were based on environmental
analyses that identified drivers of environmental
effects in the scenarios. For example, the GHG
analysis found that in some counties logistics contrib-
uted more than 50% to GHG emissions (excluding
soil-carbon change-related emissions). Consumption
of fertilizer and agricultural chemicals, as well as
nitrous oxide emissions stemming from fertilizer use,
were also significant contributors to GHG emissions.
Therefore, the energy efficiency of logistics opera-
tions and fertilizer efficiency should be improved.
Counties with higher yields generally experienced
lower GHG emissions intensities. Therefore, increas-
ing yields would be an effective mitigation strategy
for GHG emissions. The analysis also found that
crop-residue removal (e.g., corn stover or barley
straw) can reduce soil carbon levels, but practices
such as manure application and cover crop adoption
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could counteract soil carbon losses and therefore
should be pursued as a mitigation strategy (Qin et al.
2015). Planting of deep-rooted species like mis-
canthus and biomass sorghum could contribute to soil
carbon storage.

The agricultural water quality chapter (chapter 5)
focused on conservation practices that could re-
duce loadings of pollutants to surface waters. Large
improvements in water quality indicators, on a
percentage basis, were achieved without sacrificing
production. This was true for landscapes dominated
by annual residues and landscapes dominated by a
mixture of perennial and annual crops. Results for
the Iowa River Basin suggested that four practices
(riparian buffer, cover crop, slow-release nitrogen
(N) fertilizer, and tile-drain control) could reduce N
loading substantially for watersheds planted in corn.
In the Arkansas White-Red River Basin, filter strips
provided water quality benefits from short-rotation
woody crops (SRWCs). Results from the water qual-
ity analysis can be used to identify location-specific
management practices that can achieve water quality
goals and biomass production goals simultaneously.
In addition, by choosing perennial feedstocks and
implementing conservation practices, biomass pro-
duction could reduce downstream nutrient loadings to
the Gulf of Mexico.

With respect to forests, silvicultural activities have
minimal effects on water quality, and potential effects
from harvest operations are largely mitigated by the
widespread adoption of BMPs, as is discussed below.
Furthermore, where forest removals could increase
stormflow volume in local areas, forest BMPs such as
implementing forest riparian buffers may be effec-
tive to mitigate negative harvesting effects on stream
hydrodynamics.

The water footprint chapter noted that the National
Resources Conservation Service Ogallala Aquifer Ini-
tiative aims to reduce water withdrawals and extend
the life of the aquifer by implementing multiple con-
servation measures. One of the strategies is convert-
ing operations to dryland farming, which is defined as
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the non-irrigated cultivation of crops. This strategy is
consistent with one of the guiding principles in BT16:
produce non-irrigated biomass.

The air emissions chapter noted that variability in
county-level emissions estimates suggests that certain
practices and production locations would result in
much lower emissions than others. Higher yields,
lower tillage requirements, and lower fertilizer and
chemical inputs contribute to lower air emissions
intensity. The use of either more efficient equipment
or fewer passes would reduce emissions from fuel
use and fugitive dust from soil disturbance. The
application of emission reduction strategies (e.g.,
higher yielding seed varieties, energy crops with high
nutrient use efficiency, more efficient farm engines,
and wider adoption of less intensive tillage practices)
could mitigate the potential increase in emissions
from BT16 scenario activities. This analysis illus-
trates that the long-term feedstock supply logistics
system itself could reduce emissions per mile trav-
eled through feedstock densification. In addition, us-
ing biomass more locally or using more fuel-efficient
long-distance transportation methods (e.g., rail) could
potentially decrease emissions from long-distance
truck transport.

The agricultural biodiversity chapter echoes sugges-
tions that benefits to birds (and other wildlife) can be
attained by implementing wildlife-friendly practices,
e.g., timing farm operations prior to avoid nesting
periods, using a flushing bar and raising the height of
mowing equipment to avoid nests and animals during
farm operations; and, simply harvesting from the
inside of a field toward the edges, instead of trapping
wildlife in the center of a field. Mitigation strategies
to protect wildlife biodiversity in forests are more
uncertain because of the lack of data relating biomass
harvest variables to habitat suitability for various
taxa. However, optimal mitigation strategies are
expected to be site-specific, for example, protecting
species that rely on moist forest floors in lowland
hardwood forests or forest systems in temperate
rainforests.



As discussed in the chapter on climate sensitivity to
feedstock productivity, climate change adaptation is
important. Adaptation can be aided by greater focus
on the implications of climate change on the long-
term strategic selection and production of energy
crops across the U.S. landscape.

14.3 Enhancing
Environmental Out-
comes: Going Beyond
Analyses in this Report

The context of land management is a major determi-
nant of environmental effects. Regardless of whether
land cover is classified as pasture or energy crop,
management that incorporates native species, avoids
disturbance during key nesting periods, and increas-
es productivity while reducing the use of pesticides
and herbicide applications is likely to improve many
environmental indicators compared to management
where disturbances are not planned to conserve spe-
cies, or with higher use of inputs, or minimal control
of grazing, or where exotic and invasive species are
not controlled. Furthermore, the implications of man-
agement practices for additional biomass production
in forestlands may result in better control of pests,
fires, and invasive species with benefits that extend
beyond the managed forest to neighboring parks and
reserves (Dale et al. 2015). Thus, real impacts will
depend on the prior conditions and actual manage-
ment practices, which are highly heterogeneous,
while impacts estimated through modeling will
depend on the assumptions and specifications broadly
applied to represent those conditions and manage-
ment practices. Here, a number of approaches are
described that are currently being used or are under
development to enhance environmental outcomes for
biomass production.

14.3.1 Best Management
Practices

BMPs can improve environmental outcomes for
realized biomass and future biomass. BMPs are ap-
proaches, processes, activities, incentives, or rewards
deemed effective at delivering a more favorable
outcome than other techniques when applied to par-
ticular circumstances. These recommended practices
“transform knowledge about local conditions and
practices into prescriptions for low-impact operations
by specifying methods that reduce negative impacts”
(Lattimore et al. 2010). Additional descriptors of
BMPs are “useful,” “proven,” “cost-effective,” and
“generally accepted” (Texas State Soil and Water
Conservation Board 2005). For example, forestry
BMPs help to ensure that adequate woody debris re-
mains on site to protect soil and water quality (Evans
et al. 2013; Fritts et al. 2014; Cristan et al. 2016).
BMPs are sometimes called “conservation” practices,
especially in the context of agriculture, as they may
be intended to conserve water quality, water quan-
tity, air quality, or other objectives (NRCS 2016).
Most BMPs are focused on water quality, and some
definitions of BMPs refer exclusively to water quality
impacts (Ice 2004). The most useful BMPs are quan-
titative, reflect targets for environmental indicators,
and are associated with detailed advice regarding
implementation. As an example BMP, winter cover
crops like winter rye (which was modeled in chapter
5) can provide synergistic benefits of soil conserva-
tion, water quality, and biomass production with no
increased demand for agricultural land (Feyereisen

et al. 2013). Chapter 5 and additional studies have
shown that the use of cover crops can reduce negative
water-quality effects from farming operations (Gra-
ham et al. 2007; Mann et al. 2002), while decreasing
soil erosion, maintaining land productivity (Kaspar et
al. 2001; Snapp et al. 2005; Wyland et al. 1996), and
reducing nutrient loadings.
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A review of BMPs shows that they are commonly
implemented in forestry (Ice et al. 2010), and some

BMPs have are commonly employed in agriculture as
well. However, additional BMPs could be developed

to maintain or improve environmental indicators.
Existing BMPs, which often emphasize soil quality

and water quality, could be tailored for the purposes
of biomass production and harvesting, and additional

BMPs could be developed for air quality, biodiver-

sity, and GHG emissions. Moreover, BMPs could be

developed for algae biomass production. Adaptive

management is an important framework for develop-

ing BMPs because it integrates research, planning,

management, monitoring, and learning into evolving
and improving practices (Lattimore et al. 2010; McA-
fee et al. 2006; Holling 1978). McAfee et al. (2006)
note that the efficacy of recommended management

practices in achieving sustainable operations can be

limited if monitoring and assessment are not carried

out within an adaptive management framework.

14.3.2 Landscape Design

Important improvements in environmental effects
can be achieved by within-county spatial allocation
of land management for biomass and other purpos-
es, land management to mitigate potential adverse
effects, and production area restrictions. The coun-
ty-level resolution used in BT16 does not enable
environmentally favorable strategies at the field or
sub-field scale to be modeled. As some of the chap-

ters in this report illustrate through caveats and sen-
sitivity analyses, county-level biomass estimates lead
to substantial uncertainty in environmental indicators
if the specific location of the biomass is not defined.

Landscape design principles offer a means to inte-

grate biomass production with other uses of the land

while meeting simultaneous environmental, social,

and economic goals. A landscape design framework

suggested by Dale et al. (2016) involves six steps:
(1) establish goals by engaging stakeholders in an
open and participatory process that, ideally, facil-
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itates common understanding and agreement on
context-specific targets for environmental or other
indicators; (2) identify constraints and opportunities,
such as impacts to water, soil, or air, as well as the
enabling factors that assist in meeting stakeholder
goals; (3) identify optimal options for feedstock
types, locations, management strategies, and logistics
systems; (4) evaluate alternatives and define solutions
that are spatially and temporally explicit; (5) monitor
and evaluate outcomes over time using mechanisms
that are cost-effective, doable, and transparent; and
(6) adjust plans based on current information for
“continual improvement” and 