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a b s t r a c t

Indicators are needed to assess environmental sustainability of bioenergy systems. Effective indicators
will help in the quantification of benefits and costs of bioenergy options and resource uses. We identify
19 measurable indicators for soil quality, water quality and quantity, greenhouse gases, biodiversity, air
quality, and productivity, building on existing knowledge and on national and international programs
that are seeking ways to assess sustainable bioenergy. Together, this suite of indicators is hypothesized
eywords:
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nvironment
ndicator

to reflect major environmental effects of diverse feedstocks, management practices, and post-production
processes. The importance of each indicator is identified. Future research relating to this indicator suite is
discussed, including field testing, target establishment, and application to particular bioenergy systems.
Coupled with such efforts, we envision that this indicator suite can serve as a basis for the practical
evaluation of environmental sustainability in a variety of bioenergy systems.

© 2011 Elsevier Ltd. All rights reserved.
eedstock

. Introduction

Indicators to assess the condition of the environment and mon-
tor trends over time are needed to characterize conditions under

hich resource uses are sustainable. We define environmental
ndicators as environmental measures (Heink and Kowarik, 2010)
hat provide information about potential or realized effects of
uman activities on environmental phenomena of concern. We
efine environmental sustainability as the capacity of an activity
o continue while maintaining options for future generations and
onsidering the environmental systems that support the activity
Bruntland, 1987). Whereas much work has focused on the devel-
pment of environmental indicators in general, only recently have
takeholders focused attention on developing indicators for sus-
ainable bioenergy systems, and no consensus has yet emerged
egarding which indicators should be given the highest priority
Buchholz et al., 2009).

The bioenergy supply chain includes the production or pro-
urement of biomass feedstock, post-production processing and
onversion (referred to in this paper as “processing”), and various

ransportation stages. Beneficial co-products (e.g., distillers grains)
nd waste by-products (e.g., biorefinery effluent) may be created in
ifferent stages of the supply chain. Feedstocks include annual and

∗ Corresponding author. Tel.: +1 865 576 8043; fax: +1 865 576 3989.
E-mail address: dalevh@ornl.gov (V.H. Dale).

470-160X/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.ecolind.2011.01.010
perennial plants, residues from agriculture, forestry, and related
industries, and other organic wastes. The choice of feedstocks is a
strong determinant in characterizing a given bioenergy pathway
with implications for the applicable set of sustainability indicators.

Bioenergy systems are expected to expand in coming decades
for several reasons. First, leaders in many countries view domestic
bioenergy systems as more secure and sustainable than imported
fossil fuels. Second, economic growth is expected to increase energy
demand overall. Third, bioenergy systems are perceived to sup-
port rural development and employment. Fourth, technological
advances continue to increase the affordability and sustainability of
bioenergy. Furthermore, government policies in the United States
(U.S.) and Europe call for an expansion of liquid fuel generation and
combustion from cellulosic bioenergy feedstock sources, although
those feedstocks are not currently in heavy use. The Energy Inde-
pendence and Security Act of 2007 (EISA) mandates that at least
16 billion gallons (∼60.6 billion liters) of cellulosic biofuel be pro-
duced annually in the U.S. by 2022 (EISA, 2007). Member states of
the European Union aim for biofuel to comprise 10% of their trans-
portation fuel use by 2020, with incentives to encourage cellulosic
and other second-generation biofuels (European Parliament and
Council, 2009).

As societies increase use of bioenergy, stakeholders are ques-

tioning the environmental benefits of bioenergy compared to
other energy options. Currently there is disagreement regarding
whether bioenergy systems contribute to or ameliorate environ-
mental problems such as depletion of nutrients in soil, erosion,

dx.doi.org/10.1016/j.ecolind.2011.01.010
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
mailto:dalevh@ornl.gov
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Table 1
Criteria for selection of useful environmental indicators.

Are easily measured
Are sensitive to stresses on system
Respond to stress in a predictable manner
Are anticipatory: signify an impending change in the environmental system
Predict changes that can be averted by management actions
Are integrative: the full suite of indicators provides a measure of coverage of

the key gradients across the environmental systems (e.g., soils, vegetation
types, and temperature)

Have a known response to natural disturbances, anthropogenic stresses, and
changes over time
278 A.C. McBride et al. / Ecologica

unoff of nutrients and toxins, consumptive water use, greenhouse
as buildup, biodiversity loss, air pollution, and productivity loss
Jordan et al., 2007; Keeney, 2008; Williams et al., 2009). Dif-
erences of opinion often relate to past land use, crop choice,

anagement practices, processing, and prevailing environmen-
al conditions where the feedstock is grown (Jordan et al., 2007;
obertson et al., 2008; Scharlemann and Laurance, 2008; Kline
t al., 2009). In the U.S., much of the debate has focused on the
istoric effects of conventional crop systems in the Midwest, the
ource of corn (Zea mays) for the majority of current U.S. ethanol
roduction. However, cellulosic bioenergy is often perceived as
olding greater opportunity for future sustainability than corn-
ased ethanol (Robertson et al., 2008; Kline et al., 2009). Because
his debate coincides with an expected increase in bioenergy use
nd because of regulations that require bioenergy to be produced
n an environmentally responsible manner, there is a need to
haracterize conditions under which bioenergy systems can be
mplemented sustainably (Hecht et al., 2009). This paper presents a
et of indicators that can be used to characterize the environmental
ide of this equation.

The set of environmental indicators selected for assessing the
ustainability of different types of bioenergy systems should apply
o both large regions and local sites and should be useful to
iverse stakeholders. For example, policymakers may focus on
ustainability of the entire supply chain, agronomists may rec-
mmend sustainable bioenergy feedstock crops and management
ractices for different locations, and operation managers may seek
o improve their feedstock production and processing systems.
ndicators may also help in the implementation of certification pro-
rams (several are already in development) that can be applied
hroughout the supply chain or to its components (van Dam et al.,
008).

Although much work is still needed to identify, test, and imple-
ent a small set of environmental indicators that is useful to the

iverse stakeholders involved in bioenergy systems, progress has
een made. Sustainability attributes of agricultural practices in
eneral have been discussed and defined by the Millennium Ecosys-
em Assessment (MEA, 2005), the National Sustainable Agriculture
nformation Service (Sullivan, 2003; Earles and Williams, 2005),
nd Dale and Polasky (2007). In addition, several national and inter-
ational efforts are underway to select sustainability indicators

or bioenergy, including the Roundtable on Sustainable Biofuels
RSB, 2010), U.S. Biomass Research and Development Board, Global
ioenergy Partnership (GBEP, 2010), and Council on Sustainable
iomass Production (CSBP, 2010). The preliminary suites of indi-
ators arising from these efforts are diverse, and the differences
mong them are important, but here we note two broad character-
stics. First, these suites tend to include numerous, broadly defined
ndicators. Second, many of the indicators in these suites tend to
ocus on assessments of management practices and their predicted
nvironmental effects rather than on measurements that relate
o realized environmental effects. These approaches have advan-
ages. Large numbers of broad indicators can in principle capture a
ide range of environmental effects. Also, assessing management
ractices may often be less expensive than making empirical mea-
urements; indeed, simple measurements of some effects, such as
ropospheric ozone formation, may not be feasible with respect to
articular bioenergy systems. On the other hand, measuring large
umbers of indicators can be prohibitively expensive (NRC, 2008a).
urthermore, current understanding of the effects of bioenergy
anagement practices on the environment is limited, especially for

ystems not yet in wide use, such as cellulosic bioenergy. Therefore

need remains for a small set of concrete indicators that focus on

ealized environmental effects of bioenergy systems.
This paper identifies a suite of 19 indicators selected to collec-

ively characterize important effects that many bioenergy systems
Have known variability/spread in response to given environmental changes

Adapted from Dale and Beyeler (2001).

have or are likely to have on environmental sustainability. The suite
is organized according to six categories: soil quality, water quality
and quantity, greenhouse gases, biodiversity, air quality, and pro-
ductivity. These categories were selected to reflect the major areas
of environmental concern surrounding bioenergy systems. They are
also similar to categories used by national and international efforts
working to establish suites of sustainability indicators for bioen-
ergy. For each category, we discuss the relationship of proposed
indicators to ecosystem properties and address measurement con-
siderations. After presenting indicators in each category, we discuss
future research directions, applications of these indicators to spe-
cific bioenergy systems, and interpretation of these indicators. This
paper provides a basis for other researchers and investigators to
move forward to evaluate and implement environmental indicators
for bioenergy systems.

2. Approach

Where feasible, indicators were selected to empirically mea-
sure environmental effects rather than to infer such effects through
assessment of management practices. In some cases, however,
models based on management practices are the only feasible way
to estimate the environmental effects of bioenergy systems (e.g.,
greenhouse gas fluxes or secondary particulate formation, dis-
cussed in Sections 3.3 and 3.5, respectively).

Our selection of indicators was based on research in the dis-
ciplines related to each category of indicators, on other efforts to
select sets of indicators, and on previous work describing criteria for
selecting useful indicators [e.g., Dale and Beyeler (2001), Table 1].
The diversity of indicators needed to broadly assess environmental
sustainability may not allow for a uniform, well-defined indicator
selection process (NRC, 2008a); therefore, expert judgment is an
important part of the selection process. Collectively, the proposed
suite of indicators forms a hypothesis of how environmental effects
of bioenergy systems may be assessed, and that hypothesis needs
to be tested in diverse bioenergy systems.

3. Categories of indicators

3.1. Indicators of soil quality

Among the environmental systems for which indicators have
been chosen, soils are especially important because soil qual-
ity affects the broader ecosystem, the immediate productivity of
bioenergy crops, and the maintenance of productive capacity for
future generations. Our selection of soil indicators was influenced
by prior research on soil indicators in general (Doran and Parkin,

1996; Garten et al., 2003; Karlen et al., 2003; Pattison et al., 2008;
Adair et al., 2009) as well as on agronomy research focused on
bioenergy crops in particular (Mann and Tolbert, 2000; Tolbert
et al., 2002; Moscatelli et al., 2005; Garten et al., 2010).
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Table 2
List of recommended environmental indicators for bioenergy sustainability, along with associated management pressures and environmental effects expected to be captured
by each indicator.

Category Indicator Units Related management
pressures

Potential related
environmental effects

Reference that discusses
methods used to collect
data

Soil quality 1. Total organic carbon
(TOC)

Mg/ha Crop choice, tillage Climate change, N
mineralization,
humification, water
holding capacity,
infiltration, CEC

Doran and Jones (1996)

2. Total nitrogen (N) Mg/ha Crop choice, tillage, N
fertilizer application,
harvesting practices

Eutrophication potential,
N availability

Bremner and Mulvaney
(1982)

3. Extractable
phosphorus (P)

Mg/ha Crop choice, tillage, P
fertilizer application,
harvesting practices

Eutrophication potential,
P availability

Olsen et al. (1954) and
Mehlich (1984)

4. Bulk density g/cm3 Harvesting practices, tillage,
crop choice

Water holding capacity,
infiltration, crop nutrient
availability

Doran and Jones (1996)

Water quality and
quantity

5. Nitrate
concentration in
streams (and export)

Concentration: mg/L;
export: kg/ha/year

Crop choice, % of residue
harvested, tillage, N fertilizer
application

Eutrophication, hypoxia,
potability

Eaton et al. (2005)

6. Total phosphorus (P)
concentration in
streams (and export)

Concentration: mg/L;
export: kg/ha/year

Crop choice, % of residue
harvested, tillage, P fertilizer
application

Eutrophication, hypoxia Eaton et al. (2005)

7. Suspended sediment
concentration in
streams (and export)

Concentration: mg/L;
export: kg/ha/year

Crop choice, % of residue
harvested, tillage

Benthic habitat
degradation through
siltation, clogging of gills
and filters

Eaton et al. (2005)

8. Herbicide
concentration in
streams (and export)

Concentration: mg/L;
export: kg/ha/year

Crop choice, herbicide
application, tillage

Habitat degradation
through toxicity,
potability

Eaton et al. (2005)

9. Peak storm flow L/s Crop choice, % of residue
harvested, tillage

Erosion, sediment
loading, infiltration

Buchanan and Somers
(1969)

10. Minimum base flow L/s Crop choice, % reside
harvested, tillage

Habitat degradation, lack
of dissolved oxygen

Buchanan and Somers
(1969)

11. Consumptive water
use (incorporates base
flow)

Feedstock production:
m3/ha/day;
biorefinery: m3/day

Crop choice, irrigation
practices, downstream
biomass processing

Availability of water for
other uses

Feedstock production:
calculated from flow
measurements.
Biorefineries: reported
total water withdrawn
used as proxy

Greenhouse gases 12. CO2 equivalent
emissions (CO2 and
N2O)

kg Ceq/GJ N fertilizer production and
use, crop choice, tillage,
liming, fossil fuel use
throughout supply chains

Climate change, plant
growth

Spreadsheet models (e.g.,
GREET; Wang, 2002), with
various submodels

Biodiversity 13. Presence of taxa of
special concern

Presence Crop choice, regional land
uses, management practices

Biodiversity Various methods exist
depending on taxa selected

14. Habitat area of taxa
of special concern

ha Crop choice, regional land
uses

Biodiversity Various methods exist
depending on taxa
selected; for one approach
see: Turlure et al. (2010)

Air quality 15. Tropospheric ozone ppb Fossil fuel use in production
and processing, quality and
mode of combustion of
biofuel

Human health, plant
health

Combination of sources
and methods necessary, for
example: EPA Mobile
Source Observation
Database, Community
Multiscale Air Quality
model (for example: Appel
et al., 2007), reports from
biorefineries, collation of
vehicle use with emissions
data per fuel type (for
example: Gaffney and
Marley, 2009)

16. Carbon monoxide ppm Fossil fuel use in production
and processing, mode of
biofuel combustion

Human health

17. Total particulate
matter less than
2.5 �m diameter
(PM2.5)

�g/m3 N fertilizer application, fossil
fuel use in production and
processing, mode of biofuel
combustion

Visibility, human health

18. Total particulate
matter less than 10 �m
diameter (PM10)

�g/m3 Fossil fuel use in production
and processing, other
agricultural activities, solid
biomass combustion

Visibility, human health

Productivity 19. Aboveground net g C/m2/year Crop choice, management
ctices

Climate change, soil Grasslands: Scurlock et al.

c
(
t
c

primary productivity
(ANPP)/yield

pra

Four indicators of soil quality are recommended: total organic

arbon, total nitrogen, extractable phosphorus, and bulk density
Table 2). These indicators were selected based on their ability
o reveal changes in soil properties as a function of bioenergy
rop management, including carbon balance, nutrient availability
fertility, cycling of carbon
and other nutrients

(2002). Forests: Clark et al.
(2001)

and mineralization, cation exchange capacity (CEC), humification,

microbial community dynamics, erosion, leaching potential, soil
porosity, and soil water holding capacity.

Total organic carbon (TOC) is often seen as the most impor-
tant indicator of soil quality (Reeves, 1997). TOC integrates a wide
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ange of important soil properties and functions and also is a direct
ause of several positive soil responses. First, it serves as the pri-
ary source of energy for soil microbial communities, which, in

urn, promote crop growth by supporting nitrogen mineralization
NRCS, 2009). Second, high TOC suggests high humus levels, which
romote water holding capacity, infiltration, and CEC. Third, com-
ounds in soil organic matter, which correlates with TOC, help bind
oil aggregates in non-calcareous soils, contributing to porosity and
urther enhancing water holding capacity and infiltration (NRCS,
009).

In addition to the role of TOC as an indicator in assessing soil
uality, accurate measurements of soil carbon are also important in
stimating carbon dioxide flux associated with bioenergy systems,
s discussed in Section 3.3. Soil carbon changes are likely to occur
ecause of land-use changes associated with the initial implemen-
ation of bioenergy systems, as well as during the ongoing operation
f those systems.

Total nitrogen (N) and extractable phosphorus (P) measure the
wo most important soil nutrients in typical productive land man-
gement systems. Most N in soil is bound in organic compounds
nd is not available to plants. However, total N is considered a valid
ndicator because N mineralization is driven by the availability of
rganic N in the soil, so that plant-available N (ammonium and
itrate) is closely related to total N (Vlassak, 1970). Excessive soil N
nd P can result in nutrient runoff and leaching, leading to down-
tream eutrophication. In addition, excess soil nitrate may increase

volatilization as the potent greenhouse gas nitrous oxide (Dalal
t al., 2003; Snyder et al., 2009). Conversely, depletion of soil N and
threatens the future productivity of soil.

Finally, bulk density is recommended as a physical indicator of
oil quality. Bulk density can rapidly be affected by human agro-
omic practices (Unger and Kaspar, 1994). Bulk density is especially
f concern in forestry, because tree harvesting activities can cause
oil compaction (Hatchell et al., 1970). Increases in bulk density are
sually considered harmful (Unger and Kaspar, 1994), but in some
rops, such as switchgrass (Panicum virgatum), it is desirable to have
ight surface soil compaction before sowing in order to improve
eed–soil contact (Monti et al., 2001).

Techniques for measuring TOC and bulk density can be found
n Doran and Jones (1996). Techniques for measuring total N can
e found in Bremner and Mulvaney (1982). Mehlich (1984) and
lsen et al. (1954) describe techniques for measuring extractable P

n acidic and calcareous soils, respectively. The appropriate depth
f measurement for soil indicators depends on depth of soil layers
nd cultivation practices on a given site and should remain constant
ver time.

.2. Indicators of water quality and quantity

The properties of water in streams draining bioenergy croplands
r forest stands influence the ecosystems within and downstream
rom those streams. Indicators based on water properties can
e used to assess whether the agricultural aspects of bioenergy
roduction allow for the maintenance of soil quality, aquatic
cosystems, and clean and plentiful water for human use. Water
ndicators are affected by some of the same pressures that influ-
nce soil indicators (e.g., fertilizer application and vegetative
over). In contrast to soil indicators, water indicators can change
ore rapidly and integrate changes over an entire watershed,

hereby allowing for finer temporal resolution and broader spa-
ial integration of relevant effects. In this sense water quality
nd quantity reflect the diversity of environmental conditions

nd land practices that occur upstream and upslope as well as
n the past. For example, runoff attributes are influenced by
urrent and past land cover, chemical applications, and soil con-
itions.
ators 11 (2011) 1277–1289

Seven indicators of water quality and quantity are recom-
mended: stream concentrations of nitrate, total phosphorus,
suspended sediment, and herbicides; peak storm flow; minimum
base flow; and consumptive water use (Table 2). These indicators
were selected based on their ability to reveal changes in several
environmental properties that might occur as a result of bioen-
ergy crop management: water availability, water potability, aquatic
biodiversity, eutrophication, dissolved oxygen, soil erosion, sedi-
ment loading, soil leaching potential, soil porosity, and soil water
holding capacity. In selecting these indicators, we assume that in
most cases, water from feedstock production sites will drain into
streams (some of which may be only ephemeral) before reaching
lakes, estuaries, or other lentic waters.

Concentrations of nitrate and total phosphorus (P) in streams
are indicators of potential eutrophication. Whereas aquatic sys-
tems respond to nitrogen (N) in other forms, nitrate is usually
the most abundant form, relatively inexpensive to measure, highly
mobile, and expected to be sensitive to the management of bioen-
ergy feedstock systems. Furthermore, nitrate in drinking water
is also associated with health risks such as methemoglobinemia
(Ward et al., 2005). In streams, total P includes dissolved phos-
phate, organic phosphorus, and phosphate sorbed to suspended
sediment. Measurement of total P in streams is especially important
during storm events, because P export during storm events tends to
dominate watershed P export and is sensitive to crop management
practices (Sharpley et al., 2008).

Recent meta-analyses suggest that lotic, lentic and coastal
marine ecosystems are generally responsive to both N and P
(Francoeur, 2001; Elser et al., 2007). Environmental effects of
eutrophication were reviewed by Smith et al. (1999) and are
characterized by increased biomass of algae, periphyton, and/or
phytoplankton, decreased dissolved oxygen, and death of fish and
other animals. In the U.S., the contributions of N and P export to
hypoxia in the Gulf of Mexico are of particular concern (Alexander
et al., 2008; Dale et al., 2010a).

Concentration of herbicides in streams measures exposure of
aquatic life to these chemicals and their potentially toxic effects.
Most pesticide use in the U.S. consists of herbicides. In 2000 and
2001 combined, 62% of conventional pesticides used (by mass of
active ingredient) consisted of herbicides (Kellogg et al., 2000; Kiely
et al., 2004). Schäfer et al. (2007) found that various pesticides,
including herbicides, were detrimental to stream macroinverte-
brate community structure and ecosystem function when they
occur at concentrations lower than those previously known to have
such effects. Measuring herbicide concentrations is expensive, and
therefore we recommend that only herbicides known to be used or
of concern in a given area should be measured.

Suspended sediment concentration is an indicator of stream
habitat quality. Siltation diminishes interstitial space in stream sub-
strata, impairs fish spawning grounds, and reduces the ability of
sessile benthic organisms to attach to streambeds. Increased tur-
bidity reduces the ability of benthic plants and attached algae to
photosynthesize. Reduced benthic productivity and biodiversity
can reduce available food for grazing organisms. Suspended sedi-
ment also clogs the gills of fish and hinders nutrient uptake by filter
feeders. These and other effects of sediment load in lotic environ-
ments were reviewed by Wood and Armitage (1997). In addition
to its adverse effects on aquatic habitat, suspended sediment also
serves as an indicator of soil erosion, which can be used to assess
the sustainability of bioenergy systems (Smeets and Faaij, 2010).

In addition to concentrations of nitrate, total P, herbicides,
and sediments, export levels per unit watershed area of these

substances are also important. Whereas concentrations are indi-
cators of the effects these substances may have on the streams in
which they are measured, export levels are related to the effects of
these substances on downstream bodies of water (e.g., hypoxia in
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he Gulf of Mexico or propagation of sediment downstream dur-
ng flushing events). Area-specific export levels can be calculated
y multiplying stream concentrations of each substance by flow
easurements and dividing by total watershed area. Because esti-
ating watershed area is straightforward and flow measurements

re recommended as indicators in the following paragraph, we do
ot treat these area-specific export levels as separate indicators.

Two flow properties, peak storm flow and base flow, are indica-
ors of environmental effects of changes in soil and crop hydrologic
rocesses. Base flow is related both to availability and quality of
quatic habitat and to the availability of water for human use.
hese two issues are considered separately. Interpreting flow mea-
urements requires also measuring rainfall on similar timescales in
rder to separate the effects of rainfall from those resulting from
hanges in soil and crop hydrologic properties.

Increased peak flow during storm events can be caused by
ecreased infiltration and water holding capacity in soil. High peak
ows during storms can increase erosion (de Lima et al., 2003) and
ediment loading (Lawler et al., 2006). In addition, high peak flows
an reduce benthic organism biomass and habitat as a result of
treambed scouring and can contribute to potential flood damage
ownstream.

As an indicator of water quality, base flow should be considered
t its minimum, often occurring in summer or early fall, because
otic habitat quality can be limited by minimum base flow (Bunn
nd Arthington, 2002). During periods of low base flow, dissolved
xygen levels in streams are usually at their lowest due to lower
ates of oxygen diffusion into water from the atmosphere and
reater depletion of available oxygen supplies in water from respi-
ation by aquatic organisms. Very low dissolved oxygen levels can
ead to stress or death of some aquatic organisms, particularly fish.

In addition to its utility as an indicator of lotic habitat qual-
ty, base flow also serves as one of two measures of consumptive

ater use, the seventh recommended water-related indicator. Con-
umptive water use in bioenergy systems, mostly during feedstock
roduction and in biorefineries, may affect the amount of water
vailable for other human uses (Berndes, 2002; de Fraiture et al.,
008; Stone et al., 2010). Changes in base flow can reflect consump-
ive water use in feedstock production. For this purpose, base flow
hould be considered throughout the growing season. It should
lso be measured sufficiently downstream to capture both irri-
ation return flow (Huffaker, 2010) and the surface discharge of
roundwater sources drawn upon by deep-rooted crops.

Water withdrawn from public sources is recommended as an
ndicator reflecting consumptive water use in biorefineries (NRC,
008b). Most consumptive water use in biorefineries consists of
vaporation from cooling towers and dryers/evaporators during
istillation (NRC, 2008b; Wu et al., 2009). Total water withdrawal

s typically metered and easily reported by biorefinery managers.
ot all water withdrawn represents consumptive use; however,

he extent to which water withdrawal overestimates consump-
ive use is decreasing as water recycling in biorefineries increases
NRC, 2008b). Consumptive water use in biorefineries can be locally
ntense (NRC, 2008b).

Standard methods for measuring nitrate, total P, suspended sed-
ment, and several common herbicides can be found in Eaton et al.
2005). Techniques for measuring stream flow can be found in
uchanan and Somers (1969) and Hudson (1993).

.3. Indicator of greenhouse gas flux

Estimated net carbon equivalent (Ceq) flux to the atmosphere

s recommended to measure the effect of bioenergy systems on
tmospheric concentration of greenhouse gases that contribute
o climate change (IPCC, 2007) (Table 2). The direct and indirect
nvironmental effects of elevated atmospheric Ceq concentrations
ators 11 (2011) 1277–1289 1281

differ regionally, but, because the atmosphere is well-mixed, those
effects do not depend on the locations of Ceq release or seques-
tration. Therefore, Ceq release and sequestration throughout the
bioenergy supply chain can be summed, and the marginal envi-
ronmental effects of those fluxes can be estimated using standard
global climate models. Hansen et al. (2006) and McMichael et al.
(2006) discuss the expected effects of increasing greenhouse gas
concentrations on climate, environment, and human health, such
as increases in temperature, sea level, extreme weather events,
species loss, and disease.

To estimate net Ceq flux associated with bioenergy, we rec-
ommend that nitrous oxide (N2O) flux and carbon dioxide (CO2)
flux be considered. N2O is emitted directly from soil during both
nitrification and denitrification (Bouwman et al., 2010), as well as
indirectly when volatilized nitric oxide and nitrogen dioxide (NOx)
and ammonia (NH3) are deposited offsite and converted to N2O
or when leached nitrate is denitrified in waterways (Adler et al.,
2007). In agricultural systems, N2O emissions are strongly depen-
dent on the amount of N fertilizer applied to the soil (Crutzen
et al., 2008). In addition to application-related emissions, N2O is
also released, typically in smaller amounts, during the production
of nitrate fertilizers, specifically during the intermediate step of
nitric acid production (Snyder et al., 2009).

The bioenergy supply chain also contains several sources and
sinks for CO2 that must be considered in estimating net greenhouse
gas flux. Where feedstocks are produced, these sources and sinks
include changes in carbon stocks in biomass and soil, dissolution
of agricultural lime, and fossil fuel used in sowing, tilling, harvest,
and application of soil inputs. Offsite sources upstream from feed-
stock production include fossil fuel used in the manufacture and
transport of agricultural inputs such as fertilizer, pesticide, seed,
and agricultural lime. Offsite sources downstream from feedstock
production include fossil fuel used in processing (such as at biore-
fineries) and in the transportation of feedstock and fuel. In addition,
electricity must be generated off-site for use in all stages of the sup-
ply chain. This list of sources and sinks is an extension of that used
by West et al. (2010) for agriculture. The exclusion from this list of
carbon fixed in photosynthesis or released through the oxidation
of biomass is consistent with the assumption of other researchers
(e.g., West et al., 2010) that any difference between these two quan-
tities is represented by changes in soil or standing biomass carbon
stocks.

Estimated values for these various sources and sinks of N2O and
CO2 can be collected and summed using the life cycle assessment
(LCA) approach. Standard and useful tools for LCA are multidimen-
sional spreadsheet models such as the GREET (Greenhouse gases,
Regulated Emissions, and Energy use in Transportation) and GHGe-
nius software models, which are designed to address full fuel cycle
(or well-to-wheels) effects (Wang, 2002; Stanciulescu and Fleming,
2006). These spreadsheet models have advantages in that they
are user-friendly, publicly available, straightforward, and relatively
transparent. By default, such spreadsheet models often have built-
in statistical submodels that can be retained or overridden with
measured values or with the results of more sophisticated, exter-
nal submodels. This flexibility allows users simultaneously to take
advantage of information relevant to a given problem and to make
use of standard estimates where problem-specific information is
not available.

Some default values in spreadsheet models are best replaced
with empirical measurements where available. For example, soil
carbon measurements are recommended as an environmental indi-
cator of sustainability in part because they relate not only to several

aspects of soil quality but also to greenhouse gas flux. Assuming soil
carbon measurements are made, the accuracy of site-specific LCAs
can be improved by substituting those measurements for statisti-
cally modeled estimates in spreadsheet models.
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Default emission factors in spreadsheet models for N2O released
rom soil can be replaced with empirical measurements or with

ore sophisticated models when appropriate data are available.
efault factors may be based on straightforward statistical models

hat estimate N2O emissions from N fertilizer application rate alone
Wang et al., 2008). Such approaches are appropriate for global
missions but fail to capture important site- and management-
pecific variations in the relationship between applied N and N2O
ux (Del Grosso et al., 2010). Ideally, local N2O emissions are mea-
ured empirically, but the two common methods for measuring
2O emissions face practical challenges: eddy covariance towers

e.g., Eugster et al., 2007) are expensive to establish and main-
ain, and chamber measurements are also expensive when enough
hambers are used to detect the effects of “hotspots,” small areas
ith high N2O emissions compared to surrounding soil (Neftel

t al., 2007; Hellebrand et al., 2008). Because of these challenges,
odels are often used to estimate soil N2O flux from agronomic sys-

ems, including bioenergy production (Adler et al., 2007; Bouwman
t al., 2010). The simulation model DAYCENT (Parton et al., 1998)
as been used to estimate soil N2O flux from various bioenergy
rops, using as inputs daily weather simulations, soil texture and
ydraulic properties, crop growth dynamics, N application rate,
arvest schedule, and tillage (Adler et al., 2007). However, mod-
ling of N2O emissions faces “tremendous challenges” because
he potentially confounding influences and interactions of several
actors (such as the pore space characteristics, bulk density, tem-
erature, pH, and carbon content of soil) are not well understood
Farquharson and Baldock, 2008). As data become more widely
vailable, measurements should be used to validate modeled esti-
ates of N2O flux (e.g., Del Grosso et al., 2010).
In addition to CO2 and N2O, methane (CH4) can be important

n calculating Ceq emissions. In bioenergy systems, CH4 is emitted
rimarily when solid biomass is burned on small scales, such as for
omestic cooking and heating, or when open biomass burning is a
art of feedstock production. In these cases CH4 may be a small but
ignificant contributor to Ceq flux, contributing 14% or less of total
ombustion-related Ceq emissions (Yevich and Logan, 2003; Ito and
enner, 2004; Macedo et al., 2008). Changes in land management
ay alter the balance of methanogenesis and methanotrophy in

oil, but such changes typically do not affect the Ceq balance of
ioenergy systems as much as do changes in CO2 and N2O fluxes
Ussiri et al., 2009; Cherubini, 2010; Shurpali et al., 2010).

Estimates of net Ceq flux from bioenergy systems based on
CAs differ, even for similar systems. Reviews of greenhouse gas
CAs for bioenergy have sought to identify sources of those differ-
nces (Liska and Cassman, 2008; Cherubini et al., 2009; Davis et al.,
009; Gnansounou et al., 2009). Differences in system boundaries
ere important (e.g., inclusion of co-products and use of economic
odels to attempt prediction of indirect land-use changes). Most

eviews also cited differences in the treatment of reference con-
itions (i.e., displaced fossil fuel systems). Such methodological
hallenges compound challenges in accurately estimating com-
onents of Ceq flux, such as soil carbon and N2O emission from
oils. Despite these difficulties, the openness and flexibility of
reenhouse gas LCAs makes them an appropriate tool for differ-
nt stakeholders to evaluate and compare the Ceq flux of different
ioenergy systems.

.4. Indicators of biodiversity

Measures of biodiversity are valuable indicators of sustainability
n agroecosystems (Biala et al., 2005). Biodiversity can relate to any

ype of organism, including plants, animals, fungi, and microbes.
iodiversity indicators are useful in comparing different agricul-
ural systems because, in addition to being valued for its own sake,
iodiversity is affected by other environmental changes such as
ators 11 (2011) 1277–1289

erosion, nutrient loss, and land-use change. Bioenergy systems are
likely to affect biodiversity in several ways. For example, feedstock
cultivation in extensive monocultures or pollution from biorefiner-
ies may cause loss of species, changes in abundance of species,
and habitat degradation or loss. By contrast, appropriately man-
aged perennial bioenergy cropping systems can improve habitat for
some species, such as grassland birds (Murray et al., 2003). For the
purpose of selecting biodiversity indicators, we focus on the direct
effects on biodiversity of land-use changes involved in the produc-
tion or procurement of feedstocks because those effects are likely
to be measurable in the short term and can be spatially extensive.

The presence and habitat area of taxa of special concern are
recommended as indicators to measure the effects of bioenergy
systems on biodiversity (Table 2). The actual taxa that are of special
concern vary in identity and number by site and region. Examples
include rare native species, biodiversity-related keystone species,
and taxa that are part of bioindicators. These three examples are
defined and discussed below. Other taxa of special concern include
species of commercial value, cultural importance, or recreational
value.

Native species that are locally or globally rare (whether natu-
rally or through human activity) or that could become rare due to
bioenergy system implementation are examples of taxa of special
concern. Rare or potentially rare species may be at greater risk of
extinction (local or global) than common species; therefore, mon-
itoring their presence may lead to a relatively larger probability
of capturing a decrease in biodiversity due to their extirpation. In
an effort that focused on rare species at risk [using the definition
of Master (1991)], Lawler et al. (2003) found that habitat of at-
risk species correlated well with the habitat of other species in the
Middle Atlantic region of the U.S., thus serving as an indicator of
biodiversity beyond the at-risk species themselves.

Biodiversity-related keystone species are another example of
taxa of special concern. Power et al. (1996) defined a keystone
species as “one whose impact on its community or ecosystem
is large, and disproportionately large relative to its abundance.”
Power et al. (1996) explained that “impact” can be defined with
respect to various ecosystem traits. Here we are interested in
species with disproportionate effects on biodiversity, such as the
gopher tortoise (Gopherus polyphemus) in the southeastern U.S.,
whose burrows provide habitat for a large number of other species
(McCoy and Mushinsky, 2007), or other ecosystem engineers such
as prairie dogs (Cynomys spp.) in arid grasslands (Bangert and
Slobodchikoff, 2006; Shipley and Reading, 2006). The impact of the
loss of such a species from an ecosystem can be amplified by the
resultant loss of other species.

Other taxa of special concern are those that comprise what are
commonly termed “bioindicators,” which are taxa frequently used
to monitor the condition of an environment or ecosystem. Bioindi-
cators often consist of aquatic taxa and are used to assess the
impacts of anthropogenic stresses on water quality. The presence
of some taxa in aquatic systems downstream from bioenergy feed-
stock production may indicate positive effects of bioenergy systems
(e.g., if bioenergy land management results in less chemical or sed-
iment loading than prior land use). The presence of other taxa may
indicate negative effects of bioenergy (e.g., if crops require more
fertilizers, herbicides or pesticides than prior land use).

In addition to aquatic organisms, other generalizations can be
made about types of taxa likely to be affected by bioenergy systems,
even though the selection of particular indicator taxa is inherently
site- or region-specific. Organisms likely to be affected include
aquatic animals, arthropods (Gardiner et al., 2010), birds, small

mammals, and ground flora (Semere and Slater, 2007).

For many species of special concern, it is more feasible to mea-
sure the extent of suitable habitat than to measure the presence or
abundance of a taxon directly. For example, Turlure et al. (2010)
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emonstrated the validity of using habitat area as a proxy for pop-
lation size for two vulnerable peat bog butterflies. By showing
hat habitat area worked best as a proxy when defined according
o functional resources rather than host plants, their study empha-
ized the importance of carefully defining suitable habitat. Because
pecies of special concern in different systems differ widely in habit,
ethods for measuring presence and habitat area of those taxa also

iffer.

.5. Indicators of air quality

Most air pollutants resulting from bioenergy use derive directly
r indirectly from combustion in feedstock production and pro-
essing as well as in final use (e.g., powering vehicles by burning
iquid biofuels). Carbon monoxide, tropospheric ozone, and two
ractions of suspended particulate matter (PM10 and PM2.5) are rec-
mmended as indicators to measure the effects of bioenergy on air
uality (Table 2).

Almost all carbon monoxide (CO) emissions related to bioenergy
erive from combustion. Combustion throughout the bioenergy
upply chain includes combustion of biofuels for vehicles, heat,
nd electricity, as well as the combustion of fossil fuels used in
he production of bioenergy. However, CO emissions from cars and
ther transportation sources have been virtually eliminated with
he advent of the catalytic converter in the 1970s and replacement
f the legacy fleet. CO is a minor contributor to climate change,
ut it is of environmental concern primarily for two reasons. First,

t has severe effects on human health in high concentrations and
ay also be harmful at low, chronic concentrations (Townsend and
aynard, 2002; Chen et al., 2007). Second, it is a precursor to ozone

roduction, as discussed below. The emission of CO in biofuel com-
ustion varies widely based on fuel type and combustion method.

n some cases, an increase in the overall efficiency of a combus-
ion process can have a counterintuitive inverse relationship with
O emissions (Venkataraman and Rao, 2001). Because present-day

iquid biofuels are oxygen-containing compounds, burning biofuel
ither as an additive to petroleum products or as a primary fuel
an result in lower CO emissions than burning pure gasoline or
etroleum diesel fuel.

Tropospheric ozone is an important pollutant and is also asso-
iated with smog and haze. Ozone can aggravate or damage
he respiratory system and can also damage vegetation, poten-
ially reducing crop yields and biodiversity. Tropospheric ozone
s formed by the reaction of nitric oxide and nitrogen dioxide
NOx) with non-methane organic gases (NMOGs) (Atkinson, 2000)
r with CO (NRC, 1977). These compounds are emitted in varying
mounts from all combustion processes involved in the production
nd use of bioenergy. NOx is particularly associated with distilla-
ion processes for ethanol production. The reaction of these ozone
recursors may occur far from emission sources; therefore, NOx

ssociated with bioenergy may react with NMOGs or CO from
nrelated sources or vice versa. Ambient air quality standards for
zone in the U.S. (EPA, 2010) have been growing stricter, and many
egions, mostly urban, have entered or will enter non-attainment
tatus for ozone. Thus, any effect of bioenergy production or use on
mbient ozone levels will be closely monitored by regulators.

PM2.5 measures mass per unit volume of all airborne particles
ess than 2.5 �m in diameter, also known as the fine particle frac-
ion. Fine particles can be emitted directly from point sources;
uch particles (soot, for example) are called “primary” (Seinfeld and
ankow, 2003). Fine particles such as ammonium nitrate, ammo-
ium sulfate, and secondary organic aerosols (SOA) are formed
n the atmosphere from gaseous emissions and are known as
secondary” (Seinfeld and Pankow, 2003). Bioenergy systems can
ontribute to fine particulate pollution through solid biomass com-
ustion or through the emission of various secondary particulate
ators 11 (2011) 1277–1289 1283

precursors through biofuel combustion (i.e., NMOGs leading to
SOA), through burning of fossil fuels during feedstock production
or processing [i.e., oxides of sulfur (SOx), NOx], or from soil bio-
chemical processes during feedstock production (i.e., ammonia).
Fine particles are associated with increased mortality due to lung
cancer, cardiopulmonary disease, and other factors (Pope et al.,
2002). This association with increased mortality is especially strong
for fine particles associated with combustion (Laden et al., 2000).
Because the diameters of fine particles in the atmosphere are close
to the wavelengths of visible light, fine particles also scatter light
effectively and typically reduce visibility more than larger particles
(Malm, 1999).

PM10 measures mass per unit volume of all airborne particles
less than 10 �m in diameter and thus includes those particles mea-
sured by PM2.5. In addition to fine particles, PM10 includes coarse
particles, those between 2.5 �m and 10 �m in diameter. Agricul-
tural systems can affect this coarse fraction through tilling and solid
biomass combustion (Aneja et al., 2009). As with the fine fraction,
the coarse fraction can affect human respiratory health, though
health effects may be restricted to the short term (Brunekreef
and Forsberg, 2005). Coarse particles also impair visibility, though
also to a lesser extent than fine particles (Malm, 1999). The lesser
environmental concerns relating to coarse particles, as well as the
confounding inclusion of both fine and coarse particles in PM10, are
drawbacks to using PM10 as an indicator of environmental aspects
of bioenergy sustainability. Nonetheless, we recommend its use for
two reasons. First, the coarse fraction may have greater influence on
health and visibility issues where it dominates the fine fraction in
abundance, such as on feedstock production sites and where solid
biomass is burned. Second, because of historical Environmental
Protection Agency (EPA) regulations in the U.S., more infrastruc-
ture exists to measure PM10 than to measure PM2.5; therefore, even
where the fine fraction is of primary concern, PM10 may serve as a
rough but affordable proxy measure of the fine fraction.

Methods for measuring CO, tropospheric ozone, PM2.5, and PM10
vary by location. Extensive ambient air monitoring networks have
been installed in many regions of the U.S. (AIRNow, 2010) as well as
in Europe. The U.S. EPA requires large emitters such as biorefiner-
ies to report emissions of some pollutants. Feedstock producers
can report equipment usage, which can be combined with data
sources such as the EPA’s Mobile Source Observation Database
(MSOD) to calculate emissions of CO and primary PM2.5. Because
tropospheric ozone and much PM2.5 are created at a regional scale
from locally emitted precursor pollutants, models such as Com-
munity Multiscale Air Quality (CMAQ) (Appel et al., 2007, 2008)
must be employed to connect regional PM2.5 and tropospheric
ozone measurements to bioenergy-related precursor emissions.
Emissions from liquid biofuel combustion in mobile sources can
be estimated from country-scale estimates of consumption by fuel
type combined with estimates of emissions from those fuels (Niven,
2005; Anderson, 2009; Gaffney and Marley, 2009). Emission esti-
mates by fuel type should also be country-specific, as emissions
vary with atmospheric conditions and policy-influenced design fac-
tors. For example, in some countries ethanol is consumed as an 85%
blend with gasoline in specially equipped vehicles, whereas in other
countries ethanol may be blended at lower levels with gasoline and
consumed in all vehicles.

3.6. Indicator of productivity

One indicator, aboveground net primary productivity (ANPP), is
recommended to assess the ecosystem productivity of bioenergy-

associated land use (Table 2). The selection of this indicator is
motivated by the importance of net primary productivity (NPP),
which is defined as the net flux of carbon from the atmosphere into
green plants per unit time and measures the rate of production of
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seful net energy by all plants in an ecosystem. NPP is a measure of
he condition of both the land (e.g., soil fertility, topography, vegeta-
ion type, and prevailing weather conditions) and several ecological
rocesses (including photosynthesis and autotrophic respiration as
ffected by local hydrology and temperature). Cramer et al. (1999)
oted that “a better grasp upon the controls and distribution of . . .
PP . . . is pivotal for sustainable human use of the biosphere.”

NPP manifests physically as total new plant biomass generated
y photosynthesis per unit time (typically measured per year). Even
o, the continual death and decay of plant tissue, especially below-
round, as well as the import and export of organic compounds
o and from the environment, make direct measurement of NPP
ifficult (Clark et al., 2001; Scurlock et al., 2002; Matamala et al.,
003).

Because of these and other challenges in directly measuring NPP,
NPP is often used as a substitute for NPP. Even measuring ANPP
ccurately is not trivial; however, certain difficult-to-measure com-
onents of ANPP (e.g., biomass consumed by herbivores or that dies
nd decomposes during the growing season) are often assumed to
e small enough to ignore (Clark et al., 2001; Scurlock et al., 2002).

In agricultural systems, producers routinely measure yield,
hich in the case of biomass crops can serve as a proxy for ANPP.

or some bioenergy systems in which not all aboveground biomass
s harvested, such as corn starch ethanol, harvest indices are avail-
ble for specific sites and systems (e.g., Pordesimo et al., 2004). A
arvest index is the ratio of dry grain mass to total dry aboveground
iomass for a given crop, and it varies somewhat with local vari-
ties, conditions and management practices (Prince et al., 2001).

Because ANPP can be roughly approximated for both managed
nd unmanaged ecosystems, it provides a simple way to compare
cosystems that may differ dramatically in many respects. In cases
here bioenergy feedstock crops replace less intensively managed

cosystems, the yield or estimated annual aboveground biomass of
he feedstock crop can be compared to the ANPP of the prior ecosys-
em, measured either before bioenergy system implementation or
n similar nearby proxy sites. Coupled with harvest indices to esti-
ate NPP based on ANPP, such comparisons can also serve as one

omponent for calculating the effects of land-use change on carbon
ioxide flux.

. Discussion

.1. Developing and testing suite of indicators

These 19 indicators collectively represent how bioenergy sys-
ems may affect environmental sustainability with respect to soil
uality, water quality and quantity, greenhouse gas concentra-
ions, biodiversity, air quality, and productivity. Transitions from
ossil-fuel based energy systems to bioenergy systems can affect
nvironmental sustainability because of increases or decreases in
arious anthropogenic stresses, including resource exploitation;
hanges in land use, water use, and disturbance regime; and emis-
ions of waste, pollutants, and greenhouse gases. Measured over
ime, this suite of indicators should reveal many of the effects of
hanges in these stressors not only pertaining to the current state
f ecosystems but also relating to their resilience (Folke et al., 2004).

The suite of indicators presented here was selected with the goal
f being useful in reflecting the environmental sustainability of a
ide range of bioenergy systems. Even so, it is clear that particu-

ar applications may require modifications to the proposed suite of
ndicators as discussed in Section 4.2. The range of bioenergy sys-

ems includes variation in management and environmental context
uch as differences in feedstock choice, tillage and inputs, process-
ng pathways, past land use, climate, and soil type. The desired
tility of the suite of indicators across this range of systems includes
ators 11 (2011) 1277–1289

the extent to which the indicators provide information as expected
regarding environmental effects of concern as well as whether any
indicators in the suite prove redundant with each other. It also
includes the extent to which indicators are feasible, given available
resources of money, time, access, and expertise. The success of this
indicator suite at meeting these goals must be evaluated through
field testing before it can be adopted.

Field testing consists of measuring the full suite of indicators in
a set of established or pilot bioenergy systems. This set of systems
should represent the range of potential production pathways and
may require testing at various scales. One test with respect to feed-
stock production would consist of replicated pairs of experimental
watersheds with each pair including a watershed that supports
bioenergy production and a watershed that does not. Watersheds
represent an ideal spatial resolution of focus for water quality and
quantity indicators, which are most easily interpreted in the con-
text of whole-watershed treatments.

In addition to assessing whether the suite meets goals relating
to information and feasibility, field testing can also help in estimat-
ing variability and establishing appropriate targets for the suite of
indicators in the context of particular bioenergy systems. By “vari-
ability” we mean the dispersion of an indicator’s values both among
the variety of bioenergy systems and within those with similar
environmental and management context. Estimates of variability
are needed to calculate the power of statistical tests performed to
compare indicators over time, among different bioenergy systems,
or between bioenergy systems and alternative land uses or energy
sources.

Targets reflect knowledge about the sustainability of bioenergy
systems given possible values of indicators and inform manage-
ment responses to those values. Targets, along with guidelines for
management actions, can be part of a comprehensive set of best
management practices (BMPs) for bioenergy systems. Some tar-
gets take the form of thresholds or ranges, where measurements
below, above, or between certain points are acceptable. Other tar-
gets might take the form of desired trends; for example, a target
might be a continued increase in soil carbon over several years.
Because the indicator suite presented here should be interpreted
as an integrated whole, targets for each indicator depend on the
overall effects of bioenergy systems on the environment as mea-
sured by the full suite of indicators, as well as on economic and
social aspects of sustainability, as discussed in Section 4.4.

Finally, experience from field testing can also help in establish-
ing detailed protocols for measuring the values of the indicators.
In this paper we have provided references to standard methods for
some indicators, but important details are left unspecified (e.g., fre-
quency of measurement). Establishing more detailed protocols is an
iterative process that should be part of field testing but should also
extend into subsequent use of the suite of indicators. Standard-
ization of protocols is desirable to increase comparability among
indicator values estimated from different bioenergy systems. On
the other hand, different situations require somewhat different
methods, as discussed in Section 4.2.

The proposed indicator suite will undoubtedly be modified over
time as knowledge and technology develop. As experience is gained
with bioenergy systems and sustainability assessments, it will
likely become apparent that some indicators measure attributes
that are important but not changing with some bioenergy pro-
duction pathways. And new indicators may prove necessary to
measure conditions that change in unexpected ways. It may be use-
ful to eliminate indicators in the former case and to add others
in the second case in order to provide more detailed informa-

tion about unexpected effects of bioenergy systems. In addition,
advancements in technology will allow updates of the suite of
environmental indicators for bioenergy sustainability. Ease of mea-
surement is one reason that certain indicators have been chosen
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ver others. More advanced and cost-effective instrumentation
ay allow for the replacement of some indicators identified here by

thers that measure related environmental effects more directly.

.2. Adapting the suite of indicators for particular situations

The suite of 19 indicators presented here is not intended to be
pplied directly to particular bioenergy systems and management
oals. Instead, this suite is intended as a basis or starting point for
he selection of indicator suites for particular situations, which may
equire a subset or expansion of this proposed indicator suite. The
hoice of indicators for those suites may be driven by environmen-
al context as well as cost. There are several advantages to giving
pecial weight to a standard set of indicators when selecting indic-
or suites for specific purposes. First, to the extent that a standard
uite has been field tested in a variety of conditions, stakeholders
an have greater confidence in their suitability for similar scenar-
os. Second, if sets of indicators chosen for different applications are
imilar, their measured values are more likely to be comparable.
inally, improved coordination among those selecting indicators
ill improve coherence and efficiency in certification of sustainable

iomass, avoid proliferation of redundant or nonaligned standards,
nd provide direction for the appropriate approach (van Dam et al.,
008).

The context of particular bioenergy systems and accompanying
nvironmental concerns may suggest the selection of additional
ndicators beyond the 19 presented here. For example, indicators
hat measure contamination by heavy metals may be useful in sys-
ems where sewage sludge is used as fertilizer (McBride, 1995) or
here bioenergy crops are expected to filter or immobilize contam-

nation from other sources (e.g., Wu et al., 2003). Where genetically
ngineered feedstocks are grown, it may be important to moni-
or the spread of engineered genes and their effects on ecosystems
Snow et al., 2005). Similarly, where concern exists that feedstocks

ay become invasive in a given area (Barney and Ditomaso, 2008;
imberloff, 2008), their presence beyond the feedstock production
ite should be monitored. Where feedstock production is expected
o exacerbate or ameliorate other biological invasions, it may be
imilarly important to monitor those invasive species on or near
eedstock production sites. When water for irrigation is withdrawn
rom deep aquifers whose discharge to surface water is too slow or
istant to be captured by base flow, groundwater levels should be
onitored as an additional measure of consumptive water use.
By contrast, cost and management goals may require the elim-

nation of some indicators. There are large costs involved in
stablishing a rigorous scientific monitoring of soil quality, water
uality and quantity, greenhouse gases, biodiversity, air qual-

ty, and productivity. For example, although water indicators are
mportant, they can be especially expensive to measure. Calculat-
ng flows, concentrations, and exports may require combinations of

easurements using flumes or weirs, in situ instrumentation, and
eriodic sampling surveys, all in multiple locations and with high
emporal resolution (Haan et al., 1994). The costs and feasibilities of

easuring other indicators vary with different bioenergy systems.
or example, the cost of accurately estimating net Ceq emissions
aries depending on whether relevant data on fossil fuel consump-
ion and feedstock management are readily available or must be
ollected specifically for indicator assessment. Similarly, the fea-
ibility of estimating the abundance or habitat area of species of
pecial concern depends on whether such species are already iden-
ified in a given system as well as the form and habit of those
pecies.
In addition to adding or removing indicators to the suite, differ-
nt situations and goals also require modifications to the protocols
sed in applying indicators. For example, measuring productivity in
orests requires different techniques than measuring productivity
ators 11 (2011) 1277–1289 1285

in crops. In addition, cost constraints of efforts to estimate the suite
of indicators may call for different methodologies relating to trade-
offs between the cost, precision, and accuracy of specific protocols.
Stakeholder goals may affect protocols as well. For example, bioen-
ergy systems are often envisioned as integral parts of sustainable
landscape designs (Dale et al., 2010a). Consideration of landscape
patterns and diversity in planning feedstock production systems
may result in environmental benefits such as increased biodiver-
sity and decreased erosion and runoff pollution (Firbank, 2008;
Dale et al., 2010b). To assess the success of management practices
that consider landscape design, indicators might best be applied to
extents larger than individual bioenergy operations.

4.3. Interpreting the suite of indicator measurements

Indicators should be interpreted in view of baseline conditions
and the particular context of a proposed bioenergy system. Base-
line conditions are a set of observations or data that are used
for comparison to new activities or for a reference case. With
regard to the environmental sustainability of bioenergy, base-
line conditions attempt to characterize environmentally relevant
aspects of a situation in which a given bioenergy system had not
been implemented. Ideally, a comparison between indicator values
and baseline conditions should reveal the marginal environmental
effects of a bioenergy system. Some baseline conditions can be rep-
resented by initial values of indicators if measurements are taken
before bioenergy operations are initiated. For example, indicators
that characterize land-use attributes, such as those relating to soil
and water, can be measured prior to bioenergy-related land-use
change. As a proxy, when initial values of indicators are not avail-
able, baseline conditions can be measured in areas that are similar
to the prior state of production land – most often at a nearby
location that has similar weather, topography, soils, vegetation,
drainage area/hydrology, and management practices as the initial
conditions of the bioenergy production site. Similarly, air quality
indicators, especially important in relation to processing facilities
such as biorefineries, can be measured before the facility is brought
on line or at a suitable proxy site; however, the complex regional
dynamics of air pollutants such as ozone and PM2.5 may complicate
the selection of such sites.

Because business-as-usual scenarios for energy are based on
fossil fuels, the baseline for bioenergy sustainability should con-
sider environmental implications of fossil fuel exploration, drilling,
mining, production, transportation, and use (Gorissen et al., 2010).
However, data are rarely available to determine the full environ-
mental effects of fossil fuel systems. Even so, life cycle assessment
(LCA) for fossil fuel systems demonstrates that the environmen-
tal effects of those systems vary widely with geography and other
factors (Furuholt, 1995).

In addition to baseline conditions, contextual variables must
be used to interpret indicator measurements. Contextual variables
measure characteristics of the operation of a bioenergy system that
may affect the value of an indicator. Some contextual variables
change with time but are beyond the direct control of operation
managers. As an example, information on rainfall intensity and fre-
quency is used to interpret measures of stream flow. Similarly, soil,
water, and biodiversity indicators depend on disturbance regimes
including the frequency and intensity of fire and floods. Some
contextual variables are site characteristics that change little or
not at all over time (e.g., land-use history, soil texture, slope, and
aspect) and thus may be measured with lower frequency. Other
contextual variables are aspects of land management, such as crop

choice, tillage intensity, frequency of burning, percentage of residue
removed, and applications of fertilizers, pesticides, and herbicides.
For example, measures of soil nitrogen and stream nitrate should
be considered in the context of the amount of nitrogen fertilizer
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pplied to the soil. These management-related contextual variables
an further be divided into those under the control of bioenergy
peration managers and those under the control of other resource
anagers, such as farmers growing non-bioenergy crops upstream

rom bioenergy crops. Those variables under direct control of bioen-
rgy operation managers serve not only as contextual variables but
lso as objects of manipulation for the application of BMPs. Table 2
ists examples of management-related contextual variables with
espect to each of the indicators presented.

As an indicator of environmental sustainability, measurement of
boveground net primary productivity (ANPP) is especially impor-
ant to interpret along with contextual variables. For example,
ainfall records may allow a decline in feedstock ANPP to be
ttributed to unsustainable soil degradation or to drought or other
onditions beyond the control of land managers. Similarly, increas-
ng ANPP may reflect increasing sustainability if accompanied by
he adoption of precision agriculture techniques or by a shift to
rops or crop varieties better suited for a given site. On the other
and, such an increasing trend may reflect decreasing sustainabil-

ty if accompanied by increases in fertilizer or irrigation input. As
third example, the maintenance of ANPP at relatively consistent

evels in the context of disturbances such as hurricane, drought, or
isease may reflect a resilient agroecosystem.

In response to given management practices, some indicators are
ikely to change in favorable directions and others in unfavorable
irections. Such differences represent the unavoidable tradeoffs
hat make sustainable management challenging. To some extent,
etermining optimal management practice depends on inherently
ubjective judgments on the part of stakeholders regarding the
mportance of different indicators or the extent that options for
otential environmental benefits should be maintained over time.
multivariate analysis of the 19 indicators’ values will provide
basis for stakeholders to discuss characteristics of environmen-

ally sustainable bioenergy systems. Sustainability polygons (also
nown as cobweb polygons, star plots, or radar charts) represent
ne method for visualizing the measured values of suites of indica-
ors as multivariate observations (e.g., Gomez et al., 1996; de Vries
t al., 2010).

.4. Economic and social sustainability

Indicators of environmental sustainability also provide informa-
ion about economic and social sustainability, because economies
nd societies rely on the continued provision of ecosystem ser-
ices, defined as the benefits people obtain from ecosystems (MEA,
005). The indicators of environmental sustainability identified
ere relate to the provisioning, regulating, cultural, and supporting
cosystem services (MEA, 2005) that can be enhanced or degraded
y bioenergy systems. However, because sustainable economies
nd societies rely on conditions other than the provision of ecosys-
em services, indicators of social and economic sustainability are
eeded in addition to the indicators of environmental sustainabil-

ty proposed in this paper (Niemi and McDonald, 2004). Developing
omprehensive suites of sustainability indicators for bioenergy is
he goal of the Roundtable on Sustainable Biofuels (RSB, 2010), the
lobal Bioenergy Partnership (GBEP, 2010), and other national and

nternational organizations. The current paper strives to support
hose efforts by presenting a short list of environmental indicators
hat can be used to evaluate bioenergy systems.

. Conclusion
We identify a suite of 19 indicators in six categories to mea-
ure the environmental sustainability of bioenergy systems. The
uite is intended to be a practical toolset for capturing key
ators 11 (2011) 1277–1289

environmental effects of bioenergy across a range of bioenergy
systems, including different pathways, locations, and management
practices. To evaluate the hypothesis that the suite meets this goal,
and also to help measure variability and establish appropriate tar-
gets, the suite should be field tested in systems spanning a wide
variety of conditions. If the hypothesis is confirmed, the suite can
be implemented more broadly, modified as necessary for particu-
lar contexts. This broader implementation will further two goals.
First, it will help stakeholders judge the relative environmental sus-
tainability of different bioenergy systems, including the question
of which feedstocks, management practices, and post-production
processes are appropriate for different locations as well as the ques-
tion of how bioenergy systems compare with alternative energy
systems. Second, it will help provide an empirical foundation for
indicators designed to assess environmental sustainability based
on the predicted effects of management practices, such as many of
the indicators proposed for use in certifying sustainable bioenergy
systems (e.g., GBEP, 2010; RSB, 2010).
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