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Abstract
Understanding how large-scale bioenergy
production can affect biodiversity and ecosystems is
important if society is to meet current and future sustainable development goals. A variety of bioenergy production
systems have been established within different contexts
throughout the Pan American region, with wide-ranging
results in terms of documented and projected effects on
biodiversity and ecosystems. The Pan American region is
home to the majority of commercial bioenergy production
and therefore the region offers a broad set of experiences
and insights on both conflicts and opportunities for biodiversity and bioenergy. This paper synthesizes lessons
learned focusing on experiences in Canada, the United
States, and Brazil regarding the conflicts that can arise
between bioenergy production and ecological conservation,
and benefits that can be derived when bioenergy policies

promote planning and more sustainable land-management
systems. We propose a research agenda to address priority
information gaps that are relevant to biodiversity concerns
and related policy challenges in the Pan American region.
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Introduction
Nations are examining biomass-based energy options to
increase their energy security, decrease their carbon
emissions, or promote rural development and exports
(Tilman et al. 2009; Fargione et al. 2010; Lankoski and
Ollikainen 2011; OECD/FAO 2011; Lu et al. 2012; Leal
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et al. 2013). Policies that set targets for the increased use of
bioenergy, such as the transportation fuel blending
requirements of the U.S.’s Renewable Fuel Standard in the
2007 Energy Independence and Security Act (US EPA
2010), have raised concerns about negative social and
environmental consequences but also highlighted opportunities for improving current production practices. These
concerns include the 2007–2008 spikes in world food prices, modeling projections of increased nitrogen runoff into
the Gulf of Mexico, and the continued loss of habitat in
important reserves for biodiversity such as Indonesia and
Brazil (Donner and Kucharik 2008; Dale et al. 2010b;
Gutiérrez-Vélez et al. 2011; Tscharntke et al. 2012; Lapola
et al. 2014). Opportunities include the potential for
bioenergy production to improve water and soil quality,
enhance biodiversity and wildlife habitat conservation,
contribute to food and energy security, mitigate climate
change, and decrease environmental degradation associated
with current practices in agriculture and forestry (Kline
et al. 2009; Dale et al. 2014; Souza et al. 2015; Dale et al.
2011, 2010c, 2015).
The tension between agricultural land use and biodiversity conservation areas is relevant in bioenergy discussions, particularly if bioenergy is meant to slow the climate
changes that are expected to impact biodiversity and
ecosystems (Tilman et al. 2009; Tscharntke et al. 2012).
Conversely, biodiversity conservation objectives can limit
the land area available for biomass production (Erb et al.
2012). The ‘‘land sharing versus land sparing’’ debate
revolves around approaches for minimizing agriculture’s
impact on biodiversity and ecosystem services. This is
relevant to bioenergy when native forests or grasslands are
impacted by the biomass supply chain (Taubert et al. 2012;
Tscharntke et al. 2012; Immerzeel et al. 2014). Likewise,
prescriptions for harvesting biomass for bioenergy on
‘‘marginal’’ land to avoid direct competition with food
crops (Tilman et al. 2009; Gelfand et al. 2013) tend to
encounter economic or ecological difficulties, due to low
productivity and socioecological values provided by lands
subjectively defined as marginal (Dale et al. 2010c; Fahd
et al. 2012; Bryngelsson and Lindgren 2013; ButterbachBahl and Kiese 2013). Using agricultural or forestry residue (e.g., corn stover, tree slash and stumps; Tilman et al.
2009) also comes at a cost when the residues are critical for
soil fertility, protecting soils against excessive erosion, and
biodiversity conservation (Reijnders 2013; Victorsson and
Jonsell 2013).
Current Bioenergy Production in Pan America
The Pan American region dominates global production,
particularly for transportation biofuels. The United States
and Brazil together produce nearly 90 % of bioethanol
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worldwide (Fig. 1), and almost 80 % of the total biofuel
production worldwide since 2007 (Fig. 2). On average,
about 40 % of US corn production from the 2011–2013
harvest seasons was processed by mills producing ethanol
(two-thirds by mass) and other co-products (such as animal
feed). After this allocation among co-products, the ethanol
share represents about 9 million ha or 8 % of total area
harvested for major US crops (2011–2013 average) and
about 0.9 % of total US territory (calculations based on
USDA ERS 2014). In the case of Brazil, considering the
sucrose content, it is estimated that 54–57 % of sugarcane
production was used for ethanol in the two most recent
harvests, 2013/2014 and 2014/2015 (UDOP 2015). As the
total area used with sugarcane is currently 10.2 million ha
(IBGE 2015), it can be conservatively estimated that less
than 6 million ha have been used for ethanol production;
this area represents about 8 % of the total area used for
crops and less than 1 % of the Brazilian territory.
In terms of bioenergy for heat and electricity, the United
States and Canada are two of the leading wood pellet
manufacturers in the world, collectively producing roughly
7.8 million tons of wood pellets in 2013 (REN21 2014).
The wood pellet capacity of North America rose rapidly
from roughly 1 million tons in 2003 to over 6 million tons
in 2009, driven mainly by increasing exports to the European Union (EU); 4.7 million tons were exported from
North America to Europe in 2013 alone (Cocchi et al.
2011; Spelter and Toth 2009; Wood Resources International LLC 2014).
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Fig. 1 Regional proportion of world bioethanol production, by
volume. Data source Licht, cited in Renewable Fuels Association,
Ethanol Industry Outlook 2008–2013 reports. Available at www.
ethanolrfa.org/pages/annual-industry-outlook
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Fig. 2 Percent of total global biofuels (all types, for transport)
produced regionally, by volume. Data source U.S. Energy Information Administration, Independent Statistics and Analysis. Available
at: http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm?tid=79&pid=
79&aid=1

Ecology and Land Use in Pan America
Stretching from the Canadian Arctic to the southern tip of
South America, the Pan American region contains a wealth
of species and habitats, many of them endemic to the
Americas. Central and South America (including the Caribbean) is the most diverse region on Earth, supporting over
a third of the species in most taxonomic groups (United
Nations Environment Programme 2010). Climate change is
a prevalent threat throughout Pan America to individual
species, communities, and ecosystems, and many species
are not expected to adjust to the pace of current climatic
changes (Schloss et al. 2012; Grimm et al. 2013; Staudinger
et al. 2013). While one justification to switch from fossil
fuels to biofuels is to reduce net greenhouse gas emissions
and hence slow climate change, the environmental advantages of bioenergy alternatives depend largely on whether
biofuel production contributes to improved management of
previously cleared and disturbed lands or causes net additional clearing and degradation on lands that would otherwise retain high conservation value (HCV) for biodiversity
and carbon storage (Dale et al. 2015). Unsustainable water
use from industry, agriculture, and growing urban populations is also a concern; stresses on water and habitat will be
exacerbated by climate change.

The region’s biodiversity suffers from deforestation
driven by a complex set of interacting social, political, and
economic factors. Despite ongoing pressures from development and significant losses of US forest to urban landscapes, total forest area expanded from 2004 to 2011 as US
ethanol output grew fourfold (RFA 2014; US EPA 2014).
From 2005 to 2011, the US Environmental Protection
Agency reports that net forest area grew by an average of
525,000 ha per year, about 17 % faster than the rate
observed over the prior 15 year period (based on US EPA
2014). However, forest dynamics outside of North America
are quite different. The conversion of natural vegetation
(forest and savanna) to agricultural production in Brazil
follows, in most cases, the von Thünen land rent and
Mather forest transition combined theories described by
Angelsen (2007), and as shown with empirical data analysis for 1975–2006 by Barretto et al. (2013). Decisions to
expand or intensify production for bioenergy are based on
comprehensive management strategies that reflect land
suitability (climate, soil, and topography) in order to optimize potential profitability, placing the intensively managed production into the highly suitable areas. Decisions
also vary over time as they respond to evolving agricultural
production systems in the area, as affected by infrastructure, services, and markets for agricultural supplies and
products. Increased production to meet new bioenergy
demands may occur in new regions (expansion), or replace
other agricultural land use in consolidated regions (Sparovek et al. 2009). Structural threats to forests and biodiversity in Latin America have been associated with illegal
land occupation, logging and clearing, corruption, and
insecure land tenure rights (Bentsen and Stupak 2013).
Brazil offers an interesting case for the history of
feedstock production, because industry growth was spurred
by the 1970’s oil crisis and associated increases in
imported fuel prices (Pessoas-Jr et al. 2005). In response,
the Brazilian government implemented policies to promote
sugarcane alcohol as a substitute for gasoline in the
transport sector (Puppim and de Oliveira 2002; Kline et al.
2008). The resulting National Alcohol Policy helped Brazil
establish infrastructure including physical business and
institutional and technological assets that provided the
foundation for subsequent expansion in more recent years
(Leal et al. 2013). Policies promoting flex-fuel vehicles
were also instrumental in creating market demand for
sugarcane ethanol (Kline et al. 2008) and periods of market-driven growth are associated with consolidation of the
industry in more competitive regions such as the Southeast
(Leal et al. 2013).
The infrastructure, markets (supply and demand), and
cultural values of the producers (risk aversion, formality,
and investment strategy) are different in Brazilian expansion regions compared to regions in the consolidation

123

Environmental Management

phase. Extensive, more informal production chains (e.g.,
cattle beef) which do not require highly suited land for
intensive agriculture characterize agricultural land use
during the expansion phase. A combination of social,
political, and economic factors interact with land tenure
dynamics, regulations and enforcement capacity, and
government infrastructure and credit programs, to generate
initially high rates of disturbance of native land cover.
During this stage, cleared land is typically occupied by
extensive pasture but the economic process of transition
from forest to agriculture also involves extraction of
resources such as timber, wildlife, minerals, wood, and
charcoal; land may be cleared primarily to claim tenure
rights or later payment for ‘‘improvements.’’ Over time,
extraction and extensive agricultural land use give way to
the more consolidated phase as profits are increasingly
based on improving land use efficiency rather than on
resource extraction. Higher land prices and increased
opportunities for trade and employment also support the
transition to the consolidation phase and improved management practices that reduce waste and increase efficiency
of land use (yields). Several dynamics act independently to
influence the efficiency and profitability of the agricultural
land use that is established in this period: informal governance and enforcement of environmental and labor laws;
and temporary economic processes that benefit the transition to the consolidation phase. These dynamics are not
formally included in the von Thünen land rent and Mather
forest transition combined theories.
During the later stages of the forest transition, or consolidation phase, agricultural production intensifies in
response to the following: (a) the loss of the non-agricultural extractive transitional incomes, (b) investments in
infrastructure such as roads, bridges, and communities and
higher land values, (c) intensive technologies and more
demanding and formal markets (e.g., certified markets,
more intense use of mechanization and agricultural supplies such as fertilizers and chemicals), (d) increasing labor
costs and use of specialized workers, and (e) land holdings
are increasingly legitimized, consolidated, and brought into
legal compliance with Forestry Code (the law that regulates
land use) and other regulations, and this often implies the
need for some forest restoration. The combination of these
factors tends to reduce production on less suited land as
these are dedicated to restoration and regulatory compliance. Portions of land initially cleared and maintained with
fire and/or cattle to defend land claims can be allowed to
return to forest, or may be required to be reforested, once
legal titles are recognized during the consolidation phase.
Data aggregation and averaging over large scales or time
periods tend to disguise these two trends. However, these
two dynamics—land clearing transitions followed by consolidation—have been observed around the world for
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centuries. At the national scale, the trend in Brazil became
apparent after 1996 when the total area classified as agricultural production decreased, but total production continued to increase because of productivity gains. The
average national data hide the spatial distribution of two
contrasting patterns that operate simultaneously: consolidation in regions where productivity increases as total
agricultural area decreases; and expansion in regions where
both high and low suitability land areas are cleared for
extraction and extensive agricultural production, primarily
based on cattle pasture (Barretto et al. 2013).
Several past modeling simulations suggested that biofuels could accelerate deforestation (Searchinger et al.
2008; Fargione et al. 2010) but inputs often reflected correlation rather than causation and the models relied on
erroneous assumptions (Kline et al. 2011). Review of
deforestation data in nations with large bioenergy development such as Brazil and the USA supports alternative
hypotheses (Langeveld et al. 2013; Dale and Kline 2013a,
b). Recent studies underscore that assumed relationships
about indirect effects of biofuels on forest cover in Brazil
are speculative at best, while opportunities exist to end
Amazon deforestation while continuing to expand biofuel
production (Nepstad et al. 2014; Woods et al. 2015).
For example, during the period of US ethanol expansion,
Brazilian deforestation rates fell dramatically (Fig. 3; Brasil
2014). We do not suggest that correlation implies causation. Total area deforested or cleared is determined largely by
national and local policies governing land tenure, agricultural
practices, and forest conservation and management (FAO and
JRC 2012; CIFOR 2014) rather than bioenergy markets
(CBES 2009; Dale and Kline 2013a, b). Demographic, biophysical, climate, and governance factors—i.e., enforcement
of rules of law, institutional support for social and environmental health, and monitoring—are also influential (Dale
et al. 2010c; Köthke et al. 2013). The role of bioenergy must be
considered in terms of its interactions with other forces driving
habitat degradation and loss (Dale and Kline 2013a, b). Policies promoting bioenergy, when combined with other regulations and policies, may contribute to forest conservation by
focusing investment on improved management of previously
disturbed lands and placing greater emphasis on sustainability
(Kline et al. 2009; Dale et al. 2014).

Case Studies
Here we examine several case studies from the Pan
American region to illustrate the issues and opportunities
that arise for biodiversity associated with increasing
bioenergy production. Canada, the United States, and
Brazil represent different climatic conditions and concerns
regarding biodiversity and ecosystem impacts, and can
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Fig. 3 Period of rapid expansion of biofuel production in Brazil and
USA occurred between 2004 and 2012, coinciding with a period of
forest stability or recovery in USA and dramatic reductions in
deforestation in Brazil (data source: Brazil Space Agency, INPE. http://
unfccc.int/files/bodies/awg/application/pdf/s1_4_brazil.pdf. Accessed 8 May 2015

therefore introduce the wide variety of positive and negative interactions of bioenergy production and environmental conservation.
Canada
The wood pellet industry in Canada produces approximately 3 million tons of wood pellets per year, of which
British Columbia (BC) currently provides approximately
1,820,000 tons, or 66 % (WPAC 2013a; BC 2011). There
are 11 pellet mills in BC that use feedstock that originates
in the 22 million ha of public and 2 million ha of private
forest land available for timber harvesting out of a total
forest area of 55 million ha in the province (BC Ministry
of Forests, Mines and Lands 2010; WPAC 2013a). As of
2009, BC exported 94 % of its wood pellets, mostly to
Europe. 80–95 % of pellet feedstock comes from industrial residues (i.e., bark, sawdust, and shavings from the
sawmill industry), also known as ‘‘process residues’’ in the
EU Renewable Energy Directive (WPAC 2013b; Gordon
Murray WPAC pers comm). The remaining 5–20 % of
feedstock comes from forest harvest residues, which
includes low-grade logs, tops, and branches that are typically found piled near landings and roadsides.
High-value saw timber drives forestry activities, not
bioenergy markets. Only a minor portion (5–20 %) of
wood pellet production is derived from low-grade logs,
limbs, and tops removed from forests, and these are
byproducts of traditional forest management. Lacking a
market for pellets, this biomass would typically be burned
on-site to reduce future fire risk and to leave site conditions
conducive to replanting. It is not economical to harvest

stands specifically for pellets in BC (Stennes and McBeath
2006) and capital-intensive bioenergy systems are not
sustainable if they are dependent on short-term supply of
salvage wood (Bogdanski et al. 2011). Thus, despite
18.1 million ha of beetle-killed trees representing a total
volume of 710 million m3 of timber (BC 2012), there is a
low probability for realizing the capital investment
required to collect and process pine beetle-killed wood for
bioenergy. The biodiversity impacts of wood pellet production are likely to be minimal for the foreseeable future,
given the reliance on sawmill residue and a minor component of roadside residues. Assuming that these two
sources continue to support the chip industry, there could
be slightly positive effects due to reductions in on-site
burning and fire risks.
Concerns over biomass use for bioenergy in forests have
centered on loss of deadwood as both snags and downed
wood offer important reservoirs for biodiversity (Janowiak
and Webster 2010; Berch et al. 2011; Littlefield and Keeton
2012), with not just amount but also size and decay class
being important attributes (Siitonen et al. 2000). There are
many forest species that are dependent on or prefer deadwood habitats including taxa from a wide range of groups
including fungi, invertebrates, and vertebrates (Bunnell and
Houde 2010; Riffell et al. 2011; Stockland et al. 2012).
Furthermore, in Europe many endangered species are
dependent on the increasingly scarce deadwood resource in
forests (Berg et al. 1994; Siitonen et al. 2000). Keisker
(2000) assembled a comprehensive literature summary of
biodiversity dependence on dead wood for North-Central
BC, demonstrating the critical nature of dead wood as
habitat for 133 vertebrate species. For these reasons, current
‘‘best management practices’’ promote the maintenance of
dead wood on harvest sites now and in the future.
Although current biomass harvest for bioenergy in BC
does not result in additional loss of deadwood within
stands, one concern is that higher biomass demand could
change practices and reduce overall deadwood retention in
the future and therefore negatively impact biodiversity.
However, past practices of leaving material on sites have
driven investigations of opposing concerns about excessive
debris and fire hazards, and recommendations to adhere to
practices to ‘‘reduce waste’’ on cutovers (Forest Practices
Board 2010). The Research Branch of the Ministry of
Forests and Range developed a ‘‘Short-term Strategy for
Coarse Woody Debris Management in British Columbia’s
Forests’’ (Ministry of Forests and Range 2000) in which
they recommended reducing the number and size of coarse
woody debris (CWD) accumulations on roadsides and
landings by leaving CWD distributed throughout the cutblock. Loggers have no incentive to move excess biomass
from the cut-block to roadsides and most CWD is therefore
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left in cut-blocks. Putting accumulations from roadsides
and landings to productive use is environmentally preferable to the current alternative of supervised burning or the
earlier practices of leaving the debris piles to decay or burn
unsupervised later. Moving debris piles back to cut-blocks
from roadsides is likely not financially viable and involves
additional environmental costs in terms of vehicle traffic,
emissions, and compaction.
There are environmental protections in BC that may not
exist in other forest regions because 95 % of BC forests are
publicly owned and managed under the Forest and Range
Practices Act (Forest and Range Practices Act (FRPA)
2004). The FRPA currently requires minimum levels of
wildlife tree (FRPA 2011) and CWD retention (BC Chief
Forester 2010), ensuring a future supply of dead wood to
the regenerating stands. However, current evaluations
suggest that there is sometimes a reduction in the coarse
wood volumes in managed stands relative to uncut patches
and there has been a reduction in CWD piece size in
managed forests (Ministry of Forests, Lands and Natural
Resource Operations 2011a, b, c). We do not have the
science yet to know if current levels of deadwood in BC
and elsewhere are sufficient to maintain biodiversity, or
reduce it, or enhance it by reducing intensity of wildfire
and increasing landscape heterogeneity. BC bases its current guidance on comparisons between cut-blocks and
mature stands (Densmore 2010; B.C. Chief Forester 2010).
Alternatively, some studies have examined threshold levels
of deadwood required to maintain biodiversity, mostly in
Europe (Work et al. 2004; Müller and Bütler 2010; Work
et al. 2010; Work and Hibbert 2011). Clearly established
biodiversity goals and more complete information on
management requirements that best achieve those goals are
needed to improve management of the public forest
resource.

United States
Our discussion of the effects of biofuel policies and production on biodiversity and ecosystems in the United States
is organized here under two broad themes. The first
involves impacts associated with expanding production of
conventional crops (corn and soybeans) for which significant historic data are available. The second involves documented and estimated impacts associated with the
production of ‘‘advanced’’ biofuels using feedstocks such
as woody wastes and residues, herbaceous and woody
crops, algae, and other novel or currently non-commercial
renewable resources. Given the important role of forest
landscapes as habitat for biodiversity, in the latter theme
we focus on forest biomass and the recent growth in production of wood pellets for energy.
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Conventional Crops as Bioenergy Feedstocks
After a rapid rise from 1980 to 1985, US ethanol fuel
production remained relatively stable until about 2002,
when production rose as ethanol replaced the gasoline
additive Methyl Tertiary Butyl Ether (MTBE) (US EIA
2014; RFA 2014; Oladosu et al. 2011). Between 2005 and
2010, US ethanol output grew rapidly again, at an average
rate of 28 % per year, in response to market factors,
mandates, and subsidies supported by federal Renewable
Fuel Standards that were authorized in 2005 and 2007 (US
EPA 2010, NRC 2011). Production for conventional biofuel feedstocks, primarily corn, soybeans and sorghum, is
not differentiated from production for feed and other
industrial uses, so farming practices and equipment are the
same. Similar to Brazilian sugarcane ethanol, US grain
ethanol and soy biodiesel offer an additional co-product
market for existing producers. Biofuel production levels
reflect market signals and expected profit margins when
comparing biofuel products to other potential uses of the
conventional feedstock. Diversifying markets and
expanding the mix of co-products provide increased price
stability for commodity growers and greater security for
investment in improved seed, equipment, technology, and
processing facilities.
Analysis of effects of current biofuels on biodiversity in
the USA is based largely on data and research associated
with effects of conventional agricultural systems on biodiversity. Biodiversity concerns are well documented and
are the same as those for traditional US monoculture
agriculture: loss of native habitat, indirect effects on food
and biodiversity, and spillover effects of fertilizers, pesticides, and herbicides (Dale et al. 2010c; NRC 2011).
Habitat loss remains a concern. Any production system that
converts diverse habitat to a cultivated monoculture will
have significant direct impacts on biodiversity (Werling
et al. 2014). Furthermore, some economic modeling estimated that climate benefits are in doubt if US biofuel
production causes indirect effects such as deforestation in
other parts of the world (Fargione et al. 2008; Searchinger
et al. 2008; Gelfand et al. 2011; Wiens et al. 2011). While
coarse grain production and crop rotations can be managed
to provide food and shelter for species such as grassland
birds, removing indigenous vegetation to produce industrial maize monoculture for biofuel results in a net decrease
in biodiversity and ecosystem functioning compared to
more diversified land covers (Groom et al. 2008; Landis
et al. 2008).
Practices to reduce negative impacts on biodiversity and
other ecosystem services associated with conventional US
agricultural systems have been promoted for decades with
the support of local, state, and federal agricultural research
programs (e.g., USDA NRCS 2014). There is general
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agreement on basic principles aimed at maintaining soil
quality including soil biodiversity, increasing the efficiency
of production systems and minimizing negative effects
from pesticides, herbicides, fertilizers, and land disturbance. Research questions include those related to emerging technologies, genetic crop improvements, and how to
achieve ecosystem service goals through systems that
incentivize the use of better practices.
Advanced Biofuels from Cellulosic Crops and Residues
The outlook for biodiversity and ecosystems improves if
bioenergy feedstock transitions from large-scale, monoculture grain systems to more diverse systems based on
wastes and advanced perennial crops such as switchgrass
and woody biomass (Williams et al. 2009; Fargione et al.
2010; Immerzeel et al. 2014). Using perennial crops on
marginal agricultural land can diversify landscapes, contribute positively to the mitigation of greenhouse gas
emissions (Gelfand et al. 2011), and provide habitat to
support biodiversity (Wiens et al. 2011; Dale et al. 2010c).
Biodiversity benefits depend upon the current context
including threats, opportunities and conservation goals for
the area and the degree to which management for inclusion
of bioenergy crops contributes to or conflicts with these
goals (Efroymson et al. 2012). Changes at the landscape
scale and whether habitat heterogeneity is preserved at the
site scale are also relevant factors for biodiversity (Williams et al. 2009; Fargione et al. 2010; Wiens et al. 2011).
Biodiversity issues for advanced biofuels depend on production scenarios, reference cases, and model assumptions
for indirect effects (Kline et al. 2011). The potential tradeoffs between the production efficiency of perennial
monocultures, planting polycultures to mimic natural
habitat heterogeneity, and management of native prairies
and forests for sustainable harvests and residues, also
influence analysis of impact on biodiversity and ecosystem
services (Tilman et al. 2006; Groom et al. 2008; Flaspohler
and Webster 2011; Fletcher et al. 2011; Berger et al. 2013;
Werling et al. 2014).
Effects on biodiversity depend on the biomass crop and
how it fits within the contextual landscape (Alguacil et al.
2012; Stoms et al. 2012; Efroymson et al. 2012). Proposed
second-generation feedstocks such as switchgrass are more
structurally similar to a tall grass prairie than corn and may
provide critical stopover and foraging habitat for birds, and
refugia for valuable pollinators and predators of crop pests,
e.g., biological pest control (Landis et al. 2008; Isaacs et al.
2009; Fletcher et al. 2011; Meehan et al. 2012; Robertson
et al. 2010, 2012, 2013; Werling et al. 2014). Many
perennials such as switchgrass are deep-rooted and promote soil health and microbial biodiversity. Fewer studies
have examined the potential for short rotation woody crops

such as poplar or willow to support biodiversity (Flaspohler
and Webster 2011; Fletcher et al. 2011). However, integrating them into current monoculture landscapes is
expected to be beneficial (DOE 2014; Dale et al. 2014).
Some proposed second-generation bioenergy crops such as
eucalypts, Miscanthus, and canary reed grass which have
raised concerns about potential invasiveness which merit
study and monitoring (Raghu et al. 2006; Fargione et al.
2010; Witt 2010). Lewis and Porter (2014) suggest that
biomass productivity goals can be achieved while minimizing invasion risks through a combination of voluntary
standards, crop selection guidelines, and incentives to
promote crops appropriate for the location.
Some researchers have proposed that biomass production areas be established to mimic the structural and
botanical heterogeneity and functionality of target systems, such as one where flora and fauna biodiversity is
maximized (Tilman et al. 2006; Myers et al. 2012).
Biomass sourced from diverse prairie plantings may
support greater bird and insect diversity including pollinators (Meehan et al. 2010; Myers et al. 2012; Werling
et al. 2014). However, these benefits depend on landscape-scale patterns that thoughtfully integrate land
management and harvesting for bioenergy with surrounding ecosystems (Engel et al. 2012; Robertson et al.
2012; Werling et al. 2014). Most management interventions favor some taxonomic groups over others (Stanley
and Stout 2013), underscoring the importance of placebased analysis and planning that begin with understanding
local concerns and priority targets for biodiversity conservation and other ecosystem services. Lack of incentives and market demand are the primary impediments to
incorporating more biodiversity-friendly perennial biomass crops in current agricultural landscapes. Contracts
with clear specifications and fair prices can promote
adoption of new crops with biodiversity benefits, as
demonstrated by the East Tennessee switchgrass program
(Parish et al. 2012; Mitchell et al. 2014). However,
lacking sustained market demand, about half of the 5200
acres initially planted in switchgrass in East Tennessee
has been converted back to row-crops (Esther Parish
ORNL, pers. comm.; Daily Times 2013).
Woody Biomass for Energy
In the Southeast US (the SE), forest industries have been an
important part of economic activity and employment for a
century (USDA Forest Service 2012). Similar to the BC
case, bioenergy products are generated from the residues
associated with traditional harvests for saw timber and pulp
because it is not currently economical to harvest forests
stands specifically for bioenergy alone. Contrary to the BC
case, nearly all productive forest lands in the SE are

123

Environmental Management

privately owned and therefore subject to sale and conversion to other uses. Initially, these lands were cleared for
plantation agriculture including rice and cotton. Past trends
and US Forest Service analyses indicate that the greatest
threats to SE forest biodiversity are the loss of forest due to
conversion to other uses, principally suburban expansion
with roads, housing, and commercial buildings (Wear and
Greis 2012; USDA Forest Service 2012). If there are no
incentives to maintain productive forests on private lands,
investment in forest management will decline, resulting in
more pests, lower site productivity, and more extreme fire
events. Lack of forest product markets could also result in
some current timber lands reverting to agriculture. Local
research suggests that active forest management, including
thinning and prescribed burns, is important to maintain SE
forest biodiversity (NC State Forest Service 2014; Mitchell
and Duncan 2009).
While SE forest lands stretch from the coastal plain
through the piedmont region and into the Appalachian
Mountains, most commercial activity for bioenergy is
associated with residues from pine management on the
coastal plain. The concentration of natural and industrial
capital—forests, saw mills, skilled labor, and infrastructure—combined with nearby access to deep-water ports,
have given the SE a major role in the recent growth of a
bioenergy export market based on wood pellets (Lamers
et al. 2013). One recent report suggests that residues from
privately managed pine forests in the SE are one of the
more promising sources of biomass in terms of compliance
with stringent new sustainability requirements (Voegele
2014).

Brazil
The case of Brazilian agriculture demonstrates several
agricultural land use patterns occurring simultaneously and
with contrasting effects. The rates of expansion of new
croplands are strongly influenced by public investments
and the terms and availability of credit for clearing and
preparing new land for production (Brasil 2010). Regarding the main bioenergy crops (sugarcane, soy, palm, and
eucalyptus):
(i)

(ii)

Sugarcane is established in more consolidated
agricultural regions and thus is linked to intensification and land sparing rather than the expansion
areas;
Soy, the main feedstock for the national biodiesel
blend, is correlated with agricultural expansion in
the northeast Cerrado region (a savanna biome)
and the transition of pasture areas to crop in the
Amazon region;
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(iii)

(iv)

Palm oil expansion in the Amazon region is
replacing former pasture areas with support of
government programs (Villela et al. 2014); and
Eucalyptus, primarily an industrial feedstock for
pulp, fiber, and paper, and secondary markets for
structural wood products and charcoal for the steel
industry (Gonçalves et al. 2013), represents a
potential future bioenergy feedstock in the form of
wood chips or pellets. Eucalyptus is grown across
the southern half of the country, in both expansion
and consolidation regions.

The dynamic interactions of crops in expansion and
consolidation regions differ in terms of their expected
effects on biodiversity. They act distinctly in specific
geographic locations and their primary drivers can vary. To
estimate effects, we need modeling tools that are sensitive
to the drivers, the demands, the physical suitability, and
whether they occur in the expansion or consolidation
phase. One research gap is to develop dynamic agriculture
land use models that can reflect future technological
demands and guide current policy decisions to shape land
suitability demands of the foreseen future, rather than being
driven by the short transitional phase of land conversion.
Furthermore, improved assessments to identify and
demarcate areas of high value to society for conservation
and biodiversity need to be completed and translated into
policy frameworks and public data sets such as that
maintained by the Research Program on Biodiversity
Characterization, Conservation, Restoration and Sustainable Use (BIOTA www.biota.org.br). We focus on sugarcane and palm oil to evaluate the impacts of biofuel
production on biodiversity and ecosystem services in
Brazil’s largest and biologically important biomes: the
Cerrado and the Amazon, respectively.
Brazilian Sugarcane
The ethanol production from sugarcane in Brazil provides a
suitable example of the synergies between the concerns for
biodiversity most frequently raised by scientists, non-governmental organizations, and the main certification schemes
regarding biofuels sustainability. Although Brazil has raised
sugarcane for over 500 years, the recent focus on sustainability and biodiversity conservation is explained by the
growing interest in assuring that Brazilian ethanol can reach
international markets. As in most regions, biodiversity loss
is driven by human activities (MEA 2005) and the most
important driver has been habitat loss from land cover and
use changes (Sala et al. 2000; Pereira et al. 2012). Other
concerns with expansion of agricultural activities include
the introduction of exotic species and the large-scale use of
fertilizers which can contribute to eutrophication and
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The Brazilian government has enacted political measures to
support different sources for biodiesel, aiming to minimize
social and environmental impacts and promote rural development. Oil from palm oil plantations has the potential to be a
major contributor to future biodiesel production. Recent
expansion has focused in the State of Pará, driven by government incentives. The experiences to date along with government targets for growth and land use zoning, can provide
insights about potential effects of future palm expansion on
biodiversity. Despite representing a small percentage of global palm oil production, Brazil has followed the global trend
and doubled its production area during the period 2001–2009,
from 46,000 ha to around 109,000 ha (Fig. 4, FAO 2013).
Government scenarios and targets project major expansion
over the next 5 years. To avoid palm oil expansion into
Amazon forested areas, Brazil’s AEZ limits palm oil production to degraded lands without environmental legal
restrictions, and the removal of native vegetation for planting
palm oil crop is forbidden. This recent restriction reduced the
area suitable for oil palm by 70 %, from 2.3–0.7 million km2
or the equivalent of about 14 % of the Legal Amazon region
(Brasil 2010; Embrapa 2010). However, not all suitable areas
fall within the Legal Amazon.
The palm oil sector is of interest to policy makers
because it can incorporate smaller, family-level farms
along with large-scale production schemes. Palm production is perceived to offer highly desirable income security
through: (1) high yield potential; (2) lower production cost

Million ha

Brazilian Palm Oil

than other crops; (3) the permanent nature of the crop; and
(4) less labor-intensive management requirements which
allow families to maintain other agricultural activities.
With roughly 60,000 ha, the State of Pará is the main
producer of oil palm in Brazil, representing 83 % of
national production. The Pará palm oil region maintains
significant fragments of native Amazonian tropical rainforest and is part of the Belém Endemism Center for biodiversity. Although this region is the most suitable for palm
oil (Brazil 2010), it is also the most endangered area of the
Brazilian Amazon: 70 % of the forests have already been
cleared (Conservation International 2011) and urban
development pressure is increasing.
As with any other single crop, it is difficult to quantify the
extent to which palm oil has been the cause of deforestation.
A lack of accurate data on forest degradation processes over
time, subjective definitions of secondary forest, and classification of large areas of former pasture as ‘‘degraded land’’
create challenges for analysis, as do the complex historic
interactions among social, political, and economic drivers of
deforestation. Some palm oil producers have replaced primary forest with palm oil plantations, allowing them to profit
from timber sales and recoup the costs of initiating palm oil
plantations until it becomes profitable (Butler and Laurance
2009; Nahum and Malcher 2012; Backhouse 2013). However, these appear to be isolated cases. Furthermore, palm
plantation projects are increasingly scrutinized due to largescale deforestation in South East Asia (Boons and Mendoza
2010; Janssen and Rutz 2011). International pressure has led
major producers in Brazil to seek certification. Thus, for both
palm and sugarcane production, standards for more

Million ha

agrochemicals. These concerns are particularly acute in
areas that are considered hotspots of biodiversity loss, such
as the Atlantic Forest and Cerrado in Brazil. The central
region in Brazil is an agricultural frontier where a substantial share of recent sugarcane and other crop expansion
have occurred at the expense of the Cerrado. From 2000 to
2011, about 20 % of the agricultural expansion was in the
Central region and Goiás is already the second largest
sugarcane producer in the country (MAPA 2013). In
response to concerns about loss of forests and indirect
effects of sugarcane expansion, Brazil’s government
implemented agro-ecological zoning (AEZ) for sugarcane
that focuses on utilization of extensive pastures and grasslands (Embrapa 2010). The AEZ for sugarcane puts many
areas ‘‘off-limits’’ for sugarcane: the Amazon and other
forest areas, current row crop production areas, fields with
slopes that prohibit mechanized harvest, and land with
environmental restrictions under other regulations and laws
such as the Forest Code. Government credit and support is
not available for expansion outside the zoned areas. The
AEZ does not prohibit sugarcane expansion in Cerrado
regions that are otherwise well-suited for sugarcane.

Fig. 4 Hectares of palm oil in Brazil (top) and globally (bottom).
Source (FAO 2013)—modified by authors
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sustainable production driven by bioenergy are having an
influence on long-established industries regardless of whether production is for energy or other uses. The influence of
recent palm oil industry developments on deforestation and
loss of biodiversity in the State of Pará can provide a case
study that merits further monitoring and research (Wilkinson
and Herrera 2010).
Bioenergy Production Guidelines and Ecological
Protection
The prevalence of guidelines regarding the minimization of
bioenergy production impacts on biodiversity and ecosystems reflects the immense value that these ecological assets
represent. For example, to qualify as a renewable fuel in
the EU, production must be certified also to not cause
destruction of HCV habitat for biodiversity. Exports from
the Pan American region to the EU must meet these standards. The Roundtable for Sustainable Biomaterials (2010)
include five (out of 12) principles directly or indirectly
linked to biodiversity and ecosystems: greenhouse gas
emissions, conservation, soil (maintenance or restoration of
soil) health, water (addressing quality and quantity of both
surface and groundwater), and air pollution. The Conservation principle contains five criteria, addressing biodiversity and ecosystem conservation, the creation or
protection of buffer zones and habitat corridors, and the
prevention of invasive species.
Emerging standards for market access to Europe and
elsewhere have instigated new efforts to identify and protect areas of HCV as part of certification processes and
recommended practices for bioenergy project planning
(Kissinger 2013; Kretschmer et al. 2013; ISCC 2011; RSB
2010; Brown et al. 2013). Many certification schemes,
standards and government policies for bioenergy development now include requirements to identify and protect
HCV areas. For example, Van Dam (2010) identified 14
biomass certification schemes that explicitly included HCV
in 2009. Neugarten and Savy (2012) reviewed 19 HCV
approaches issued by national governments including six in
the Americas. Another study found over a dozen standards
and purchasing policies that were applying HCV approaches (Proforest 2010). The intent of HCV language in the
standards, certification schemes and policies reviewed in
these studies is to promote systematic analysis, identification and protection of areas of HCV. While approaches
vary in clarity and effectiveness, several studies highlight
the potential benefits to biodiversity when bioenergy projects employ HCV approaches, particularly when compared to alternative agriculture and forest production
systems and conventional energy resource extraction
practices (Kline et al. 2009; Dale et al. 2010a, b; Scarlat
and Dallemand 2011; Parish et al. 2013; Dale et al. 2014).
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Oliveira (2013) analyzed the rationale of biodiversity
monitoring programs in Brazil and assessed how biodiversity has been addressed by the main biofuel certification
schemes. We combine this work with an extensive literature review regarding the impacts of agricultural activities
on biodiversity and use sustainability indicators suggested
by Dennison (2011). Three certification schemes recognized by the European Commission were considered for
this purpose—Roundtable on Sustainable Biomaterials
(RSB), International Sustainability and Carbon Certification (ISCC) and Bonsucro (sugarcane)—which are among
the most successful initiatives in this regard. Table 1
summarizes a comparison between the concerns for biodiversity preservation and the coverage of these certification schemes. We note that efforts to certify palm oil in
Brazil are based on the Roundtable for Sustainable Palm
Oil (RSPO), which we did not specifically include in this
analysis. RSPO aims to achieve similar principles of sustainability as the three other schemes. Small land holders in
areas zoned for palm oil production rarely have documented land title, which is required for certification, thus
limiting their participation in these schemes. Table 2 presents an assessment on how the current practices in Brazil
could facilitate the certification process for sugarcane and
palm oil.
In sum, the main potential impacts of large-scale biofuels production on biodiversity have been addressed by
the sustainability certification schemes. RSB appears to
include more detailed requirements than the other two
schemes; it is the only one with specifications for preserving riparian areas, ecological corridors, and buffer
zones. ISCC is worldwide the most commonly used
scheme for biofuels and has been developed mainly to
address the requirements of EU-RED. Bonsucro has the
most specific focus on certified production of sugar from
sugarcane and is adapted for ethanol certification; some
aspects (such as the protection of threatened species and
maintenance of ecological corridors and riparian areas)
must be addressed in the context of the management plans
of the economic operator.
Biofuel certification schemes address the main biodiversity concerns due to agricultural activities in two different ways. First, based on the precautionary principle,
biomass production is restricted in risky areas. Second, the
schemes demand specific actions for minimizing relevant
impacts. As far as land use change and biodiversity protection are concerned, Brazil has a set of laws and regulations that could facilitate biofuels certification, as most
criteria and indicators are related to legal or regulatory
demands. These include initiatives such as AEZ laws, the
Forestry Code and a set of protected areas and conservation
units in which agricultural activities cannot occur. Considering the legal apparatus, the current stage of agricultural
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Table 1 How certification schemes address biodiversity concerns due to biofuels production
Aspect

Comments on potential impacts of biofuels on
biodiversity (from Dennison 2011)

Aspect considered by certification schemes

Protection of sensitive areas;
no production in land with
high biodiversity values

Raw materials for biofuels should not be produced in
sensitive areas. The high conservation value (HCV)
concepts are often used for defining such areas. This
is definitely an aspect to be considered regarding
biofuels production

The EU-RED (Europa 2014) mentions areas where
biomass production should not occur (the so called
‘‘no-go’’ areas). These areas are addressed by RSB.
ISCC explicitly mentions the areas specified in the
EU-RED (HCVs, native grasslands, peatlands).
Bonsucro requires producers to avoid activities in
areas of critical biodiversity

Economic activities in
protected areas

Activity may occur in protected areas under specific
conditions (e.g., to support conservation
management, adopting adequate management
practices) making this relevant to biofuels

For bioenergy, this is mainly related to forestry
activities. RSB and ISCC mention cases in which
production is allowed and, in case of Bonsucro,
protected areas are simply off limits

Adoption of sustainable
agricultural practices

Is an important aspect related to biomass production.
Criteria and indicators in certification standards are
considered adequate for biofuels

Threatened species

One of the main concerns regarding agricultural
activities is the impacts on rare and threatened
species. Relevant to biofuels

The aspect is addressed in all three certification
schemes for biofuels, but with more details by ISCC.
Bonsucro sets thresholds for the application of
fertilizers, herbicides and pesticides
All three certification schemes state that production
shall not put into risk rare, threatened, endangered
and legally protected species

Invasive species

This is one of the main concerns regarding large-scale
biofuels production. Impacts should be avoided or
minimized

The issue is specifically mentioned as an RSB
criterion. In Bonsucro the issue is to be addressed in
the context of management plans

Ecosystem services

Is one of the main concerns of bioenergy production,
but Dennison (2011) considered this issue to be only
moderately relevant for biofuels

Ecosystem Services is specifically addressed by RSB
and Bonsucro, but is not explicit in ISCC

Sources adapted from Dennison (2011), ISCC (2011), Bonsucro (2011) and RSB (2011)

practices, and the fact that the bulk of the production is in
areas that were converted a long time ago, at least some
Brazilian biofuel production can be certified.
Current certification programs vary widely in quality
and the more comprehensive schemes have limited
enrollment. Only 18 certificates have been issued by RSB
as of January 2015 (RSB 2015), while worldwide less than
10 % of the ethanol production from sugarcane was certified by Bonsucro (Bonsucro 2015). As noted in the recent
SCOPE assessment of bioenergy, more work is needed to
improve the extent and effectiveness of certification programs (Endres et al. 2015). In addition, certification cannot
be expected to replace the need for local governance,
environmental regulations, and enforcement. However,
certification programs can be one tool to facilitate broad
stakeholder participation and to increase the degree of
ownership in both the goals and the outcomes.

Lessons Learned and Research Priorities
The experiences with bioenergy production in Canada, the
US, and Brazil suggest that there are opportunities to
improve how bioenergy project developments can benefit
biodiversity. Top-down regulations or incentives can steer

bioenergy production away from sensitive, diverse areas. In
a review of 53 studies on the biodiversity impacts of
bioenergy production, Immerzeel et al. (2014) found that
neutral or positive benefits of bioenergy production were
far more common in temperate regions, while most of the
impacts observed in tropical regions were negative. Much
of this disparity may be due to legal and economic drivers,
rather than biological differences. Neither certified production nor law enforcement are assurances of sustainable
production where effective enforcement of laws is weak.
Market instruments such as certification schemes would be
crucial to foster the adoption of good practices, to avoid
biofuel production in risky areas, and promote actions for
recovering biodiversity. The adoption of certification
schemes is already a very new process and a proper
assessment of impacts is not yet possible. However,
bioenergy production must be paired with production from
other renewable sources and with energy conservation
efforts; meeting current energy demand from biomass
sources alone is not feasible.
While commercial bioenergy production currently
dominates in the region, small-scale, local community
bioenergy projects can be designed to address priority
natural resource management concerns (although their
ability to meet national and international demand is
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Table 2 Comparison among three certification schemes for biofuels in Brazil
Topic

RSB

ISCC

Bonsucro
(sugarcane)

Comments related to
sugarcane ethanol
production in Brazil

Comments related to palm
oil production in Brazil

Principle
related to
biodiversity

Biofuel operations
shall avoid negative
impacts on
biodiversity,
ecosystems and
conservation values

Biomass shall not be
produced in high
biodiversity or high
carbon stocks
lands. HCV areas
should be protected

Actively manage
biodiversity and
ecosystem services

Significant share of
Brazilian production
meets ISCC and
Bonsucro principles;
traditional sugar areas
could comply with RSB
more readily than other
areas

Industrial scale, legal palm
oil production in Brazil is
being developed in
coordination with the
RSPO, applying
principles similar to
ISCC

Issues
addressed
by criteria

Conservation Values;

HCV

Ecosystem services

Highly biodiverse
grasslands

Assessment of
impacts on
biodiversity and
ecosystem services

Bonsucro’s criteria can be met without difficulty for
sugarcane. Any activity in the sensitive areas defined
in ISCC would need attention. Compliance with some
of RSB’s criteria may require more studies and
adoption of specific plans for zoning and
management, e.g., for Buffer zones, Ecological
corridors and Invasive species

Buffer zones
Ecological corridors
Invasive species

High carbon stocks

No-go areas

Addressed—certain
specificities applied

Indirectly addressed

Not addressed

In Brazil, the AEZ specifies
areas where the production
shall not occur. The Forest
Code prevents planting in
other areas (e.g. Riparian
Areas)

HCV

Addressed/mentioned

Addressed/mentioned

Addressed/mentioned

In Brazil, the areas designed Protected Areas and
Conservation Units can be understood as HCVs

Buffer zones

Addressed

Not addressed

Addressed

They are considered in the
AEZ for São Paulo state
(the largest producer
region), but not in the
national AEZ

They are not considered
in the national AEZ,
but current expansion
areas in Pará avoid
Protected Areas and
Buffer zones

Degraded
lands

Use to be promoted

Not mentioned

Mentioned

There is no need to
prioritize the production in
such areas due to the large
land availability in Brazil.
However, the utilization of
degraded pastures for
sugarcane is an ordinary
practice

The zoning (AEZ) limits
production to
previously degraded
lands without
environmental legal
restrictions

Invasive
species

Addressed

Mentions grasslands

Addressed

Sugarcane is a widespread
crop in Brazil. Not
applicable to sugarcane
plantation, even in
expansion areas

African Palm can be a
resource for native
fauna but in some
areas, research is
needed to address
concerns about
potential invasiveness

Threatened
species

Addressed/mentioned

Addressed/mentioned

Addressed/mentioned

The impacts may be bigger
in expansion areas, mainly
in the Cerrado

Lower direct impacts
since AEZ limits
production to degraded
lands

Peatlands

Mitigation measures

A proposed law forbids
the removal of native
vegetation for new
palm plantations
(enactment expected
in 2015)

Sources adapted from RSB (2011), ISCC (2011) and Bonsucro (2011)

unknown). Small-scale projects, particularly those with
funding to enhance stakeholder engagement and training in
natural resource management, can be more readily integrated into the landscape to provide targeted, beneficial
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ecosystem services. For example, the FAO sponsored a
series of 15 international case studies including projects in
12 countries across six regions of the globe (PAC 2009).
The studies targeted purpose grown energy crops and
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biomass resource development projects with a focus on the
impacts on rural livelihood assets including ‘‘natural capital’’ and biodiversity. The researchers found no significant
detrimental impacts on food security or biodiversity in
these small-scale projects. However, a study by the government of the Netherlands (NL Agency 2010) found that
negative effects were likely in cases where non-edible oil
seed crops (e.g., Jatropha curcas) were grown on fields
that previously provided food and fodder to local communities, such as those examined in Honduras and Brazil.
Thus, planning to integrate bioenergy crops into a landscape in a manner that respects community tenure rights
and enhances overall productivity is important. Previous
land use, intensity and scale of production, and planning
for appropriate rotations and patterns of use across a
landscape should be considered in planning stages. Lessedible and low-yielding plants such as Jatropha do not
appear to be appropriate biofuel feedstock. However, they
may form part of integrated land use plans as multi-purpose
plants in fence rows, home gardens, and hedges where they
have been employed for thousands of years in MesoAmerica, with uses ranging from medicinal products to
animal feed (Dias et al. 2012).
The FAO case studies identified several benefits to
biodiversity, as small projects took advantage of opportunities to improve the efficiency of production and use of
native renewable resources, along with planting perennials
such as native trees. Project investments in training and
technology, and the development of good practices,
enabled higher productivity and improved management
and restoration of fragile landscapes subject to erosion and
recurrent fire damage. The return on these investments can
be measured by the value of services provided by intact and
functioning forests and other habitats (FAO 2014).
For example, the Guatemala case focused on opportunities represented by over 600,000 ha of ‘‘depleted soils’’
on underutilized farm fields. These fields and current field
margins were targeted for enhanced natural capital through
investments in land management for production of bioenergy crops, specifically for oil seeds using local species
commonly used in fence rows. A case study in Kenya
involved training in afforestation and found that the project
enhanced the natural capital endowment area and value for
the community. Using indigenous tree species that were
leguminous (nitrogen-fixing) helped address soil deficiencies, improved fertility, and productivity, and provided
significant ecological gains without a loss in biodiversity.
Further, the afforestation was thought to have benefits in
water and micro-climate regulation with benefits during the
dry season relative to the pre-project conditions. Several
case studies involved the use of agricultural wastes and bioresidues and this raised concern about potential detrimental
effects on soils. However, the studies found that the projects

used wastes that were previously causing harmful effects on
soils, water and air; some were being burned inefficiently or
released to the environment (methane) as a means of disposal. None of the studies found that residues were diverted
from soil nutrient enrichment to bioenergy to the detriment
of natural capital, but in some cases residues returned to
supply chain after bioenergy production for beneficial use.
For example, one of the most common, marketable bioenergy byproducts was fertilizer, such as that generated from
oil seed-cake in the case study in Guatemala.
Monitoring is necessary to verify what impacts bioenergy activities have on biodiversity. Utilities and pellet
industries are in the process of demonstrating compliance
with certification requirements recently put in place by the
UK to ensure that wood pellets are sourced in a sustainable
way (UK 2014; Gordon Murray, WPAC, pers. comm.;
RWE 2014; Voegele 2014), which will help ensure the
environmental and social license required both locally
(e.g., within BC, Canada (Bunnell 2013), the US and in
export markets. The Sustainable Biomass Partnership
(SBP), made up of representatives from the major European Utilities and with observers from some of the wood
pellet producers from Canada, the US and Europe, was
formed in 2013 with a mandate to ‘‘develop the tools
necessary to provide assurance that the solid biomass used
for sustainable energy production by the member organizations is compliant with regulations on sustainability and
biomass legality in EU Countries and that the sector is
recognized as an exemplar of good practice’’(Gordon
Murray, WPAC, pers. comm.). This partnership has the
potential to support improved monitoring and enhance
protection for biodiversity beyond that required in current
provincial regulations and guidelines.
Priorities for Future Research
Despite all that we know, there are still key areas that
require additional investigation:
1.

Compatibility of biodiversity and bioenergy Ensuring
that human and financial resources are assigned to
identify and effectively conserve areas of HCV is
paramount to preserve remaining landscapes with
concentrated biodiversity (Joly et al. 2015; Immerzeel
et al. 2014). Bioenergy projects provide opportunities
to support the mapping and protection of biodiversity
in areas where this might not otherwise occur in a
timely manner (Souza et al. 2015). Guidelines and
indicators need to provide warnings if projects are
detrimental (Endres et al. 2015). Research should help
planners to foresee and mitigate context- and regionspecific negative impacts and to maximize the benefits
from bioenergy projects. We also need a far better
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2.

3.

understanding of the region-specific costs and benefits
related to bioenergy production on marginal land,
monocultures versus native plant communities,
and systems integration which obviates the debate
over land sharing versus land sparing (Immerzeel et al.
2014). Research should be coordinated at the landscape or regional scale to ensure adequate heterogeneity and space for biodiversity and ecosystem functions.
Researchers and planners must acknowledge that they
operate in dynamic landscapes, where climate change
and disturbance regimes (such as fire) will constantly
rearrange biodiversity hotspots. Long-term socioeconomic changes (such as taxation on private forestlands
and urbanization in the southeastern US) also impact
both high biodiversity areas and suitable bioenergy
areas. These dynamics will complicate the evaluation
of laws and certification schemes regarding their
effectiveness in preserving biodiversity and ecosystem
functions.
Bioenergy best practices Research is needed that
shows how management plans for bioenergy feedstock
production can be designed to enhance biodiversity
and ecosystem services, and establish good practice
communities for continual improvement. Furthermore,
the efficacy of existing sustainable bioenergy standards
needs to be assessed, and the standards amended or
improved where necessary. For example, levels of
deadwood and habitat retention in forests need to be
sufficient to maintain biodiversity. Biodiversity could
be enhanced by using residues for bioenergy (e.g., by
reducing intensity of wildfire and increasing landscape
heterogeneity), but not at the expense of deadwood
obligate species. Table 2 describes how existing certification schemes prioritize biodiversity preservation
in Brazil, however monitoring and evaluation to
determine the effectiveness of such schemes is currently insufficient. Laws and certification points
designed to protect biodiversity have only recently
been enacted so their impacts are still unknown.
Guidance on how to measure the effectiveness of
these standards, considering both costs and benefits, is
a critical area for further investigations.
Measuring ecological value Ecosystem services and
functions need to be better quantified and communicated in consistent units, which can be expressed and
monitored over space and time. These measures should
quantify the different values, costs, and benefits of
management options that integrate bioenergy and other
productive activities into mixed use landscapes. For
example, intercropping bioenergy crops with natural
areas at the landscape scale may increase biomass
productivity, as natural areas can provide habitat for
agriculturally beneficial insects (Werling et al. 2011).
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4.

5.

Assessing impacts of bioenergy production at a
landscape scale may also provide a more comprehensive understanding of the positive and negative aspects
of different bioenergy crops and where they are
produced (Groom et al. 2008, Webster et al. 2010,
Dale et al. 2011, Wiens et al. 2011, Werling et al.
2014). However, the routine comparison of bioenergy
production areas to natural areas when measuring
impacts on ecological values must be re-examined.
Comparisons to industrial mono-crop agriculture may
be more appropriate, particularly when perennial
bioenergy crops (e.g., switchgrass) are planned for
areas previously used for annual crops (such as corn,
sugarcane, and other conventional bioenergy crops).
Prioritizing bioenergy projects Bioenergy offers the
region an alternative to more dire consequences for
biodiversity that are expected if fossil fuel exploitation
continues (Dale et al. 2015). Research is needed to
identify when and how investments in bioenergy can
be most effective in preventing further disturbance by
fossil energy exploration and extraction in high-value
conservation areas. Some researchers believe that a
priority for bioenergy development in the Americas is
to determine how to improve the governance framework—policy, institutional stability and rule of law
(regulations and enforcement)—in a manner that
creates incentives for managing land to increase
biomass productivity (Bentsen and Stupak 2013). This
research would be designed to guide bioenergy developments and investments to where they can have the
greatest benefits in terms of reducing the depletion of
the planet’s natural capital. This information could also
help business and policy makers identify when and
where bioenergy development can support other
ecosystem management needs, such as land restoration
and control or avoidance of problems with invasive
species (rather than exacerbate these problems).
Transdisciplinary approaches More work is needed to
illustrate how bioenergy projects can meet multiple
objectives, balancing biodiversity, social welfare, and
economic goals. This can be done if a transdisciplinary
approach is used from the planning through monitoring
phase. For example, Nackley et al. (2013) provide an
example from Washington State where harvesting of
biomass from invasive tree species could be used in
regional bioenergy production, driving ecological
restoration of sites dominated by invasives. This
research area involves identifying best practices that
can be applied as industries grow to larger scales of
production. The assessment of which incentive structures are most effective in generating desired results—
e.g., maximizing bioenergy benefits to society as
documented in the recent SCOPE Report (Souza
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6.

7.

et al. 2015)—is also essential. Done right, bioenergy
production contributes to improved soils and water
quality, more persistent productivity relative to inputs,
reduced waste, and better resource management on
lands that were previously disturbed, frequently
burned, or underutilized.
Indirect land use effects Science-based causal analysis
is essential to separate correlations from the true causal
chains that drive loss of biodiversity and habitat. This
research can clarify debates about indirect effects in
specific contexts, a key step to address one of the most
pressing bioenergy certification ‘‘issues around which
no scientific consensus has yet been reached’’ (Souza
et al. 2015). Such research should be pursued in
coordination with others who increasingly recognize
the needs for such analysis, such as the Center for
International Forest Research and the Global Land
Project. Furthermore, it is important to analyze actual
experiences to date with consideration for indirect
effects that are positive as well as negative (Endres
et al. 2015). The scale at which these land use change
connections occur is emerging as a critical need for
more transdisciplinary research (Liu et al. 2015).
Effective communication Finally, we need pathways
for scientists to improve the effectiveness of their
communications regarding opportunities to conserve
biodiversity (Dale et al. 2013). We need to employ
social and other communication systems and ensure
that research results are shared in a manner that is
useful and applicable to targeted stakeholders.

Blackwood 2013); and (iv) incentives for science-based
monitoring and continual improvement for more sustainable production, including systems of indicators and better
analytical techniques (e.g., that provide more consistent
and useful measurements of soil qualities, nitrogen and
carbon cycles; Immerzeel et al. 2014). Bioenergy has
invigorated efforts to develop and apply regional sustainability certification standards that incorporate monitoring
and continual improvements to conserve or enhance
ecosystems services (Souza et al. 2015). Bioenergy
research and investment has already generated improved
oversight, scientific measurement and analysis, which in
turn have supported political pressure to enact laws to
protect and manage the environmental and social effects of
traditional agri-business sectors such as sugarcane, maize,
and palm oil. Improved practices are context-and speciesspecific and will necessarily evolve over time in response
to changing conditions. By demonstrating how sustainable
production and biodiversity conservation goals can be
simultaneously achieved, bioenergy offers new tools for
sustainable and dynamic landscape management.
Acknowledgments This paper was produced with support from
Research Coordination Network NSF Grant CBET-1140152, RCN:
SEES: A Research Coordination Network on Pan American Biofuels
and Bioenergy Sustainability. Kline’s research was supported by the
US Department of Energy (DOE) Bioenergy Technologies Office, the
National Science Foundation IIA #1243444 NSF PIRE, and Oak
Ridge National Laboratory (ORNL). ORNL is managed by UT-Battelle, LLC, for DOE under contract DE-AC05-00OR22725.

References
Conclusions
The Pan American region provides an excellent perspective
on the opportunities and challenges for the concurrent
protection of biodiversity and bioenergy production. The
potential complementarity between bioenergy and biodiversity conservation values can be clarified with research
related to the following: (i) dynamic landscape designs
which integrate more and deeper-rooted perennial crops
and incorporate crop rotations, plant diversity, and other
ecosystem-friendly practices into existing large, monoculture agricultural systems (Dale et al. 2011; Tilman et al.
2006, 2009; Wiens et al. 2011); (ii) incentives for improved
efficiency and management of water, soils, wastes, and
residues, particularly in current systems that involve biomass utilization and disposal, including extensive use of
fire or decomposition to dispose of biomass (Joly et al.
2015); (iii) socially responsive projects that apply stakeholder participation procedures in small-scale bioenergy
projects designed to address local priorities (Kurka and

Alguacil MdM, Torrecillas E, Hernández G, Roldán A (2012)
Changes in the diversity of soil arbuscular mycorrhizal fungi
after cultivation for biofuel production in a Guantanamo (Cuba)
tropical system. PLoS One 7(4):e34887
Angelsen A (2007). Forest Cover Change in Space and Time:
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http://www.cbd.int/gbo/gbo3/doc/StateOfBiodiversity-LatinA
merica.pdf
US Department of Agriculture Economic Research Service (USDA
ERS) (2014) United States Department of Agriculture Economic
Research Service, Agriculture baseline database. http://www.ers.
usda.gov/data-products/. Accessed 07 July
US Energy Information Administration (EIA) (2014) United States
Energy Information Administration, Monthly Energy Review

123

Environmental Management
July 2014. http://www.eia.gov/totalenergy/data/monthly/pdf/
sec10_7.pdf. Accessed 14 July 2014
US Environmental Protection Agency (US EPA) (2010) Renewable
Fuel Standard Program (RFS2) Regulatory Impact Analysis.
Contract No.: EPA-420-R-10-006. US Environmental Protection
Agency, Washington, DC
U.S. Environmental Protection Agency (US EPA) (2014) Inventory of
U.S. greenhouse gas emissions and sinks: 1990–2012. EPA-430R-14-003 (April 2014). US Environmental Protection Agency,
Washington, DC
USDA Forest Service (2012) Future of America’s Forest and
Rangelands: Forest Service 2010 Resources Planning Act
Assessment. Gen. Tech. Rep. WO-87. USDA Forest Service,
Washington, DC
USDA National Resources Conservation Service (NRCS) (2014)
Landscape initiatives—conservation beyond boundaries. http://
www.nrcs.usda.gov/wps/portal/nrcs/main/national/programs/initia
tives/. Accessed 18 Aug 2014
Van Dam J (2010), Background document for IEA Bioenergy Task
40. Global efforts on certification of bioenergy towards an
integrated approach based on sustainable land use planning (full
330 page report; short version published in Journal of Renewable
and Sustainable Energy Reviews). http://www.bioenergytrade.
org/downloads/overviewcertificationsystemsfinalapril2010.pdf.
Accessed Mar 2015
Victorsson J, Jonsell M (2013) Ecological traps and habitat loss,
stump extraction and its effects on saproxylic beetles. For Ecol
Manag 290:22–29
Villela A, D’Alembert BJ, Rosa LP, Freitas MV (2014) Status and
prospects of oil palm in the Brazilian Amazon. Biomass
Bioenergy 67:270–278
Voegele E (2014) U.K. DECC model confirms GHG benefits of North
American pellets. Biomass Magazine (July 24, 2014). http://
www.theusipa.org/wood-pellet-periodical. Accessed 18 Aug
2014
Wear DN, Greis JG (2012) The Southern Forest Futures Project:
summary report. Gen. Tech. Rep. SRS-GTR-168. USDA-Forest
Service, Southern Research Station, Asheville
Webster CR, Flaspohler DJ, Jackson RD, Meehan TD, Gratton C
(2010) Diversity, productivity and landscape-level effects in
North American grasslands managed for biomass production.
Biofuels 1:451–461
Werling BP, Meehan TD, Gratton C, Landis DA (2011) Influence of
habitat and landscape perenniality on insect natural enemies in
three candidate biofuel crops. Biol Control 59:304–312

123

Werling BP, Dickson TL, Isaacs R, Gaines H, Gratton C, Gross KL,
Liere H, Malmstrom CM, Meehan TD, Ruan LL, Robertson BA,
Robertson GP, Schmidt TM, Schrotenboer AC, Teal TK, Wilson
JK, Landis DA (2014) Perennial grasslands enhance biodiversity
and multiple ecosystem services in bioenergy landscapes. Proc
Natl Acad Sci USA 111:1652–1657
Wiens J, Fargione J, Hill J (2011) Biofuels and biodiversity. Ecol
Appl 21:1085–1095
Wilkinson J, Herrera S (2010) Biofuels in Brazil: debates and
impacts. J Peasant Stud 37:749–768
Williams PRD, Inman D, Aden A, Heath GA (2009) Environmental
and sustainability factors associated with next-generation biofuels in the U.S.: what do we really know? Environ Sci Technol
43:4763–4775
Witt ABR (2010) Biofuels and invasive species from an African
perspective—a review. Glob Change Biol Bioenergy 2:321–329
Wood Pellet Association of Canada (WPAC) (2013a) Wood Pellet
Association of Canada website. http://www.pellet.org/produc
tion/production. Accessed Jan 2014
Wood Pellet Association of Canada (WPAC) (2013b) British
Columbia’s Wood pellets sustainability fact sheet. http://www.
canadianbiomassmagazine.ca/images/BC-biomass.pdf. Accessed
Jan 2014
Wood Resources International LLC (2014) North American wood
pellet exports to Europe double in 2 years. Biomass Magazine, 24
April 2014. http://biomassmagazine.com/articles/10311/northamerican-wood-pellet-exports-to-europe-double-in-2-years
Woods J, Lynd LR, Laser M, Batistella M, de Castro D, Kline KL,
Faaij A (2015) Land and bioenergy. In: Souza GM, Victoria RL,
Joly CA, Verdade M (eds) Scientific Committee on Problems of
the Environment (SCOPE), Bioenergy & sustainability: bridging
the gaps, Chapter 9. SCOPE 72, Paris. ISBN: 978-2-9545557-0-6
Work TT, Hibbert A (2011) Estimating species loss of saproxylic
insects under scenarios of reduced coarse woody material in
eastern boreal forests. Ecosphere 2:art41
Work TT, Shorthouse DP, Spence JR, Volney WJA, Langor D (2004)
Stand composition and structure of the boreal mixedwood and
epigaeic arthropods of the ecosystem management emulating
natural disturbance (EMEND) landbase in northwestern Alberta.
Can J For Res 34:417–430
Work TT, Jacobs JM et al (2010) High levels of green-tree retention
are required to preserve ground beetle biodiversity in boreal
mixedwood forests. Ecol Appl 20:741–751

