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Abstract
Global demand for energy is projected to increase by 40% in the next 20 years, and largely will be met

with alternative and unconventional sources. Development of these resources causes novel disturbances

that strongly impact terrestrial ecosystems and wildlife. To effectively position ecologists to address this

prevalent conservation challenge, we reviewed the literature on the ecological ramifications of this domi-

nant driver of global land-use change, consolidated results for its mitigation and highlighted knowledge

gaps. Impacts varied widely, underscoring the importance of area and species-specific studies. The most

commonly reported impacts included behavioural responses and direct mortality. Examinations of mitiga-

tion were limited, but common easements included (1) reduction of the development footprint and human

activity, (2) maintenance of undeveloped, ‘refuge’ habitat and (3) alteration of activity during sensitive peri-

ods. Problematically, the literature was primarily retrospective, focused on few species, countries, and ecore-

gions, and fraught with generalisations from weak inference. We advocate future studies take a

comprehensive approach incorporating a mechanistic understanding of the interplay between development-

caused impacts and species ecology that will enable effective mitigation. Key areas for future research vital

to securing a sustainable energy future in the face of development-related global change are outlined.
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INTRODUCTION–RAMIFICATIONS OF THE NEW ENERGY FUTURE

Global demand for energy is projected to increase by 40% in the

next 20 years (International Energy Agency 2009). With the poten-

tial peak in world conventional oil production (Kerr 2011), rising oil

prices (Erturk 2011), and concerns over greenhouse gas emissions

and subsequent climate change (Intergovernmental Panel on Climate

Change 2007), energy demand increasingly will be met with alterna-

tive and unconventional (e.g. gas shale, oil sands) energy sources.

The numerous economic and societal benefits of alternative and

unconventional domestic energy production (e.g. job creation,

national security), technological advancements such as hydraulic

fracturing (United States Energy Information Administration 2010;

Kerr 2010) and directives and legislative mandates for renewable

energy (United States Energy Information Administration 2008;

European Commission 2009) have spurred a rapid increase in global

alternative and unconventional energy production over the last dec-

ade (International Energy Agency 2009; United States Energy Infor-

mation Administration 2010). This production, and related

development, is poised to continue its upward trajectory (Interna-

tional Energy Agency 2009), with over 200 000 km2 of new land

projected to be developed in the US alone by 2035 (McDonald et al.

2009). From an ecological perspective, development can cause

large-scale and novel alterations to ecosystems, resulting in habitat

loss and fragmentation (Leu et al. 2008; McDonald et al. 2009) that

strongly impact terrestrial wildlife populations and their ecosystems.

In light of the new energy future, understanding and mitigating the

impacts of energy development will be one of the major global

challenges for ecologists in the coming decade.

The potential environmental effects of energy development (e.g.

water contamination, deforestation, climate change) garner much

public interest and engender important debates. It is critical that the

impacts of development to wildlife are part of this conversation and

that the best knowledge on this issue is available to decision mak-

ers. As such, there is an explicit need to summarise and synthesise

the current literature on the impacts to wildlife in order to (1) cha-

racterise the type of development-caused environmental risks to

wildlife, (2) understand general patterns of wildlife responses, (3)

summarise results that offer guidance for mitigating impacts

through onsite mitigation and best management practices (BMPs;

i.e. measures employed by industry that reduce environmental

impacts), and (4) highlight the need for such information where it is

lacking. To this end, we reviewed the literature on recent energy

development and development mitigation throughout the world.

For the US and Canada, where the majority of such research was

focused, we quantified and summarised impacted species, the geo-

graphical location and ecoregions where research on impacts took

place, and the robustness of study designs in terms of informing

mitigation measures.

IMPACTS OF EMERGING ENERGY SECTORS TO WILDLIFE

Five energy sectors have driven the global increase in energy devel-

opment: unconventional oil and gas, wind, bioenergy (including bio-

fuels and biomass electricity production), solar and geothermal

energy (International Energy Agency 2009; United States Energy

Information Administration 2010). These sectors differ in their geo-

graphical locations, spatial extent and impacts to wildlife, and thus
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have received various levels of attention in the literature. We con-

ducted a systematic review of the global literature on the impacts of

the above energy sectors to terrestrial wildlife (see Appendix S1 for

a detailed description of the review protocol and resulting litera-

ture). We focused on empirical studies or meta-analyses that exam-

ined wildlife impacts relative to these sectors, while excluding

model-based simulation studies. We did not review impacts from

conventional oil development, as this type of development has been

ongoing for several decades and is on the decline (United States

Energy Information Administration 2010). Finally, we used detailed

information from studies specific to the US and Canada for direct

quantification of impacts to species as well as the geographical loca-

tions and ecoregions impacted (the latter for the US alone). These

focal countries dominated the published literature (> 70% of

reviewed studies; Appendix S1), hold major reserves of unconven-

tional oil and natural gas and substantial potential for renewable

energy (Lu et al. 2009; World Energy Council 2010, 2012; Dinçer

2011), are two of the largest global producers (Table 1), and have

publicly available information on energy production and potential.

The US and Canada are also on the forefront of developing cut-

ting-edge production methods (e.g. hydraulic fracturing) that are

likely to expand into other regions. Thus, the energy development

and subsequent environmental impacts in these countries reflect the

current, and likely future, global trends in development (Interna-

tional Energy Agency 2009).

Wind

While the debate on environmental impacts of many energy sectors

has focused on carbon emissions or pollutants, the primary impact

of wind energy has been to wildlife. The most common impact of

this sector was the direct mortality of bats and birds from collisions

with wind turbines (Table 2; Kunz et al. 2007; Kuvlesky et al. 2007;

Rydell et al. 2010). The spatial distribution of studies in the

reviewed literature was limited, focusing on the US, Canada or

Western Europe despite substantial global potential and interest

(Lu et al. 2009; Table 1). In the US and Canada, the population

repercussions of this mortality source were of greatest concern for

bats due to the magnitude of such mortality, and the lack of infor-

mation on demography and population sizes (Kuvlesky et al. 2007).

Most mortalities in this region were of migratory, tree-dwelling bats

(Kunz et al. 2007; Appendix S1). The patterns of mortality in Eur-

ope stood in contrast to the US and Canada, as migratory and non-

migratory bats were killed in similar proportions, and the species

for which mortalities were most common were generally thought to

have stable populations (Rydell et al. 2010). Despite these differ-

ences, the underlying mechanisms for these mortalities appeared to

be similar between the two continents and included bats engaging

in behaviours that make them more susceptible to collisions, or

being attracted to turbines for roosting or foraging. In general, these

proximate causes for collisions remained untested, but the ultimate

driver appeared to be that wind farms were located in high-use

areas (Kunz et al. 2007; Rydell et al. 2010).

As with bats, siting of wind farms in areas actively used by birds

(e.g. flyways) was a major driver of mortalities (Kuvlesky et al.

2007). In North America, fewer birds (relative to bats) were killed

due to collisions with turbines, and population-level consequences

have not been documented (Kuvlesky et al. 2007), while in Europe

wind turbine collisions likely have contributed to the decline of

some species (e.g. the Egyptian vulture (Neophron percnopterus);

Carrete et al. 2009), and impacted breeding success and fecundity of

others (e.g. the griffon vulture (Gyps fulvus) and the white-tailed

eagle (Haliaeetus albicilla); Dahl et al. 2012; Martinez-Abrain et al.

2012). On both continents, wind farms negatively impacted bird

abundance and elicited behavioural responses (e.g. avoidance),

although this impact was species and site dependent (de Lucas et al.

2004; Stewart et al. 2007; Pearce-Higgins et al. 2009; Garvin et al.

2011; Appendix S1).

Aside from bats and birds, we found only six studies that exam-

ined impacts of wind energy on terrestrial wildlife (two on ungu-

lates, three on desert tortoises (Gopherus agassizii) and one on ground

squirrels (Spermophilus beecheyi); see Appendix S1 for citations). Ungu-

Table 1 Energy produced by region from five unconventional or alternative energy sectors [bioenergy (biofuels and biomass electricity), wind, solar, geothermal and

unconventional oil] number of countries in each region, number of countries producing energy for each sector and number of countries with studies on the impacts of

bioenergy and wind energy development on wildlife*

Region

(no. of

countries)

Wind†

(no. countries

producing)

No. countries

with studies; wind

Biofuels‡;

biomass

electricity†

(no. countries

producing)

No. countries

with studies;

bioenergy

Solar†

(no. countries

producing)

Geothermal‡

(no. countries

producing)

Shale oil§;

other unconventional

oil¶ (no. countries

producing)

Africa (56) 1.96 (8) 0 0.99; 1.47 (13) 0 0.04 (8) 1.52 (1) 0; 0 (0)

Asia and Oceania (46) 78.75 (20) 0 99.21; 37.94 (19) 2 4.42 (19) 26.59 (7) 375; 24 (2)

Central and South

America (44)

3.29 (20) 0 588.25; 36.79 (22) 1 0.001 (6) 3.16 (5) 200; 14778 (5)

Eurasia (16) 0.62 (8) 0 4.36; 3.56 (5) 0 <0.001 (1) 0.44 (1) 355; 773 (3)

Europe (40) 142.44 (27) 8 248.31; 137.32 (29) 4 21.98 (31) 10.22 (7) 0; 1191 (3)

Middle East (14) 0.26 (4) 0 0.1; 0.05 (2) 0 0.43 (2) 0 (0) 0; 0 (0)

North America (6) 100.52 (3) 2 914.42; 77.04 (3) 2 1.44 (3) 21.95 (3) 0; 6645 (3)

*No studies were found examining the impacts of solar and geothermal energy development to wildlife. Unconventional oil studies were not quantified because the source

(i.e. conventional vs. unconventional) was not determinable from global studies (see Appendix S1). Information on unconventional natural gas production was not avail-

able globally.
†Billion kilowatt hours produced. Data obtained from the US Energy Information Administration (http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm).
‡Thousand barrels per day produced. Data obtained from the US Energy Information Administration (http://www.eia.gov/cfapps/ipdbproject/IEDIndex3.cfm).
§Thousand tons produced. Data obtained from World Energy Council (2010).
¶Million barrels produced. Data obtained from World Energy Council (2010).
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Table 2 For each energy development sector, the identified and hypothesised (likely) impacts to wildlife, suggested best management practices (BMPs) and on-site mitiga-

tion measures for reducing impacts, and suggested research needs. Identified impacts and suggested BMPS and on-site mitigation measures are listed in order of their fre-

quency in the reviewed literature

Sector Identified impacts Likely impacts BMPs and on-site mitigation measures Research needs

Wind Direct mortality

Altered behaviour

and displacement

Decreased fecundity

Decreased breeding

success

Acoustic masking

Altered species

composition

Avoid siting near bat colonies or in

habitat used for nesting, migration,

foraging, soaring for large birds, or

other activities that may encourage

collisions

Curtailment during sensitive seasons,

times of high insect activity

(bats), low wind (bats), high wind

(birds), clear weather and immediately

after sunset (bats), and when threatened

species are present (birds)

Increase cut-in speed

Replace older towers (birds)

Removal of towers with high mortality

rate

Move known anthropogenic food sources

(scavenging birds)

Install shorter towers for bats and fewer,

larger towers for birds

Habitat offsets (birds)

Deploy echolocation devices during

assessments

Pre-development assessment

Behavioural impacts

Economic analyses to

optimise cut-in speed and

stoppage times

Population and demographic

information for bats (US and

Canada)

Greater geographical breadth

of bird research

Further research into reasons

for collisions

Bioenergy Decreased species richness,

diversity and abundance

Altered species composition

Increased invasive species

Large-scale deforestation

Altered space-use patterns

Declining

populations

Plant native species or high-diversity polycultures

Maintain mosaic of harvested and unharvested land

Maintain native habitat in proximity to crops

Harvest after fledging of bird nestlings

Harvest to maintain structural diversity in vegetation

Plant woody crops that support nesting habitat

Plant larger woody crop plots

Plant on degraded or already cultivated lands

Promote understory vegetation (epiphytes in oil

palm plantations; weeds in

herbaceous crops)

Habitat offsets

Create piles or windrows of coarse woody debris

Research on impacts to a

greater diversity of species

Research on global impacts

of bioenergy production in

North America

Focused research on

dedicated bioenergy crops

Unconventional

oil and natural gas

Altered behaviour, movement,

home ranges and territories

Altered reproduction

Altered species composition

Acoustic masking

Declining populations

Decreased survival

Direct mortality

Reduced abundance

Increased stress

Increased hunting pressure

Loss of migratory

routes

Increased predation

Increased illegal

hunting

Restricted development in and around critical

habitat

Maintenance of refuge habitat

Re-vegetation and habitat enhancements

Traffic and access restrictions

Narrow seismic lines

Siting of developments in areas obscured by

vegetation or topography

Noise suppression and barriers

Clustered development

Helicopter assisted or remote development

Habitat offsets

Directional drilling

Setback distances from critical habitat

Remote liquid gathering systems

Install predator deterrents around developments

Liberal harvest of primary prey

Remotely activated deterrents

Increased pipeline height

Pre-development assessment

Assessments of impacts to

migratory routes

Identification of thresholds

above which demographic

and population-level impacts

occur

Untangling of response to

multiple activities

Noise mitigation methods

(continued)

© 2012 Blackwell Publishing Ltd/CNRS

114 J. M. Northrup and G. Wittemyer Review and Synthesis



lates in these studies showed no behavioural responses to wind

energy. Likewise tortoises showed no population-level response, but

mortality related to culverts in wind energy facilities was hypothes-

ised to be a potentially significant source of mortality. Ground

squirrels showed behavioural alteration likely due to acoustic mask-

ing from wind turbines.

Bioenergy

The debate over the environmental impacts of bioenergy has centred

on carbon emissions and deforestation, but the cultivation of crops

used in this sector can elicit large-scale land-use change with implica-

tions for wildlife (Fargione et al. 2010). Importantly, bioenergy pro-

duction occurs on all continents, but the literature on the impacts to

wildlife is limited to only a few countries (e.g. the US, UK and Indo-

nesia; Table 1). This literature can be categorised by the nature of

land conversion required for bioenergy cultivation. In temperate

regions, where we only found studies from the US, Canada and the

UK, herbaceous crops [e.g. corn or miscanthus (Miscanthus giganteus)]

and short-rotation woody crops [e.g. poplar (Populus spp.) or willow

(Salix spp.)] were typically cultivated on lands that already have been

converted for agricultural purposes (although in the US some of

these lands have been reclaimed; i.e. through the Conservation

Reserve Program). In tropical regions, crops such as oil palm (Elaeis

guineensis) and sugarcane (Saccharum spp.) were harvested as biodiesel

feedstocks and often required land conversion from primary or sec-

ondary native forests. While cultivation of these crops occurred in a

number of countries, we only found studies from Borneo, Malaysia

and Guatemala (Appendix S1).

The environmental impacts of oil palm cultivation have become a

global conservation issue in the last decade (Fitzherbert et al. 2008).

Oil palm cultivation and its associated deforestation represent one

of the greatest threats to biodiversity in some tropical countries

(Koh et al. 2011). Literature on the direct impacts to wildlife largely

focused on bird diversity, with oil palm plantations having substan-

tially lower diversity and disproportionately lower numbers of sensi-

tive and rare species than non-palm forests (Fitzherbert et al. 2008;

Danielsen et al. 2009; Edwards et al. 2010). The degree of biodiver-

sity loss depended on the proximity of plantations to intact native

forest or forest fragments (Koh 2008) and likely was related to

lower vegetative diversity and limited food resources in plantations.

Most research on the impacts of bioenergy production from oil

palm to wildlife was from southeast Asia, but oil palm could be

grown throughout the tropics, with similar conservation implications

(Butler & Laurance 2009). Similar to oil palm, the production of

biodiesel from sugarcane or soy (Glycine sp.) contributed, along with

other factors, to land clearing in the Amazon (Nepstad et al. 2008).

While empirical research on the direct impacts to wildlife in this

area was lacking, large-scale deforestation will impact a host of spe-

cies across numerous taxonomic groups. Critically, deforestation of

the Amazon was not only a result of local demand for bioenergy

but influenced by global markets. Increased production of bioenergy

from corn in the US was linked to raising prices for soy, and thus

further Amazonian land clearing for production of this crop

(Laurance 2007).

In temperate regions, the most commonly documented impacts

of herbaceous bioenergy crops were lower songbird and small mam-

mal species richness, diversity, and abundance relative to reference

areas (e.g. field margins or undisturbed grasslands; Semere & Slater

2007; Sage et al. 2010; Riffell et al. 2011; Robertson et al. 2011a,b).

These patterns, however, depended on the surrounding land use

(Bellamy et al. 2009). Furthermore, if bioenergy crops composed

only a small proportion of the landscape, an increase in species

richness could result (Meehan et al. 2010) through increased habitat

heterogeneity (Roth et al. 2005; Robertson et al. 2011a). In some

areas, bioenergy crops such as corn provided high-quality forage for

large herbivores; thus, cultivation was hypothesised to alter space-

use of these animals (Walter et al. 2009).

Short-rotation woody crops, planted in temperate regions,

increased nesting habitat for birds in some areas and enhanced spe-

cies diversity and abundance for birds, mammals and some reptiles

relative to undisturbed forest, but potentially decreased amphibian

diversity and abundance (Berg 2002; Sage et al. 2006; Dhondt et al.

2007; see Appendix S1). For birds, the understory vegetation in

woody bioenergy crops provided an important food source (Fry &

Slater 2011). Again, these impacts depended on the surrounding

habitat and the type of land that was converted for energy develop-

ment. The largest body of research on impacts of woody bioenergy

crops to wildlife was from the UK, where historically much of the

land was converted to farmland. Thus, these impacts may not apply

for areas where cultivation occurs at the expense of natural habitat.

As with other energy sectors, the impacts of bioenergy crops dif-

fered by species, and therefore, their cultivation led to altered spe-

cies composition (Roth et al. 2005; Riffell et al. 2011). Specific

responses varied by crop, land type, (Berg 2002; Tilman et al. 2006;

Semere & Slater 2007; Meehan et al. 2010; Robertson et al. 2011a)

and harvest practices (Roth et al. 2005), and depended on the

remaining habitat within crops or plantations (Koh 2008). These

impacts were of greatest conservation concern when crops or plan-

tations replaced native forests, crop margins or lands in conserva-

Table 2. (continued)

Sector Identified impacts Likely impacts BMPs and on-site mitigation measures Research needs

Solar Displacement

Altered behaviour

Altered species

composition

Loss of migratory

routes

Pre-development assessment Basic research on impacts to

wildlife

Geothermal Displacement

Altered behaviour

Altered species

composition

Pre-development assessment Basic research on impacts to

wildlife
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tion holdings (Riffell et al. 2011). Such conversion is likely to

become more common with greater economic incentives for bio-

energy crop cultivation. Another major concern with herbaceous

and woody bioenergy production was the potential for crops to

become invasive species. Many prospective bioenergy crops have

similar characteristics to successful invasive species (e.g. rapid

growth with little chemical or nutrient input) and were more likely

to become invasive than reference plants (Buddenhagen et al. 2009).

For wildlife, such invasions are likely to act synergistically with

other bioenergy impacts.

Unconventional oil and gas

Unconventional oil or natural gas reserves exist on every continent,

and their development is set to become a major energy sector world-

wide (World Energy Council 2010, 2012). Information on global pro-

duction of unconventional natural gas and assessments of reserves,

however, is noticeably lacking at this time, while unconventional oil

extraction currently occurs in few countries (Table 1). The US and

Canada produce the greatest amount of unconventional oil and natu-

ral gas energy globally (United States Energy Information Administra-

tion 2010; World Energy Council 2012), and reflectively, the related

literature was predominantly concentrated on these countries (Appen-

dix S1). With development likely to increase globally in coming years,

the impacts documented in this region are salient globally.

Development of unconventional oil and natural gas broadly

impacted wildlife by (1) fragmentation through the creation of com-

plex road and pipeline networks, (2) direct habitat conversion from

the development footprint, (3) eliciting behavioural responses, par-

ticularly avoidance, due to development-related activity (construc-

tion, increased human activities and anthropogenic noise), and

(4) inviting further fragmentation, resource extraction and direct

mortality of wildlife through increased human access to wild lands.

Globally, studies mainly focused on impacts to large mammals.

Importantly, we note that global studies did not distinguish between

conventional and unconventional development, and therefore, we

limited our review to a select group of key studies outside the US

and Canada (see Appendix S1 for detailed discussion of evaluation

protocols). In the US and Canada, most studies documented nega-

tive impacts of unconventional oil and natural gas development to

wildlife (Fig. 1). Studies of these impacts focused mainly on ungu-

lates, greater sage grouse (Centrocercus urophasianus), and a variety of

song bird species.

The impacts of unconventional oil and gas development on ungu-

lates and other large mammals were well characterised due to the

economic and conservation importance of these species. For large

mammals, behavioural impacts were most commonly documented

and included large-scale displacement from developed areas and

around development infrastructure (Sawyer et al. 2006), altered

movement or home range patterns (Dyer et al. 2002), and more

fine-scale behavioural modifications likely in response to variable

human activity, traffic or disturbance from seismic exploration

(Dyer et al. 2002; Sawyer et al. 2009a; Wrege et al. 2010; Wasser

et al. 2011). These responses varied by spatial scale and across spe-

cies, and not all large mammals were impacted by development

infrastructure (Kolowski & Alonso 2010; Rabanal et al. 2010).

Few studies documented population-level impacts for specific

species of large mammal from development, although oil and

natural gas extraction likely has influenced population declines of

caribou (Rangifer spp.; Sorensen et al. 2008; Wasser et al. 2011), led

to decreased survival of elk (Cervus elaphus; Dzialak et al. 2011), and

contributed to heightened grizzly bear (Ursus arctos) mortality

(Nielsen et al. 2006). One study documented increased nutritional

and psychological stress of caribou, likely in response to human

activity related to oil and natural gas development (Wasser et al.

2011). While direct population-level impacts from this sector were

infrequently documented, in Africa development contributed to

unsustainable levels of bushmeat extraction due to increased human

presence (Thibault & Blaney 2003), and any increases in develop-

ment that may accompany unconventional oil and gas development

are likely to exacerbate this situation. Impacts of oil and gas devel-

opment on the migrations of large mammals have not been rigor-

ously examined, but it is likely that migrations of some individuals

will be disrupted by development (Sawyer et al. 2009b). Finally,

altered behavioural patterns could lead to increased vulnerability to

predators for certain species.

Oil and Gas Wind Bioenergy
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Figure 1 Number of US- and Canada-focused studies summarised by (a) taxonomic group and energy sector and (b) whether they documented negative, neutral or

positive responses by wildlife. Several studies focused on multiple species or treatments (e.g. bioenergy crop type) and thus could have multiple responses.
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For bird species, the most common impact of oil and gas devel-

opment was reduced abundance around development infrastructure

(Pitman et al. 2005; Jarnevich & Laubhan 2011). Such impacts often

were species-specific, leading to alterations in species composition

in developed areas (Bayne et al. 2008; Gilbert & Chalfoun 2011).

Anthropogenic noise produced from oil and gas extraction also

altered species composition (Bayne et al. 2008; Francis et al. 2011;

Appendix S1), which indirectly influenced plant pollination and seed

dispersal (Francis et al. 2012). Such noise affected reproductive

parameters such as mate pairing success, age distribution, and nest-

ing frequency and abundance (Francis et al. 2011; Appendix S1).

Noise also caused birds to alter their song characteristics, which can

exacerbate negative impacts and potentially increased predatory

exposure (Francis et al. 2011; Appendix S1). Other, less commonly

reported impacts from unconventional oil and natural gas develop-

ment included changes in songbird territory size and shape due to

habitat alteration from seismic exploration (Machtans 2006;

Appendix S1), and direct mortality or contamination from landing

on wastewater ponds produced from oil and gas drilling and oil

sands extraction, or ingesting toxicants therein (Gurney et al. 2005;

Ramirez 2010). Seismic exploration and wastewater ponds accom-

pany almost any development project in this sector, so such impacts

likely were more widespread than suggested by the literature. While

there was little research on the impacts of oil and gas development

to bird species outside of the US and Canada, the creation of devel-

opment-related roads and other linear features in the tropics will

likely hasten human-caused deforestation and colonisation of for-

ested areas (Laurance et al. 2009).

While specific only to the US and Canada, impacts of energy

development on sage grouse were possibly the best characterised

due to their conservation status (listed as warranted but precluded

under the Endangered Species Act in the US and endangered under

Canada’s Species at Risk Act) and overlap with significant uncon-

ventional natural gas reserves. Research on the response of sage

grouse to energy development primarily was focused on understand-

ing the reasons for population declines. Numerous studies docu-

mented impacts that directly affect sage grouse reproductive output

in developed areas, including lower frequency of nest initiation

(Lyon & Anderson 2003), greater probability of brood loss

(Aldridge & Boyce 2007) and lower recruitment of juveniles to leks

(Holloran et al. 2010). In addition, sage grouse had decreased lek

attendance (a metric used to monitor populations; Doherty et al.

2010) and lower survival probability (Holloran et al. 2010) in devel-

oped areas. Sage grouse also avoided areas around developments

(Doherty et al. 2008). These impacts likely were exacerbated by the

fact that development decreased available grouse habitat, while

increasing habitat for predators (Bui et al. 2010) and mosquitoes car-

rying West Nile virus (Zou et al. 2006), to which grouse are suscep-

tible. Regulations were in place to provide protection for sage

grouse in areas being actively developed for natural gas, although

these regulations likely were insufficient (Doherty et al. 2008).

Studies on the impacts of unconventional oil and gas develop-

ment on species other than birds and large mammals were limited

(Fig. 1). We found only one study examining the influence of oil

and gas development on amphibians or reptiles with no docu-

mented response (see Appendix S1).

Solar and geothermal

We found no empirical peer-reviewed research on the impacts of

either solar or geothermal energy development on wildlife. These sec-

tors also are the least developed globally (Table 1). Lovich & Ennen

(2011) reviewed the available literature (mostly from unpublished

reports) and hypothesised that habitat loss and fragmentation and

microclimate alteration around solar arrays were the most likely

impacts to wildlife (Table 2). The desert southwest of the US holds

some of the greatest potential for solar energy in the US and Canada;

thus, wildlife in this area faces the greatest threat (Table 3; Lovich &

Table 3 Top five ecoregions with greatest potential for energy development, by sector, for the continental US. Ecoregions less than 100 km2 were excluded. Area values

indicate total ecoregion area (km2) in the continental US. See Appendix S2 for methodology

Rank

Unconventional oil and gas

(per cent overlapped by

basins; area km2)

Wind (per cent in wind

power classes 5 and 6;

area km2)*

Bioenergy

(mean tons/

km2/year;

area km2)

Solar (mean kWh

potential; area km2)

Geothermal (per cent in classes 1 and 2;

area km2)†

1 Allegheny Highlands forests

(100%; 101 492)

Cascade Mountains

leeward forest

(93%; 16, 236)

Central tall grasslands

(166.83; 259 845)

Mojave desert

(7470; 131 271)

Eastern Cascades forests (84%; 56 208)

2 Western Gulf coastal grasslands

(100%; 78 295)

South Central Rockies

forests (85%; 159 790)

Willamette Valley

forests

(156.20; 15 201)

Sonoran Desert

(7271; 116 759)

Sierra Madre Occidental pine-oak forests

(84%; 7, 267)

3 East Central Texas forests

(100%; 55 067)

British Columbia

mainland coastal

forests (78%; 14 611)

Central Pacific coastal

forests

(151.53; 41 855)

Sierra Madre

Occidental pine-oak forest

(7170; 7267)

Snake-Columbia shrub steppe

(82%; 220 029)

4 Mississippi lowland forests

(99%; 121 921)

Wasatch and Uinta

montane forests

(70%; 41, 481)

Puget lowland forests

(126.93, 15 579)

Arizona mountain

forests

(7032; 109 135)

Colorado Rockies forests (80%; 133 295)

5 Tamaulipan mezquital

(99%, 59 906)

Colorado Rockies forests

(68%; 133 295)

Mississippi lowland

forests

(126.87; 121, 921)

Colorado plateau

shrublands

(6777; 326 767)

Great Basin shrub steppe (75%; 337 545)

*Power class descriptions obtained from National Renewable Energy Lab (http://www.nrel.gov/gis/data_wind.html): (5) 7.5–8.0 m/s (excellent potential); (6) 8.0–8.8 m/

s (outstanding potential).
†Class descriptions obtained from National Renewable Energy Lab (http://www.nrel.gov/gis/data_geothermal.html) and describe geothermal energy potential with classes

1 and 2 being the most favourable.
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Ennen 2011). Similar to other sectors, the location of solar arrays

relative to wildlife migration routes and critical habitat figures to

be important in dictating the conservation implications (Lovich &

Ennen 2011).

Geothermal energy development can involve the emission of pol-

lutants (Pimental 2008) and will involve habitat alteration and

related impacts, at least at a small scale (Table 2). Literature on

empirical studies regarding impacts from this sector was lacking

globally. The majority of geothermal energy potential in the US and

Canada lays in the west and southwest of the US (Table 3;

Appendix S2).

Summary, general patterns and research needs

The impacts of energy development to wildlife varied among spe-

cies and sectors (Table 2). In our quantification of studies from

the US and Canada, most studies documented negative impacts

(Fig. 1). Behavioural alterations in response to development were

the most common impact reported and likely precede demo-

graphic or population-level consequences. Behavioural responses

included large-scale displacement, as well as more nuanced changes

to habitat selection and movement patterns related to habitat frag-

mentation. Fragmentation is an unavoidable by-product of devel-

opment, potentially resulting in both the loss of migratory routes

and decreased connectivity within and between populations, as

well as further impacts related to human access to wild lands. The

preponderance of behavioural alterations may have resulted from

the large body of research on unconventional oil and gas develop-

ment in the US and Canada, for which behavioural responses

were typical, or due to a disproportionate number of studies in

this sector focused on behavioural impacts over other factors.

Broadly, across studies in different regions, results demonstrated

wide variation in the response of species to the same or similar

disturbance, thus altered species composition and interactions

appear to be a likely outcome of any development project. While

less common, the impacts with the most direct conservation impli-

cations included those that caused decreased survival, altered

reproduction and population declines. These impacts were docu-

mented for some species in response to unconventional oil and

natural gas development and wind energy but were undocumented

in other sectors, probably reflecting limited research.

While the literature on impacts of unconventional and alternative

energy development to wildlife has initiated important discussion

and further research, a number of major shortcomings exist and

must be addressed. Importantly, the literature was severely limited

geographically, both globally (Table 1) and in the US and Canada

(Fig. 2). In many cases, research on impacts in the US and Canada

did not overlap the ecoregions with the greatest potential for devel-

opment (Olson et al. 2001; Table 3; see also Appendix S2), and sim-

ilar patterns likely exist worldwide. Such ecoregions and the

component species are potentially at the greatest risk but severely

understudied (see Appendix S2). In addition, the literature was

focused on few species (Fig. 1), and the majority of studies were

retrospective (less than 20% of the reviewed studies from the US

and Canada had any before–after component). These factors strictly

limit the inferences that can be drawn from such studies. A broad-

ening of the current knowledge base in terms of both species and

geography, as well as more robust study design, is needed to assess

the impacts to wildlife.

BEST MANAGEMENT PRACTICES AND ON-SITE MITIGATION

Identifying the wide variety of energy development-driven impacts

to wildlife is the first step in understanding how each sector is

altering environments. Subsequently, providing tangible recommen-

dations on mitigating these impacts is important to successful con-

servation actions aimed at ensuring more sustainable development.

Here, we summarise the BMPs and on-site mitigation measures sug-

gested in the published literature and highlight the need for such

research where it is lacking (see also Appendix S1).

Wind

Direct mortality, the primary impact to wildlife from wind energy

development, is more easily quantified than the often indirect impacts

related to other sectors. Thus, in many cases, mitigation can produce

more tangible results (i.e. mortality reduction), and a number of

studies directly assessed mitigation in a before–after context (Fig. 3).
For bats, increasing the wind speed at which turbines begin spinning

(cut-in speed) was shown to effectively reduce mortalities (Baerwald

et al. 2009; Arnett et al. 2010). For birds, seasonal stoppages, upgra-

ding turbines to newer and taller models, moving food sources to

reduce collision potential and stopping turbines during certain wind

conditions reduced mortalities (Smallwood & Karas 2009; Smallwood

et al. 2009; Martinez-Abrain et al. 2012). In addition, in areas of inten-

sive monitoring, stopping specific turbines when birds were seen fly-

ing nearby reduced mortalities (de Lucas et al. 2012).

The above studies provided the best guidance on mitigation mea-

sures. Despite the fact that many studies were not designed to

directly test mitigation (Fig. 3), documentation of disproportionate

mortality at certain turbines or wind farms was used to suggest

BMPs and on-site mitigation measures. Chief among these measures

was locating wind farms to avoid areas of generally high density

of birds and bats, feeding and foraging sites for soaring birds,

migratory routes, nesting areas and bat colonies (Kuvlesky et al.

2007; Smallwood et al. 2007; Carrete et al. 2009; Baerwald & Barclay

2011; Dahl et al. 2012). Risks associated with development siting

can be readily assessed in the pre-development environmental

impact assessment stage; however, in some cases, such assessments

were misleading (e.g. Ferrer et al. 2012) and would be more accurate

if conducted at the individual turbine level taking species-specific

factors into account (e.g. for soaring birds avoid placement in areas

that produce certain winds; de Lucas et al. 2008; de Lucas et al.

2012; Ferrer et al. 2012). For bats, echolocation detectors were sug-

gested to be effective for such assessments (Weller & Baldwin

2012). In addition, building wind farms on developed lands (e.g.

agricultural lands) could benefit wildlife by reducing land-use change

(Kiesecker et al. 2011). Aside from adequately assessing the loca-

tions of wind farms, stopping wind turbines during times when bats

and birds are particularly active or vulnerable (for birds during times

when food was limited; Martinez-Abrain et al. 2012; for bats when

insects were most active, during clearer weather, falling barometric

pressure, just after sunset and particularly at taller turbines; Barclay

et al. 2007; Horn et al. 2008; Baerwald & Barclay 2011) was pro-

jected to provide the greatest reduction in mortalities. In addition,

assessing the effectiveness of seasonal shutdowns is recommended

(Johnson et al. 2004), as is removal of specific turbines at which

there are a disproportionate number of collisions (Carrete et al.

2009). Habitat offsets, particularly for areas with traits described
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Figure 2 Location of reviewed studies and energy potential by sector in the US for (a) unconventional oil and natural gas, (b) wind energy and (c) bioenergy. Diagonal

lines indicate states where 1–5 studies have been conducted, and cross-hatches indicate states where greater than 5 studies have been conducted. *Unconventional oil and
natural gas basin layers obtained from the US Energy Information Administration (http://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/maps/maps.htm).
†Wind and biomass layers obtained from the National Renewable Energy Laboratory (http://www.nrel.gov/gis/). ‡Power classes indicate the wind energy potential

estimated from 50-m wind speeds, with 1 being the lowest and 6 the highest. §Values for biomass represent potential tons/km2/year of both biofuels and biomass

burned for heating and electricity.
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above, have been suggested as a means of decreasing population-

level impacts to birds (Smallwood & Thelander 2008). Other mitiga-

tion measures, such as altering the physical characteristics of

turbines, may be effective but vary geographically, and among spe-

cies in the same area (see Appendix S1). Many of these recommen-

dations likely are species and site specific and not widely applicable.

While most of the research on wind energy impacts to wildlife

focused on mortalities among avian and bat species, research on non-

volant species was limited and produced equivocal results (see Appen-

dix S1). Impacts are likely species and site specific and will require

further research to elucidate general patterns useful for mitigation.

Bioenergy

Suggested measures for the mitigation of bioenergy impacts to wild-

life varied widely depending on the crop and region. In tropical

regions, where crops often replaced native forests, extensive pre-

development assessments of economic benefits and environmental

costs were suggested to fully understand impacts (Danielsen et al.

2009). In addition, if crops replace areas of high conservation value,

habitat offsets may be required to ensure sufficient habitat is left

unaltered (Edwards et al. 2010). In some cases, improvements

within plantations (e.g. promoting understory or epiphytic growth)

and maintenance of forest fragments nearby plantations were sug-

gested to enhance biodiversity (Koh 2008). Ultimately, ensuring

large tracts of native forest are left intact will provide the greatest

conservation benefit.

In temperate regions, the cultivation of bioenergy crops may

require no new development (i.e. use of previously cultivated lands).

In these areas, degraded land brought back into production with

high-diversity polycultures of plants could in fact increase habitat

for some wildlife species (Tilman et al. 2006). Thus, the discussion

of BMPs and mitigation in temperate regions centred not on the

development itself but on the conservation value of the cultivated

land and what crops were planted. A greater proportion of studies

directly assessed mitigation for this sector than any other (Fig. 3),

and a number of suggestions for BMPs and mitigation were pro-

vided. For birds that may nest in bioenergy crops, harvesting post-

fledging was offered as an important BMP (Roth et al. 2005). In

addition, maintaining habitat structure through planting mosaics of

harvested and unharvested crops, or crops and undisturbed land,

was suggested to provide a greater amount of habitat for a range of

species (Murray & Best 2003; Roth et al. 2005; Sage et al. 2010).

With short-rotation woody crops, the specific vegetative characteris-

tics of cultivated species influenced nesting propensity for certain

species of birds, and therefore, site and species-specific guidelines

will need to be developed in new areas (Verschuyl et al. 2011). As

with herbaceous crops, in short-rotation woody crops, maintaining

habitat diversity by planting a variety of cultivars positively impacted

a diverse array of species (Dhondt et al. 2007). For small mammals,

habitat appeared to be enhanced by maintaining residual coarse

woody debris and constructing piles or windrows (Sullivan et al.

2011; Appendix S1). We caution that the literature on bioenergy

was limited in geographical extent and with expansion of these

crops into other countries, mitigation measures will depend greatly

on current land-use and management goals (e.g. if endangered spe-

cies are present in an area, then general species diversity likely will

be of lesser concern).

A number of other studies assessed wildlife response to bioenergy

crops and made mitigation suggestions based on their findings.

High-diversity polycultures (Tilman et al. 2006) or crops that mimic

native vegetation were recommended for planting on degraded

lands (Semere & Slater 2007; Meehan et al. 2010; Robertson et al.

2011a,b). Again, any measures that increase habitat diversity or

maintain within-crop structural variability, such as rotational harvest

or planting crops at the intersection of two habitat types, are likely

to increase habitat for a range of species (Berg 2002; Sage et al.

2006; Robertson et al. 2011a). Finally, maintaining weed species

within crops through soil disturbance during harvest or maintaining

crops in different stages of maturity was offered as a means to pro-

vide food sources and habitat for wildlife species (Bellamy et al.

2009; Fry & Slater 2011). In contrast, cultivation of crop margins,

lands in conservation holdings and the conversion of native habitats

negatively impacted wildlife (Riffell et al. 2011).

Unconventional oil and gas

Unconventional oil and natural gas differs from other sectors in

that, typically, the energy resource, and thus the extraction period, is

finite (although we note that new technologies can extend the life

span of infrastructure, with development potentially lasting several

decades). Therefore, on-site mitigation and BMPs are critical for

bringing wildlife through the development period, after which habi-

tat can be restored. Several BMPs and on-site mitigation measures

were outlined to address the impacts of this sector (Table 2). How-

ever, few studies were designed to directly test mitigation in a

before–after comparison, or even correlatively (Fig. 3), and thus,

few measures were supported in the literature. Those studies that

were designed in this manner provided the most definitive evidence
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Figure 3 Proportion of US- and Canada-focused studies that discuss mitigation,

categorised by study design; (1) studies that explicitly assessed the response of

wildlife to the implementation or simulation of a BMP or mitigation measure,

with a before–after component (for bioenergy this includes studies examining

harvest practices and different plant cultivars), (2) correlative studies that were

designed to directly assess the response of wildlife to existing mitigation, and (3)

correlative studies that examined the response of wildlife to development and

inferred mitigation from their findings.
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for the efficacy of specific BMPs or on-site mitigation and we first

discuss these measures.

While unconventional oil and natural gas development typically

only removes a small proportion of physical habitat (oil sands min-

ing being a notable exception), the location and interface of these

surface disturbances with wildlife space use can amplify or reduce

its impacts. Several methods were suggested to manage this inter-

face. Anthropogenic noise that elicits a multitude of behavioural

responses by wildlife, our understanding of which is in its infancy,

can be managed with a number of methods. Such methods included

selective placement in relation to natural noise barriers, installing

fewer, centralised compressors, constructing noise retaining walls, or

installing noise suppression devices on compressors (Bayne et al.

2008; Francis et al. 2011; Appendix S1). Similarly, installation of

remote liquid gathering systems reduced human activity at well pads

and thus decreased behavioural impacts (Sawyer et al. 2009a).

Clustering developments, maintaining buffers between development

and critical habitat (e.g. nesting habitat) and designing projects to

maintain sufficient cover or ‘refuge’ habitat were recommended to

provide haven from the perceived risk associated with development

(Sawyer et al. 2009a; Appendix S1). Particularly, if developments are

clustered in future projects, maintenance of sufficient undeveloped

habitat will be important to avoid numerous large development

clusters with little habitat in between. Reducing the fragmentation

caused by linear features (i.e. pipelines and seismic lines) so as to

limit impediment to wildlife movement or territory formation was

suggested by revegetation or simply constructing more narrow

features, particularly in areas of extensive seismic exploration (e.g.

boreal Canada; Machtans 2006). Finally, issues associated with birds

landing on wastewater ponds were reduced by using innovative

deterrent methods or by placing netting over ponds (Ronconi &

Cassady St. Clair 2006; Ramirez 2010).

Although the above studies provided the best guidance for mitiga-

tion, a number of other studies made useful suggestions based on

documentation of wildlife response to development. Such sugges-

tions, while less supported than those above, provide useful starting

points for more directed studies of mitigation measures. Specifically,

employing methods to decrease infrastructure and human activity

were commonly suggested mitigation measures from studies docu-

menting behavioural responses to development. Limiting public

access to industrial roads also was recommended to decrease mortali-

ties of some mammal species (Nielsen et al. 2006; Dzialak et al. 2011).

Helicopter-assisted or remote seismic exploration could decrease

behavioural impacts and subsequent displacement of and stress to

some wildlife species in the long term, although care must be taken as

the use of helicopters negatively impacts other species (Dyer et al.

2002; Doherty et al. 2010; Kolowski & Alonso 2010; Wasser et al.

2011). Helicopter-assisted exploration may be particularly important

in tropical areas, where fragmentation leads to progressively greater

threats to biodiversity (Laurance et al. 2009). The above measures will

provide disproportionate benefits for certain species (e.g. African ele-

phants: Loxodonta africana; Rabanal et al. 2010), or if employed during

sensitive time periods (e.g. lekking for sage grouse) or in sensitive

habitat (e.g. nesting habitat; Lyon & Anderson 2003). In instances

where the buffering of critical habitat or maintenance of refuge habi-

tat is not possible, enhancing existing habitat through treatments or

planting of native vegetation may be effective alternatives (Aldridge

& Boyce 2007). Habitat improvements also could be used to offset

nutritional stress that may occur with development disturbance.

Finally, in areas where bushmeat hunting is of particular concern,

resource extraction companies may need to prohibit human access

and hunting (Thibault & Blaney 2003).

On-site mitigation and BMPs have the potential to effectively

reduce impacts of unconventional oil and natural gas development

on certain species. Other species, however, simply do not coexist

well with energy development. Numerous studies documented nega-

tive impacts to both caribou and greater sage grouse from

development in the US and Canada, and while BMPs and on-site

mitigation measures were suggested by some studies, these typically

involved maintaining large tracts of undeveloped land or employing

large buffer distances between development and critical habitat (see

Appendix S1). Such measures may only be viable in limited circum-

stances and, in the best case, will be difficult to implement; identify-

ing critical habitat (buffered adequately from development) and

determining how much is required are daunting tasks and likely to

be inexact. Thus, for these species, prioritising habitat or popula-

tions to keep undeveloped, while promoting development in other

areas (i.e. habitat offsets), may be the most effective mitigation mea-

sures (Doherty et al. 2010; Schneider et al. 2010). For better or

worse, such measures can only be undertaken after sufficient

evidence has been accrued to indicate the lack of effective BMPs or

on-site mitigation measures.

Solar and geothermal

We found no research on mitigating the impacts of solar or geo-

thermal development on wildlife; thus, no recommendations were

supported by the literature. Energy is produced from these sectors

in most regions of the world (Table 1), and the most likely impacts

from both sectors are displacement from areas around development,

leading to altered species composition and behaviour (Table 2). Best

management practices and mitigation measures from other sectors

are likely to be applicable; in particular, proper siting of these devel-

opments through pre-development assessments will undoubtedly be

of importance in reducing impacts to wildlife.

MITIGATION FOR A SUSTAINABLE ENERGY FUTURE

Recent and emerging energy development impacts wildlife species

through the reduction and fragmentation of habitat, displacement,

and direct mortality, all of which can contribute to population

declines. At the same time, energy development provides numer-

ous societal benefits and is a strategically important domestic

objective for many countries. Thus, reduction of impacts through

creative mitigation measures and BMPs will be important for

resolving these contradictory issues and securing a sustainable

energy future.

While the development of mitigation measures and BMPs is in its

infancy in many areas and sectors, the literature offered a number

of promising measures. Common to all reviewed energy sectors was

the importance of rigorous pre-development assessments. Determin-

ing environmental characteristics of areas slated for development

and dynamics in wildlife occupancy is essential for predicting likely

impacts. In many cases, such assessments will lead to the identifica-

tion of sites where mitigation may be economically unfeasible (e.g.

migratory flyways requiring shutting down of wind farms for large

portions of the year). In these cases, areas of higher conservation

priority may be unsuitable for the proposed energy development
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and could be protected as an offset for development of less impor-

tant areas (Doherty et al. 2010; Schneider et al. 2010).

In regions where development is deemed to be feasible, assess-

ments can provide further guidance on which BMPs or mitiga-

tion measures will be most effective. In general, the literature

suggested that impacts of all of the reviewed sectors can be

reduced by spatially and temporally consolidating development

activity and infrastructure, thereby localising impacts. Any meth-

ods that reduce human activity and presence on the land (e.g.

liquid gathering systems at natural gas well pads) or decrease the

propagation of anthropogenic noise (e.g. concentrated compressor

stations with sound retaining barriers) appear to be broadly appli-

cable as well. Unfortunately, the mitigation approaches suggested

in the literature tended to be less targeted and our understanding

of their effectiveness is limited. In particular, with oil and natural

gas development, there are multiple interacting, and potentially

synergistic impacts (e.g. sound disturbance, fragmentation, human

activity), and few studies pinpointed the mechanisms eliciting

wildlife responses. In contrast, due to the nature of development

and of impacts, assessments of mitigation for wind and bioenergy

tended to be more straightforward, and the literature provided

suggestions for mitigation in greater detail. Despite the broad

generalities discussed here, measures reported may be valid only

at the development densities and for the particular disturbances

studied. It is likely that development thresholds exist, and exceed-

ing these thresholds will lead to population-level consequences.

Few studies addressed such prospects, but it is important that

potential thresholds are investigated. In addition, due to the lack

of research in many ecoregions and countries that are or will

become developed (Fig. 2; Tables 1 and 3), the applicability of

the BMPs and mitigation measures outlined above to other areas

is uncertain.

While pre-development assessments are clearly desirable for any

development project, we note that energy infrastructure currently

exists for which assessments can no longer be made. In such cases,

several of the above mitigation measures may not be possible (e.g.

selecting infrastructure location), and measures that can be imple-

mented retroactively should be attempted, while other measures not

dependent on pre-development assessments (e.g. increasing wind

turbine cut-in speed) should be explored.

Despite the mitigation measures offered above, a preponderance

of the reviewed studies was not designed to explicitly test mitigation

(Fig. 3). Indeed, in the literature from the US and Canada, 36% of

oil and gas studies, 30% of wind studies and 23% of bioenergy

studies made no mention of measures to mitigate documented

impacts. Only 19% of oil and gas studies, 15% of wind studies and

38% of bioenergy studies were designed to examine the effective-

ness of mitigation in a before–after context or even correlatively

(Groups 1 and 2 in Fig. 3; Appendix S2). Furthermore, we note

that for many studies it was often difficult to determine the extent

to which the effectiveness of mitigation measures was assessed.

Thus, the majority of suggested BMPs and mitigation measures dis-

cussed above should be considered provisional, until they are exam-

ined by future studies, in different ecological contexts, and with

robust study designs aimed at directly assessing mitigation. In addi-

tion, a handful of studies were designed to allow for assessments of

mitigation, but did not report on this aspect. We urge researchers

to put BMPs and mitigation at the forefront of their findings, as

this will aid future researchers, managers, regulators and industry.

The above shortcomings have led to a situation where the current

literature is not broad enough to provide mitigation strategies for

the breadth of species and ecosystems being affected by expansion

of unconventional and renewable energy development. Furthermore,

the paucity of research on the impacts to ecoregions, sectors, spe-

cies and entire countries is a concern as we move forward with best

practices and mitigation recommendations. Importantly, we found

limited research on the impacts of development to amphibians and

reptiles. In the US and Canada, little work was published from the

eastern US, where large-scale natural gas development has been

ongoing in the Marcellus shale, and where entire ecoregions lie

squarely within some of the richest reserves on the continent

(Table 3; Appendix S2). Globally, the lack of research from entire

countries and regions is even more apparent (Table 1).

Addressing the shortcomings in the energy development literature

will require a shift from solely identifying impacts to directly address-

ing BMPs and on-site mitigation measures that can be part of sus-

tainable solutions to development impacts. Such a direction will

require studies that either seek to obtain a mechanistic understanding

of development impacts (i.e. what is actually causing documented

patterns) or directly test BMPs and mitigation measures in an experi-

mental framework. Such efforts will require collaboration with both

industry and government regulatory agencies and will hold numerous

benefits for all involved. Knowledge of development plans can be

used to implement before-after-control-impact designs, dialogue with

industry and regulatory agencies can allow for studies that directly

assess the efficacy of economically and biologically feasible mitiga-

tion measures and BMPs (see Arnett et al. 2010 for an example), and

finally, collaborations increase the likelihood of actual implementa-

tion of research findings. These collaborations will require research-

ers willing to engage industry, but also it is essential that industry is

open and transparent with development data and plans, as such

information is a necessity for robust study designs. Furthermore, it is

crucial that industry abides by development plans where such plans

formed the basis for research design, as alteration of development

activities can be fatal to research projects and, therefore, our ability

to derive meaningful inference about the system and question. Ide-

ally, collaborative planning needs to be implemented in the pre-

development process to ensure the greatest return from such

endeavours. We note that such a shift will take time to implement,

and as noted above, energy development already has occurred in vast

areas throughout the world. Thus, mitigation measures that show the

most promise should be implemented immediately, but their provi-

sional nature must be understood by all involved. These measures

can be assessed for their efficacy regularly and an adaptive frame-

work can be used to alter mitigation when necessary.

Due to the known environmental impacts of energy development,

funds will continue to be available for mitigation and BMPs. Applied

wildlife ecology research must play a role in reconciling the inter-

twined costs and benefits of development and provide realistic rec-

ommendations for the most effective use of such funds. We call for

researchers to unambiguously outline the BMPs and on-site mitiga-

tion measures suggested by their results, and to be more explicit in

the recommendation of potentially subjective measures, such as habi-

tat offsets and maintenance of critical habitat (i.e. how much, what

type and what entails critical habitat). Such efforts will ensure a

greater probability of implementation of BMPs and on-site mitigation

measures, and a more efficient and effective use of funds. Large-scale

domestic energy development represents a new reality for terrestrial
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ecosystems, and conservation consequences are inevitable. Designing

and implementing creative and effective BMPs and on-site mitigation

measures will be one of the major conservation challenges of the

next 20 years. Current research must rise to meet this reality with

innovative studies designed to address these challenges.
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(2009). Large scale risk-assessment of wind-farms on population viability of a

globally endangered long-lived raptor. Biol. Conserv., 142, 2954–2961.
Dahl, E.L., Bevanger, K., Nygard, T., Roskaft, E. & Stokke, B.G. (2012).

Reduced breeding success in white-tailed eagles at Smola windfarm, western

Norway, is caused by mortality and displacement. Biol. Conserv., 145, 79–85.
Danielsen, F., Beukema, H., Burgess, N.D., Parish, F., BrÜHl, C.A., Donald, P.
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