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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale
gas exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface,
the surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the
transformation of the energy system in the direction of lower CO2 emissions and more renewable
energy. Shale gas may contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in
the shales. Potential risks and concerns include for example the fate of chemical compounds in the
used hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The
fracturing process may also induce small magnitude earthquakes. There is also an ongoing debate on
greenhouse gas emissions of shale gas (CO2 and methane) and its energy efficiency compared to other
energy sources.
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
This review considers the potential impact on habitat from infrastructure that would be developed as a
result of shale gas exploitation in Europe. The infrastructure considered here includes: the well pad,
pipelines, access roads and boreholes. The review is largely based upon the experience of the North
American shale gas industry but draws from projections from Europe and from the experiences of
comparator industries and from related studies of biodiversity impact. The study also reviews those
species of birds and mammals whose European ranges intersect substantially with the European shale
basins that could become sites of future shale gas development.
Given the limited research on the impacts of shale gas developments on European wildlife, there is an
urgent need for monitoring work to be undertaken in association with the early development stages of
this industry. Given the heterogeneity of environments impacted, ‘before-and-after’ ecological studies
of sites to be developed would provide the most robust evidence of any changes resulting from
development activity.
The impact of developments in Europe will, to a large extent, depend upon the extent of exploitation of
resources and the density of wells and associated disturbance in individual regions. Whilst many of the
studies on shale gas impacts in North America focus on impacts on migratory ungulates (hoofed
mammals), such migrations of mammals tend not to occur in the regions of European shale basins and
hence impacts on mammals in Europe will principally be to resident species.
Direct loss of habitat will likely only greatly impact species with very limited distributions, or whose
distributions coincide with exploited shale basins. By contrast, indirect impacts of developments have
the potential to affect a broader suite of species, as has been shown for mammals and birds in areas of
shale gas development in North America. It is likely that specialist, habitat interior and disturbanceprone species will be most at risk from indirect impacts.
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We present information on species of birds and mammals in Europe whose ranges substantially overlap
shale basins. For Europe, consideration of the coincidence of occurrence of restricted-range species with
potential shale gas development areas, across a broader range of taxa than the birds and mammals
considered here, would help identify especially impacted species.
The leakages of fluids used in the fracturing process, which will be stored on site before transportation
for treatment in most cases, has the potential to impact ecosystems much more widely if such fluids enter
catchment drainage channels or groundwater. The impacts of such fluid leaks on riparian taxa, and the
coincidence of endangered riparian taxa and potential shale developments across Europe requires further
study.
Mitigation measures to minimize impact on habitat should include:
 Keeping individual well pads compact and maintaining natural vegetation as much as possible.
 Siting multiple wells on individual pads to minimize habitat loss and fragmentation.
 Considering the impact of well pad networks on surrounding landscapes and locating pads so as
to minimize the overall fragmentation and other indirect effects of development in an area. In
some situations clustering pads together might minimize impacts more than would regularly
spacing pads.
 Locating well pads as close as possible to existing infrastructure to minimize additional
requirements for access roads and to minimize disturbance in semi-pristine areas.
 Where possible, locating well pads on already disturbed or developed sites, whose current
species pool already consists of species tolerant of human disturbance.
 Taking additional precautions to ensure that leakages cannot occur in areas where effluent could
enter waterways.
 Minimizing human disturbance at sites that adjoin areas containing disturbance sensitive
species.
 Incorporating biodiversity considerations into set-back distances to ensure pads are placed away
from sensitive biodiversity features, in addition to the usual considerations of human impacts.
 Routinely undertake monitoring at sites to detect impacts on the widest possible diversity of
species. Long-term monitoring is likely to be required to detect some changes.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has already
proved to be a game changer in the U.S. energy market (EIA 20151). The European
Commission's Energy Roadmap 2050 identifies gas as a critical energy source for the
transformation of the energy system to a system with lower CO2 emissions that combines
gas with increasing contributions of renewable energy and increasing energy efficiency.
It may be argued that in Europe, natural gas replacing coal and oil will contribute to
emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracturing. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in individual
Member States. Shale gas basins are unevenly distributed among the European Member
States and are not restricted within national borders, which makes close cooperation
between the involved Member States essential. There is relatively little knowledge on the
footprint in regions with a variety of geological and geopolitical settings as are present in
Europe. Concerns and risks are clustered in the following four areas: subsurface, surface,
atmosphere and society. As the European continent is densely populated, it is most
certainly of vital importance to understand public perceptions of shale gas and for
European publics to be fully engaged in the debate about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential
environmental, societal and economic consequences of shale gas exploration and
exploitation. Knowledge needs to be science-based, needs to be developed by research
institutes with a strong track record in shale gas studies, and needs to cover the different
attitudes and approaches to shale gas exploration and exploitation in Europe. The
M4ShaleGas project is seeking to provide such a scientific knowledge base, integrating
the scientific outcome of 18 research institutes across Europe. It addresses the issues
raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing and
mitigating the potential environmental risks and impacts of shale gas exploration and
exploitation.

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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1.2

Objectives
The objectives of the current report are to:

1.3



Review the potential impacts of shale gas developments and its associated
infrastructure upon biodiversity, in terms of direct and indirect habitat loss and
fragmentation. This review being based on research associated with currently
developed well pads in North America and on comparable situations elsewhere.



Review the potential impacts of human activity and disturbance associated with
shale gas developments upon biodiversity, based on currently developed well pads
in North America and comparable disturbances in other situations.



Review the potential impact of noise, light and air pollution arising from shale gas
developments and associated infrastructure on biodiversity.



Review specifically the impacts of shale gas developments on water quality and
quantity, in terms of likely biological impacts of potential changes.



Review the impact of shale gas impacts interacting with each other, or interacting
with extrinsic potential drivers of biodiversity change in the landscape.



Review potential mitigation strategies to minimise the impact on biodiversity
from shale gas developments and associated infrastructure.

Aim

The rapid growth of shale gas developments within the U.S. and Canada, and the
possibility of developments within Europe have raised concerns over the impact and
environmental cost of shale gas extraction. Currently, few papers exist that fully address
the impact of well site footprints and associated infrastructure on biodiversity and
associated ecosystem services. This report aims to answer some of the public concerns
with regard to the biodiversity impacts of developing well pads and associated
infrastructure on land. This report also aims to highlight some of the possible wider risks
to biodiversity beyond the direct impact of the well pad environment and how these could
potentially be mitigated.
As well as impacts of shale gas activities on habitat loss, alteration and fragmentation,
and potential increases in noise, light, water and soil pollution, this review also considers
impacts such as that due to additional traffic infrastructure and changing traffic intensity.
The report also specifically considers which European mammal and bird species might
be particularly impacted by developments across Europe’s shale basins, drawing on
knowledge from North American systems, and from distribution data on European
species. Although a broader taxonomic consideration of impacts would be desirable,
limited studies exist of impacts on taxa beyond birds and mammals. Where data exist, the
potential impacts on other taxa are briefly summarised.
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2

APPROACH AND METHODOLOGY

2.1

Introduction

In order to determine the potential ecological impacts of shale gas development in Europe,
the scientific literature was extensively reviewed. Globally, there is a lack of high quality
ecological studies on the impacts of shale gas exploitation on ecosystems, and fewer still
with before- and after-development elements. However, the rate of publication of such
studies is increasing, likely as a response to greater public interest and heightened
economic interest in this new potential source of energy.
At the time of writing, due to the widespread concern surrounding shale gas development
in Europe, very little exploration has occurred, and consequently there is a lack of
available data on shale gas impacts for the continent. Most existing papers on the impacts
of shale gas on ecosystems, though few in number, detail effects on North American
ecosystems, where this form of resource extraction has existed for the longest period of
time and at the greatest spatial scale. Whilst information gathered from these studies is
likely to be region-specific, and often non-transferrable, currently it is the only available
ecological data. It is possible that general, but careful, inferences about effects on
European ecosystems can be made using such resources. This is discussed in more detail
later in this report.
In addition to the localised specificity of data, only a narrow range of habitat types and
species have been considered in relation to potential shale gas impacts, potentially
limiting the use of such information. For example, a previous review found only one paper
discussing impacts on amphibian species (Northrup and Wittemyer 2013), a taxon that is
extremely threatened on a global scale. There are more papers addressing behavioural
changes in species as a result of shale gas development than of any other single ecological
impact (Northrup and Wittemyer 2013). Consequently, the available literature of shalegas impacts contains inherent biases in coverage. Given these limitations, we include in
this review studies on the ecological effects of other industries and activities that have
similar types and levels of infrastructure, pollution and disturbance as shale gas
extraction. Although some aspects of extraction of shale gas by hydraulic fracturing are
unique (Rahm and Riha 2014; Hays et al. 2015) and could bring about previously
unexplored ecological impacts, it is important to predict what these impacts might be,
using the best-suited data available, whether that is from direct studies of shale gas sites
or from elsewhere.

2.2

Documentary analysis

In this review we have considered peer-reviewed, empirical field and laboratory studies,
along with modelling and simulation studies, in order to gain the best possible
understanding of the available information. Independent governmental reports were also
considered a suitable source of data. A systematic approach was taken whilst searching
for material for review to ensure an unbiased methodology, and the references of previous
reviews were explored and used where appropriate. This methodological approach was
D12.3 Review of impact of shale gas development on habitat
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applied to both papers studying the impacts of shale gas extraction and those papers
documenting impacts of other, analogous industries.

2.3

Identification of ecological impacts

To identify the main potential ecological impacts for Europe for discussion in this review,
we collated subject areas from existing reviews in peer-reviewed journals (e.g.
Brittingham et al. 2014; Souther et al. 2014), and from other papers of research and
discussion on the subject of ecological impacts of shale gas extraction. These impacts
have been used to form the chapter headings and can be summarised as follows:


Impacts of direct habitat loss and habitat fragmentation associated with the well
footprint itself.



Indirect loss and fragmentation of habitat due to wider disturbance effects, and as a
consequence of supporting facilities, such as access road creation and water and
effluent transport.



Human activity and disturbance, including activity on site, as well as increased traffic
activity.



The impacts of noise, light, air, soil and water pollution. The potential impacts of
water abstraction and water pollution have the potential to be sufficiently spatially
extensive that they are separated out into a chapter of their own.



The cumulative impacts of the above when considered together and with other factors.
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3

HABITAT LOSS AND FRAGMENTATION

3.1

Introduction

The extent and rate of land use conversion are major threats to ecosystems and
biodiversity worldwide (Foley et al. 2005). Conversion of land has the potential to
severely disrupt ecosystem services such as natural pest predation, pollination and carbon
sequestration, which can provide great economic benefit when land is conserved
effectively (Balmford et al. 2002).
Shale gas developments require land for the placement of well pads, resulting in direct
habitat loss, which is often the case even when located on sites that were not previously
natural or undisturbed. In the U.S., an average of 1.5-3.1 ha of land is cleared for each of
these pads (Entrekin et al. 2011). This footprint excludes roads, pipelines and other
infrastructure that must also be constructed to support functioning of the well, and does
not account for the likely presence of multiple wells on a pad. It is estimated that
additional areas of 2.9-3.6 ha per well are converted to accommodate supporting
infrastructure, further fragmenting the local landscape. Altered land use and habitat
fragmentation have been associated with reduced biodiversity (Russildi et al. 2016), an
increase in invasive species (Cross et al. 2016) and a higher abundance of disturbance
opportunists (Airoldi et al. 2008), as well as reduced habitat connectivity (Morrison et al.
2016). Extensive development of shale gas related infrastructure across areas of Europe
in the future is very possible given the localities of technically recoverable shale gas
resources (EIA 2013). As a result, large portions of land and a range of habitat types and
species could be negatively impacted by degradation. Therefore, it is essential to gain the
best possible understanding of the ecological issues surrounding the land conversion that
accompanies shale gas development, and how to successfully mitigate any problems.
Differentiating between habitat loss and habitat fragmentation is important, but can be
difficult, especially when trying to attribute the relative contributions of each to a
documented impact (Fahrig 2003). For the purpose of this review, habitat loss is
considered to be the area lost directly from construction of a well pad, whilst habitat
fragmentation is distinguished as the fragmentation of the landscape due to the creation
of the pad plus the network of supporting infrastructure. Further to this definition of the
causes of ecological disruption, it is also important to define the nature of resulting effects
(Nakagiri and Tainaka 2004). Habitat modification can have both direct and indirect
effects on species. The former describes the direct consequences of removing suitable
habitat, such as reductions in population size and resource availability. Indirect effects
can include population effects due to, for example, behavioural alterations in response to
disturbance, as well as the changes that can occur in species composition, causing
cascading changes to the biotic environment (Feeley and Terborgh 2008). In this chapter,
both the direct and indirect effects of habitat loss and fragmentation, in relation to shale
gas developments, are discussed. However, indirect effects that are thought to be
primarily due to human disturbances or activity are addressed later, in Chapter 4.
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In assessing the potential impacts on species across Europe, this study focuses principally
on birds and mammals. This focus is largely a consequence of the published literature on
gas field impacts across North America, combined with the fact that these two taxonomic
groups typically utilise larger ranges than other species and hence are more prone to
indirect impacts of development. In assessing the overlap between species ranges and
potential shale-gas developments across Europe, we have used the information on shale
basins presented in the World Shale Resource Assessments produced by the U.S. Energy
Information Administration (www.eia.gov/analysis/studies/worldshalegas/). These
reports identify shale basins in the following areas of Europe: northern and (limited areas
of) southern England, northern and south-eastern France, limited areas of Spain to the
south of the Pyrenees, small areas in each of Germany, Denmark and southern Sweden,
and more extensive areas of Romania, Hungary, Slovakia, Poland, Lithuania, Latvia and
Estonia. Data on the ranges of European birds and mammals were taken from the EBCC
Atlas of European Breeding Birds (Hagermeijer and Blair 1997) and the Atlas of
European Mammals (Mitchell-Jones et al. 1999).

3.2

Habitat Loss

3.2.1

Impacts of habitat loss on mammals: case studies from North America

Habitat loss following construction of a shale gas extraction site is deterministic (Souther
et al. 2014), meaning it is a guaranteed effect of development. The literature documenting
ecological effects of habitat loss associated with the development of the North American
shale gas industry is poor, meaning we must to some extent infer likely impacts from
other onshore industries with similar footprints and activities to inform us of the likely
impacts. The following section, unless stated otherwise, details ecological changes across
ecosystems of North America arising from habitat loss at conventional onshore oil and
gas extraction sites, which tend to have similar footprints to shale gas sites. Most
American studies are focussed on ungulates (hoofed mammals), the component species
of which are mostly different between America and Europe. However, we present the
findings from America here as the only available evidence of impacts, and make parallels
where possible to similar species that occur in Europe.
In the U.S., routes predicted to be highly used by pronghorn antelope (Antilocapra
americana) were used significantly less following the development of an onshore natural
gas field (Beckmann et al. 2012). Areas of greatest habitat loss and those with the greatest
industrial footprint were abandoned by antelope, reducing the potential range and
restricting the carrying capacity of the population. However, there was no relationship
between gas field development and biological responses, such as changes in mean body
mass, other than the strong avoidance behaviours linked to the developments (Beckmann
et al. 2016). Caribou (Rangifer tarandus caribou), another ungulate, also avoid
conventional oil and gas wells, reducing by up to 48% their use of habitat in some areas
(Dyer et al. 2001). However, in areas where petroleum development dominates the
landscape, female caribou did not abandon their home ranges, though the fitness
consequences of remaining in such areas are unknown (Tracz et al. 2010).
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Female elk (Cervus canadensis) have maintained annual site fidelity at some gas field
developments, though they altered the use of some parts of their range to minimise contact
with developed areas (Webb et al. 2011); the overall result being a loss of habitat. Elk
and deer (Odocoileus spp.) have been found to be more likely to use areas away from
roads, but also were more likely to use areas near well pads (Webb et al. 2011d). Whilst
road avoidance was probably security response to reduced cover in such areas, it was
thought that individuals used areas near well pads more because of an increase in foraging
opportunities due, in part, to reseeding activities following development. However,
resource use patterns in this study system were seasonal, suggesting the possibility of
variation in this behaviour across the year.
Mule deer (Odocoileus hemionus) also avoid developments, selecting areas further from
conventional oil and gas well pads as developments progressed (Sawyer et al. 2006). In
this case, habitat losses due to indirect effects were significantly larger than the area lost
directly from construction of the well pad itself. Development appeared to be driving the
population to less favourable habitats, with potential long-term effects on fitness and
population stability. Furthermore, avoidance behaviours increased over time. Mule deer
have also been observed to avoid wells with active production (and also roads) more
during the day than at night (Northrup et al. 2015). This equated to behavioural
alterations, due to well-related changes, in over 50% of their critical winter habitat during
the day, and 25% of the critical winter habitat at night. A recently published study
(Sawyer et al. 2017), spanning 17 years of energy development, showed that deer do not
become habituated to natural gas development, and that during the development period,
population abundances declined by 36%. This decline was despite a 45% reduction in
deer harvesting, as well as intensive on-site mitigation efforts, suggesting that substantial
behavioural alterations as a result of disturbance can lead to significant, negative
demographic effects on some species.
Mule deer migrating through highly developed areas in spring selected their habitat based
on how much concealment cover it provided, whilst deer in less affected areas selected
habitat for both cover and forage (Lendrum et al. 2012). Such behavioural modifications
could indirectly add to habitat loss caused by well development, by restricting functional
habitat use. Furthermore, the density of development in an area directly affected
migration; individuals migrating through the most heavily developed areas had longer
step lengths, suggesting they were moving faster and stopping less than those travelling
through less-developed areas (Lendrum et al. 2012). Roads were avoided where possible,
but deer passing through the most developed areas largely maintained their established
migratory routes, as they were unable to avoid roads without substantial deviation from
their original paths. Stopover use was also significantly reduced in areas experiencing
intensive development (Sawyer et al. 2012). Usually, mule deer spend 95% of their
migration period in stopover (Sawyer and Kauffman 2011), in order to exploit forage at
the optimal time before moving on, but development restricts their ability to do this,
potentially leading to phenological mismatch between arrival at their summer grounds
and available resources. This could affect females in particular. Research has suggested
that although female mule deer can account for moving faster through developed areas
D12.3 Review of impact of shale gas development on habitat
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by beginning their spring migration later, they still arrived at their summer grounds earlier
than individuals unaffected by development (Lendrum et al. 2013). This could have
significant effects on parturition, and subsequent population success, as some herbivores
closely track plant phenology (Hebblewhite et al. 2008) to keep up with the extra energy
requirements that arise during late gestation (Parker et al. 2009).
As several of the large herbivorous species in Europe are related to some of the North
American species mentioned above, it is plausible that their populations could be affected
by energy development in similar ways. Large herbivore populations occurring at high
densities are already managed in many parts of Europe (Putman and Moore 1998; Smit
et al. 2015) to prevent trampling and overgrazing, and to protect areas of agriculture,
horticulture, forestry and conservation interest (Gordon et al. 2004). Increased grazing
pressure can significantly impact already threatened pollinator communities (Lázaro et
al. 2016), alter hydrological processes that lead to increased flooding (Marshall et al.
2014), and reduce plant species richness while increasing abundance of invasive weeds
(Koh et al. 1996). It can also reduce bird population densities (Fuller and Gough 1999),
and increase predation risk for smaller mammals (Buesching et al. 2011). Habitat loss
associated with shale gas development could force populations into occupying smaller
ranges, increasing grazing intensity of those areas. This could be particularly problematic
if developments are placed near sites of conservation concern, as driving a greater number
of large herbivores into protected areas could disrupt important ecological processes and
established management strategies in the area. Conversely, areas which become devoid
of large herbivores, due to indirect habitat loss, could also suffer reduced plant diversity
and succession, as moderate grazing can increase diversity of an ecosystem.
3.2.2

Potential impacts of shale gas on mammals in the UK and Europe

Given that most studies on the impacts of onshore shale gas developments in North
America have focussed on impacts on ungulates, here we start by considering the
potential impacts of European developments on its ungulates. In the UK, areas proposed
for shale gas licensing overlap relatively little with the range of the native red deer
(Cervus elephas), which occurs principally in Scotland to either side of the proposed
licensing regions, in the Lake District, East Anglia and Devon and Cornwall (Figure 1) .
Similarly, there is little overlap with the introduced sika deer (Cervus nippon). There is
more overlap with the introduced fallow deer (Dama dama), and the now near ubiquitous
native roe deer (Capreolus capreolus) will occur in most areas of proposed licensing.
Given the wide occurrence of the latter species and the distribution of red deer, the only
other native deer, it seems that shale gas extraction in the UK would have little other than
localised impacts on the population of these potentially susceptible taxa. However, if
populations of roe deer avoided area of development, this could impact upon the wider
flora and fauna due to localised vegetation changes arising from the changed grazing
regime (Palmer et al. 2015). Given that ungulates in the UK, and across those areas of
Europe likely to be affected by onshore shale gas, migrate to a much lesser degree than
do North American ungulates in shale gas regions, impacts of habitat fragmentation on
migratory populations are likely to be less of a problem in Europe.
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Of the other large mammals across Europe, most will be affected by the disturbance
associated with developments, rather than habitat loss, and these are discussed in more
detail in section 3.3 and chapters 4 and 5. There are, in addition, species whose European
ranges overlap markedly with areas of shale gas basins. Many such species occur in the
shale basins of eastern Europe, largely as a consequence of the more extensive areas of
shale basins in this area. Here we summarise some of the species whose ranges overlap
with the broad shale basin regions, using (now slightly dated) information from the Atlas
of European Mammals (Mitchell-Jones et al. 1999).
Of the other UK mammals, otter, water vole and water shrew are species that are highly
dependent upon waterways, and hence these species would be most at risk as a result of
any declines in water quality, or pollution incidents, associate with shale gas
developments.

Figure 1. Distribution of roe, red, muntjac, fallow, sika and Chinese water deer in Great Britain
and Ireland (combined data from censuses in 1972 and 2007, taken from
www.bds.org.uk/deer_distribution, accessed December 2009). Coloured squares indicate species
presence in the corresponding 10km2 national grid square (from Palmer 2013).
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Species whose ranges have substantial overlap with, or abut, shale basin areas of Europe
include the Pyrenean Desman (Galemys pyrenaicus) and Broom Hare (Lepus
castroviejoi). The former is an endemic semi-aquatic rodent, which consequently could
be threatened by any water pollution associated with shale gas developments. The latter
is endemic to northern Spain, where it is restricted to the Cantabrian Mountains in
northern Spain between the Serra dos Ancares and the Sierra de Peña Labra. The beaver
(Caster fiber) is another semi-aquatic mammal, whose range in eastern Europe covers
several countries that are spanned by shale deposits.
The Balkan mole rat (Spalax graecus) is a mammal that occurs at only a small number of
sites in Romania, and is classified by IUCN as vulnerable. Given that its entire range
overlies the shale beds of Romania, is it one of the European mammal species that could
be most threatened by poorly considered placement of wells. Currently, it is already
threatened by intensification of farming and its populations are already heavily
fragmented. The lesser blind mole rat (Nannospalax leucodon) also has a range that
overlies shale areas in Romania but its range also extends further south. However, it is
thought that the lesser mole rat is made up of a species complex may in fact constitute
several distinct cryptic species, meaning the range of some of these species may be more
threatened by shale gas developments than is suggested by considering them as a single
species. The steppe mouse (Mus spicilegus; IUCN least concern) also has a range that is
mostly centred on Romania and Hungary in Europe, and hence much of its range lies
within potential shale gas zones. The southern birch mouse (Sicista subtilis) has only a
scattered occurrence in Europe, now occurring only at a limited number of sites in
Romania, Hungary and a site in south-east Poland (it formerly occurred in Austria).
Hence, it has the potential to be threatened by developments in eastern Europe. However,
it is more widespread to the east of Europe and hence has an IUCN reed list status of least
concern. The related northern birch mouse (Sicista betulina) also has a western range
limit in Europe and is similarly widely distributed eastwards across Russia and hence is
also of least concern. The European range of the northern birch mouse extends into
Romania but also encompasses more northerly shale basins in Poland, Lithuania, Latvia
and Estonia. Two larger carnivorous mammal species, the golden jackal (Canis aureus)
and the steppe polecat (Mustela eversmanii) also have western range limits in eastern
Europe which encompass much of the shale basin area of Romania, Hungary, Slovakia
and Poland. Both are more widely distributed east across China.
Two of the largest and most iconic European carnivores/omnivores are the brown bear
(Ursus arctos) and the wolf (Canis lupus). Whilst both have European ranges that
extend beyond the shale basin regions, nonetheless a substantial proportion of their
ranges occurs within such areas. Both are widely distributed in shale areas of eastern
Europe, from Romania to Estonia and Latvia but with ranges extending further north
beyond the eastern European shale basins. The wolf also occurs in the smaller shale
basins of SE France and northern Spain and the brown bear has an important remnant
population in areas of northern Spain that abut the shale basin there.
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The European mink (Mustela lutreola) has been driven to extinction over almost all of
its former range and is now classified by IUCN as critically endangered, persisting in
only three small and isolated areas in Europe, in the majority of which its populations
continue to decline. One such area (incorporating the Ebro river basin and Cantabrian
catchments) abuts the northern Spain shale basin. Any potential developments in such
areas should pay particular attention to possible impacts on this species.
Only two species have ranges that are well represented within the shale basins of
northern France (both of which also occur in the shale region of northern Spain) – these
being the wildcat (Felis sylvestris; IUCN status – least concern) and the southern water
vole (Arvicola sapidus; IUCN status – vulnerable). The wildcat also occurs in shale
areas of Romania, Slovakia and Hungary but is also widely distributed beyond Europe.
The southern water vole is highly associated with freshwater and hence is vulnerable to
pollution from any leakages into waterways from shale gas developments. Both the
latter species and the European mink are already highly threatened by a non-native
species, the American mink (Neovision vision). The UK has no mammal species for
whom important components of their European range lie within the UK shale basin
areas, though two species are of national conservation concern (i.e. UK Biodiversity
Action Plan species: otter (Lutra lutra) and northern water vole (Arvicola terrestris))
and are reliant upon waterways and hence might be more widely exposed due to
pollution leakages into waterways.
3.2.3

Impacts of habitat loss on birds: case studies from North America

The mammalian habitat loss studies discussed above focussed only on single species,
whereas some studies of impacts on birds of shale gas or comparator developments have
taken a multi-species approach to assessing the ecological effects of land conversion from
energy developments. This has the potential to provide deeper, community-level insight
into the effects of development on biological assemblages. One U.S. study documented
the effects of well density on the five most common songbirds of sagebrush habitat (a
habitat that has no European analogue) around oil and gas development sites, as well as
overall avian abundance and species richness, following developments (Gilbert and
Chalfoun 2011). Significant declines were reported for three species, an increase in
numbers of one species, and no response in the fifth species was found, indicating how
well developments can affect species differently. No relationship between species
richness and well density was found in the study area, but the authors considered
sagebrush songbird declines to have been exacerbated by energy development.
Forested areas with high conventional well densities (40-60 wells/km2) can suffer large
losses of core forest habitat when they experience intensive drilling. One study reported
a decline of core forest habitat from 68% to 2% coverage, despite 85% of the area
remaining forested (Thomas et al. 2014), the effects of this loss on the abundance of 19
species was examined, as it was suggested that the remaining habitat could be unsuitable
for many avian, interior forest species. The study found that five species had lower
abundances, six species increased in abundance, and eight showed no significant change.
The same study also compared the avian communities of hardwood and oak forests at
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reference sites and at areas of increasing conventional well densities. Though
communities differed in each forest type, they became more similar when conventional
wells were present. Forest interior species were less abundant at well sites, whereas early
successional species and synanthropic species (i.e. species tolerant of humans) were more
abundant. The authors suggested that these less-sensitive species could be out-competing
specialists resulting in biotic homogenisation. Another study, examining the impacts of
shale gas development on the avian community of mixed oak and hardwood forests,
similarly found that, synanthropic and generalist species replaced core forest specialists
in development areas (Barton et al. 2016). This suggests that studies of impacts of
conventional onshore well pads may make good analogies for unconventional well pads,
as avian responses were aligned. Another study into shale gas development (Farwell et
al. 2016) also found synanthropic and early-successional species increased in number at
all forested sites affected by development, while forest-interior specialists declined,
except at study points not impacted by resource extraction. Additionally, the study
showed a 52% increase in forest edge habitat resulting from extensive development.
Grassland bird species have also been shown to vary in their responses to shale
development using hydraulic fracturing (Thompson et al. 2015). As with the studies on
woodland species, differences were found in species’ tolerance and avoidance of well
pads, and the authors suggested that the effects of potential footprints would be greatly
amplified for sensitive species.
The above avian community studies highlight that some species are more sensitive to
habitat alteration than others, and it is likely that specialist, interior and disturbance-prone
species will be most at risk and hence impacts upon such species should be minimised or
mitigated. Additionally, they show the value of community-level studies in identifying
how species composition is affected by anthropogenic pressures, and which species are
most vulnerable to development.
It has been estimated that between 12,000 and 60,000 nests are lost each year in Canada
as a result of its onshore oil and gas industries (Van Wilgenburg et al. 2013). Seismic
exploration, pipeline clearing, well pad clearing and oil sands mining are responsible for
this. When accounting for natural mortality, nest losses trigger an estimated loss of 10,000
to 41,000 potential recruits into migratory bird populations each year. Increased predation
of avian nests could additionally negatively contribute to impacts on bird populations;
increased rodent nest predation has been linked to habitat loss from sites using hydraulic
fracturing (Hethcoat and Chalfoun 2015).
In North America, much work has gone into assessing the effects of energy development
on the greater sage-grouse (Centrocercus urophasianus), as large areas of land have been
developed in its sagebrush habitat and it is considered an umbrella species for the
conservation of other sagebrush obligates (Rowland et al. 2006). Energy development
has affected the species’ winter habitat selection, with individuals avoiding otherwise
suitable habitat (Doherty et al. 2008; Carpenter et al. 2010). This is an indirect effect of
habitat loss and highlights the needs for management strategies to incorporate seasonal
differences in habitat usage. Furthermore, proximity to a well site has been shown to
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negatively affect the daily survival rate of greater sage-grouse nests, which is thought to
be due to improved facilitation of predation (Webb et al. 2012). Shifts in the diel cycle of
greater sage-grouse have also been identified, which are thought to be a result of their
avoidance of well areas during the day (Dzialak et al. 2012). Additionally, recruitment of
both male and female yearlings into breeding populations has declined because of the
land use changes (Holloran et al. 2010). Yearling males avoided leks (communal display
areas where males congregate and pair with females) close to site of energy development
when establishing their breeding territories, and yearling females did not nest within
950m of infrastructure associated with energy development. Lost habitat and lower levels
of recruitment could together lead to declines in greater sage-grouse abundance. Sagegrouse leks have been shown to have 35-91% fewer attending males if one or more wells
are developed within a 0.4km radius of a lek, compared to leks without wells in that radius
(Harju et al. 2010). This decline in lek attendance was associated with high landscapelevel well density; leks in an area with a well density of 1.54 wells/km2 had between 13%
and 74% lower lek attendances than undisturbed leks. A delay of two to ten years between
energy development and associated, measurable declines in lek attendance was recorded.
It was unclear whether this was due to direct effects or indirect effects of habitat loss
(population declines or avoidance of leks, respectively), but lower annual survival in
yearlings reared in areas with energy infrastructure (Holloran et al. 2010) could suggest
that population declines are at least partly the cause of this. The delayed changes reported
above highlight how the impacts of pad developments may not be immediately apparent
and that long-term monitoring may be required to detect effects.
Lesser prairie-chicken (Tympanuchus pallidicinctus) is another lek-breeding species that
occurs in regions of North American coincident with gas and oil developments. As with
sage grouse, a reduction in habitat suitability for leks as a result of energy development
has also been recorded (Jarnevich and Laubhan 2011). Habitat around buildings,
improved roads, transmission lines, gas and oil wellheads and irrigated fields, all
associated with energy development, were all considered to contribute to site avoidance
by nesting prairie chickens (Pitman et al. 2005). Distances of avoidance ranged from 80m
to >1000m. Whilst the distance to one of these features was not a good predictor of nest
success, the developments did represent a significant amount of lost nesting habitat.
3.2.4

Potential Impacts of Shale Gas on birds in the UK and Europe

Whilst much of the research of impacts of gas developments in North America has
focussed on lekking species, effects of habitat avoidance and increased predation could
potentially apply to any disturbance-prone species, and perhaps especially ground-nesting
species. Of the main European lek-breeding species (capercaillie, Tetrao urogallus; black
grouse, Lyrurus tetri; ruff, Calidris pugnax; great snipe, Gallinago media; and great
bustard, Otis tarda), all five have components of their range within some of the eastern
European potential shale basins that span Romania, Hungary, Slovakia, Poland,
Lithuania, Latvia and Estonia. Hence, such species could be similarly prone to shale-gas
developments in such areas as has been reported for North American lek-breeding
species.
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There are around 40 European breeding bird species whose breeding range within Europe
overlaps considerably (i.e. approximately one-third or more of a species European range)
with shale basin areas (Table 1). Only one of these species, black grouse, is a lek-breeding
species. However, a substantial proportion of the remaining species require large tracts
of intact habitat, or are disturbance prone. There are a further 10 European breeding bird
species whose southern range margins lie extensively within areas of shale basins (Table
2). Such populations might be best adapted to cope with the warming climates across
Europe in future. Only one species, cirl bunting (Emberiza cirlus), has a northern range
limit that lies extensively within European shale basin areas.
Within the UK, there are few bird species that are limited to the main shale basin areas,
though a number of northern upland species have their southern limits distributed in
regions of the carboniferous basins. This is the case for species such as willow grouse
(Lagopus lapgopus), merlin (Falco columbarius), short-eared owl (Asio flammeus), hen
harrier (Circus cyaneus), black grouse and golden plover (Pluvialis apricaria). Twite
(Carduelis flavirostris), whilst not markedly distributed in shale basins across Europe has
most of its southern European limit in the shale basins of northern England.
Of the wetland bird species in the UK that are currently on the UK Red List of birds of
highest conservation concern (Eaton et al. 2015) only one, grey wagtail, is heavily
dependent upon riverine systems. Two ducks (pochard, Aythya ferina and common
scoter, Melanitta nigra) and two grebes (slavonian, Podiceps auritus and red-necked
grebe, Podiceps gricegena) are reliant upon still waters for breeding but only one of these,
pochard, has UK breeding range that overlaps with UK shale-gas basins. A number of
other UK red-listed birds depend heavily on peripheral wetland habitats or on wet
grasslands, marshlands and boggy land. Of these curlew (Numenius arquata), lapwing
(Vanellus vanellus) and yellow wagtail (Motacilla flava) have ranges that overlap with
shale gas areas. Bird species on the UK Amber List comprise species that are of lower
conservation concern that red-listed species but nonetheless still of conservation concern.
Such species include a number of wildfowl species that are heavily reliant upon wetlands
either for breeding or during the non-breeding period and other wetland associated species
(e.g. common crane, Grus grus, spotted crake, Porzana porzana, osprey, Pandion
haliaetus and bittern, Botaurus stellaris). The dipper (Cinclus cinclus), kingfisher (Alcedo
atthis) and common sandpiper (Actitis hypoleucos) are three species that are heavily
reliant upon rivers and streams are also amber listed and occur commonly in UK shale
basin areas.
Some areas of the UK that have the potential for shale gas developments such as the
Ribble Estuary, Morecambe Bay and Teeside are of international conservation value due
to the high numbers of birds that come to these areas from across Europe whilst on
migration or to spend the winter. Any impacts on such sites would have much further
reaching consequences than would most isolated developments that affect primarily
resident species. Species that have a substantial proportion of their UK breeding range in
areas of shale basins include several upland bird species (red grouse, black grouse, merlin
and hen harrier) and several waterbirds (wigeon, Mareca penelope, goosander, Mergus
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merganser and black-necked grebe, Podiceps nigricollis), several of which are mentioned
above as already being of conservation concern, i.e. red or amber listed species.
Table 1. Bird species with European breeding ranges that overlap markedly with shale basins.
IUCN Red List status abbreviations: LC = least concern, VU = vulnerable, NT = near
threatened, EN = endangered.
Scientific name

IUCN Red List
Category

Common name

Podiceps grisegena

Red-necked Grebe

LC

Podiceps nigricollis

Black-necked Grebe

LC

Pelecanus crispus

Dalmatian Pelican

VU

Pelecanus onocrotalus

Great White Pelican

LC

Microcarbo pygmaeus

Pygmy Cormorant

LC

Platalea leucorodia

Eurasian Spoonbill

LC

Plegadis falcinellus

Glossy Ibis

LC

Ardeola ralloides

Squacco Heron

LC

Ardea alba

Great White Egret

LC

Phoenicopterus roseus

Greater Flamingo

LC

Tadorna ferruginea

Ruddy Shelduck

LC

Aythya nyroca

Ferruginous Duck

NT

Circus cyaneus

Hen Harrier

LC

Circus macrourus

Pallid Harrier

NT

Circus pygargus

Montagu's Harrier

LC

Clanga pomarina

Lesser Spotted Eagle

LC

Clanga clanga

Greater Spotted Eagle

VU

Aquila heliaca

Eastern Imperial Eagle

VU

Falco vespertinus

Red-footed Falcon

NT

Falco cherrug

Saker Falcon

EN

Lyrurus tetrix

Black Grouse

LC

Zapornia parva

Little Crake

LC

Tetrax tetrax

Little Bustard

NT

Burhinus oedicnemus

Eurasian Thick-knee

LC

Tringa stagnatilis

Marsh Sandpiper

LC

Chlidonias leucopterus

White-winged Tern

LC

Leiopicus medius

Middle Spotted Woodpecker

LC

Dendrocopos leucotos

White-backed Woodpecker

LC

Dendrocopos syriacus

Syrian Woodpecker

LC

Luscinia luscinia

Thrush Nightingale

LC

Locustella fluviatilis

Eurasian River Warbler

LC

Acrocephalus paludicola

Aquatic Warbler

VU

Acrocephalus melanopogon

Moustached Warbler

LC
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Acrocephalus dumetorum

Blyth's Reed-warbler

LC

Sylvia nisoria

Barred Warbler

LC

Phylloscopus nitidus

Green Warbler

LC

Ficedula albicollis

Collared Flycatcher

LC

Ficedula parva

Red-breasted Flycatcher

LC

Carpodacus erythrinus

Common Rosefinch

LC

Table 2. Bird species with European southern breeding range edges that overlap markedly with
shale basins. IUCN Red List status abbreviations as in Table 1.
Scientific name

IUCN Red List
Category

Common name

Falco columbarius

Merlin

LC

Lagopus lagopus

Willow Grouse

LC

Grus grus

Common Crane

LC

Pluvialis apricaria

Eurasian Golden Plover

LC

Gallinago media

Great Snipe

NT

Lymnocryptes minimus

Jack Snipe

LC

Tringa glareola

Wood Sandpiper

LC

Hydrocoloeus minutus

Little Gull

LC

Asio flammeus

Short-eared Owl

LC

Picus canus

Grey-faced Woodpecker

LC

3.2.5

Potential impacts of habitat loss on other taxa

Research into the potential effects of habitat loss and disturbance associated with shale
gas developments on taxa other than mammals and birds are distinctly lacking. The need
for improved surveys and monitoring of such taxa has been stressed. Modelling of
salamander ranges in the Marcellus shale region of the U.S. identified high uncertainty in
species’ ranges, and in how the populations would respond to different development
scenarios (Brand et al. 2014). As this is likely the case for other currently unstudied taxa
in affected regions, it is crucial that steps are taken to initiate studies on the wider
ecosystem ecosystem impacts of such developments, and to not focus only on birds and
mammals. The potential impacts of shale gas related habitat loss on species of wetland
systems and waterways are discussed separately in Section 6 under the heading of water
quality and quantity.

3.3

Habitat Fragmentation

Whether habitat loss or fragmentation associated with shale gas development is likely to
be most problematic, in terms of how they impact an ecosystem, has yet to be established.
Nevertheless, it is important that both are considered. Given the limited literature specific
to shale-gas developments and habitat fragmentation effects, to better understand the
potential impacts of fragmentation we include in this section research describing impacts
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from comparable energy sectors. Unless stated otherwise, the material described below
related to impacts of conventional oil and gas extraction. These processes require seismic
lines, roads and pipeline networks, features in common with shale gas development and
those most likely to fragment the landscape and affect local flora and fauna. Studies of
infrastructural networks associated with unconventional gas development have shown
that their spatial footprint can spread far beyond the immediate perimeter of the well pad
site (Patterson and Maloney 2016), highlighting the need to explore the potential for
similar outcomes in Europe.
In North America, grizzly bears (Ursus arctos) use of areas has been shown to decline
along seismic lines associated with oil and gas development. Although they do not
directly affect bear habitat usage, secondary effects of cut-lines can impact habitat (Linke
et al. 2005). Higher proportions of closed forest and greater variation in inter-patch
distances, both a result of increased numbers of cutline, negatively affected grizzly bear
use of areas. In a European context, it is possible that the remnant brown bear populations
in the Spanish Cantabrian Mountains might be similarly affected if developments
occurred in the Basque-Cantabrian basin, though overlap of the basin and the current
range of the bear in the region may be limited.
Wolves (Canis lupus) predation can actually be facilitated through increased habitat
fragmentation and higher densities of linear features. In a Canadian study (James and
Stuart-Smith 2000), wolves stayed closer to, and caribou remained further from, linear
features than random locations. Caribou mortalities occurred closer to linear corridors
than their locations whilst they were alive. This evidence suggests that wolves use
anthropogenic linear corridors for hunting, making most use of these areas during snowfree months (Latham et al. 2011a). By contrast, Latham et al. (2011a) found no evidence
to suggest that caribou mortalities occurred closer to linear features than did localities of
live caribou. The authors determined that this was a result of caribou avoiding these linear
features because of increased predation risk, which resulted in a functional loss of
otherwise usable habitat. This avoidance of otherwise high-quality habitat due to the
presence of predators is sometimes referred to as a ‘landscape of fear’ effect (Laundré et
al. 2010), and can alter species composition and vegetative cover in an area, with
unknown, indirect impacts on the other species occurring there (Miller et al. 2012).
Therefore, in potential European developments areas containing wolves, increased
predation risk resulting from habitat fragmentation could impact more than just the
primary prey population.
Developments associated with oil sand extraction have also led to cascading community
changes. White-tailed deer (Odocoileus virginianus) have replaced caribou in areas where
they were previously absent, as a result of the changing landscape (Latham et al. 2011b).
Higher deer densities caused wolves to switch their preferred prey to deer from moose
(Alces alces), and the number of wolves increased. This subsequently increased frequency
of incidental encounters with caribou and negatively affected their abundance. A similar
study, in another area of oil sands development, found wolves to be targeting deer so
heavily that they were drawn away from prime caribou habitat (Wasser et al. 2011).
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However, unlike Latham et al. (2011b), no declines in caribou were found over their fouryear study. This was likely due to Latham et al. (2011b) investigating differences between
pre-industrial expansion (1994-1997) and post-industrial expansion (2005-2009). The
study period of Wasser et al. (2011), 2006-2009, was contained entirely in what was
defined as the post-industrial expansion time period by Latham et al. (2011b), suggesting
that four years was insufficient to detect a population-level effect due to energy
development. This emphasises the need for baseline data collection prior to industrial
development in any given area.
Another North American study into the effects of oil sands development on caribou
highlighted the benefits of accommodating permeability in the landscape to prevent
complete restriction of their movement (Muhly et al. 2015). Permeability referred to the
ability of caribou to cross a disturbed site, and was found to be the primary factor affecting
animal movement. The study concluded that small increases in permeability could
provide a disproportionate benefit to species movement, meaning that maintaining
permeability of a disturbed site could be imperative in reducing habitat fragmentation
effects and managing the landscape successfully. Assessment of the effects of habitat
fragmentation by above-ground pipelines, associated with oil sands development, found
that a minimum threshold clearance of 140cm was required for moose to pass underneath
the pipeline (Dunne and Quinn 2009). However, pipeline crossing structures were more
effective overall at facilitating passage and were used more by all species considered in
the study (including mule deer, white-tailed deer, coyote (Canis latrans), lynx (Lynx
canadensis), black bear (Ursus americanus), wolf and moose). This could therefore be a
highly effective method of mitigation in areas with aboveground pipeline networks.
Line cutting to remove all vegetation in preparation for seismic lines, pipelines or
powerlines is a common practice in oil and gas development sites. Modelling the
territorial response of birds to increasing seismic line density showed that an increase in
seismic line density from 0 to 8km/km2 resulted in a 38% decline, and an 82% decline, in
abundance when individuals used them as territory boundaries, or avoided edges by 50m,
respectively (Bayne et al. 2005a). Some companies have begun to use lower impact
seismic lines, which are only 2-3m wide, which some woodland bird species can
incorporate within their territories. These same species consider wider lines as gaps in the
forest and using them only as territory boundaries (Bayne et al. 2005b). Lower impact
lines have also been shown to reduce avoidance behaviours in American martens (Martes
americana), which use seismic lines <2m wide as often as forest interiors (Tigner et al.
2015).
Forest songbirds in boreal regions of Canada did not decline following the cutting of
seismic lines at an energy development site, and territories began to include seismic lines,
rather than individuals altering their territories (Machtans 2006). Furthermore, ground
and shrub-nesting birds were found to increase their territory sizes if they originally
spanned the seismic line. Although such a response does not necessarily result in negative
repercussions for individuals with territories incorporating seismic lines, it would result
in a smaller overall carrying capacity of a habitat as the territory sizes increase. A study
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on a ground-nesting quail species, the northern bobwhite (Colinus virginianus), found
that it was relatively unaffected by all infrastructure associated with conventional oil
extraction (Dunkin et al. 2009), apart from fences. These structures had a repellent effect
on the birds and fragmented their habitat. This highlights again that not all species
respond in the same way to disturbance, and that generalisations across species cannot be
easily made. Even within a species, the impact of developments can vary spatially. For
example, salamanders in one study area used edges adjacent to well sites less in drier and
warmer areas but used the same type of sites to a greater extent in cooler, moister areas
(Moseley et al. 2009).
Habitat fragmentation is a well known conduit by which invasive species can spread,
especially those species adapted to the disturbed and open habitats that tend to be
associated with fragmentation. For example, forest roads have been shown to facilitate
the spread of invasive plants by providing areas of disturbed ground that they were more
easily able to colonise (Mortensen et al. 2009)., Woody invasive plant species richness
has also been shown to increase more in areas with more forest edge in comparison to
less disturbed forest types (Allen et al. 2013). Furthermore, construction can lead to
compaction of soil, changing its structure and hydrology and causing physiological
problems in the plants trying to grow there (Kozlowski 1998). This can lead to changes
in productivity and plant community structure (Beck and Wurst 2013), which could
ultimately affect higher trophic levels. As soil compaction is a likely result of energy
development, preventative and mitigating measures need to be identified and accounted
for.
Few studies exist to highlight how the types of landscape fragmentation associated with
the energy sector can affect aquatic systems. In a review of shale gas impacts on brook
trout (Salvelinus fontinalis), declines in stream connectivity, through land clearance and
energy development infrastructure were reported, potentially leading to seriously
impairment of the species’ reproduction (Weltman-Fahs and Taylor 2013).
In a European context, the impacts of habitat fragmentation could be substantial
dependent upon the extent of development, i.e. well density in different areas and the
individual susceptibility of different species to fragmentation caused by developments. A
scoping study (part of the M4ShaleGas project) of the potential number of wells that could
be sited on 100km license blocks within the Bowland Shale basin area of the UK
concluded that the average license block could hold 26 well pads due to restrictions on
well pad placement due to surface infrastructure (Clancy and Worrall 2017).
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Figure 2. A schematic example of how many well pads with the recommended 152 m setback and
a 500 m lateral can be located within a currently licensed block. In this example, 31 well pads
could be located within the 100 km2 block without impinging on existing infrastructure (from
Clancy and Worrall 2017).

Figure 2 provides an indication of the potential placement of well pads across a 100km2
licensing block in the UK. The smaller of the two black squares indicate a 152m set-back
distances (the area around a well pad that provides additional protection for water
resources and property; effectively a determinant on where a pad can be cited). This setback distance was defined by the State of Maryland U.S. as a suitable distance for
operating well pads with minimal risk. The larger squares indicate the likely lateral extent
for horizontal wells. Although not of direct relevance to an assessment of biodiversity
impact, this figure helps depict how a landscape could easily become very fragmented if
disturbance effects on wildlife extent to 150m or 500m around well pads. In many areas
of the map few areas exists where a species could persist that requires a reasonable home
range size (e.g. of circa 1km2) and that avoids a 500m zone around well pads. Given that
studies on birds and mammals in North America have documented avoidance behaviour
and detrimental effects up to 1 km from a well pad, it is easy to see how extensive areas
of habitat could become unsuitable for such species. Flight initiation distances (the
distance at which birds will take flight when approached by a person or object) for
European shorebirds are also frequently in the range of 100 to 500 m (Smit and Visser
1993).
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4
4.1

HUMAN ACTIVITY AND
DISTURBANCE

Introduction

The presence of humans and human activity, such as traffic, in a landscape can
significantly disturb ecosystems and the organisms inhabiting them. Often this results in
similar effects to those associated with habitat loss and fragmentation (discussed in
Chapter 3) such as avoidance behaviours and declines in abundance. This chapter aims to
distinguish effects that are a result of direct human activity and disturbance, as they likely
require different, or additional, methods of mitigation compared to habitat
loss/disturbance because of the different way in which they can affect a system. Three
main issues will be discussed here in relation to shale gas development: (1) changes in
human activity at shale-gas sites and in neighbouring areas, (2) changes in traffic density
associated with the site operations and (3) improved human access to areas that were
previously difficult to reach.

4.2

Changes in human activity levels

The development of shale gas resources requires human presence on site during
construction and operation, and for ongoing maintenance. For many mammal populations
this can present a problem, as most mammals are elusive and actively avoid humans. Such
area-avoidance effects have been shown for large terrestrial herbivores in several regions,
though few studies exist for Europe. Population declines can result from such increases
in human activity, exacerbating impacts on species that are already threatened by other
factors. Another response to human disturbance can be a change in e.g. diurnal activity
patterns. For example, many mammals in human-dominated areas are strictly nocturnal,
to coincide with reduced human activity but will be diurnal in undisturbed parts of their
range. The impacts of such behavioural changes on populations have rarely been
quantified. Some bird species will not breed or nest in areas of increased human activity
and disturbance (Lyon and Anderson 2003), potentially affecting breeding patterns and
population recruitment. Impacts of disturbance can be particularly acute if they impact
colonial nesting species (Carney and Sydeman 1999). However, changes in behaviour of
birds due to human disturbance may not relate directly to population consequences (Gill
et al. 2001). Responses in other taxa (e.g. reptiles and amphibians) may be less obvious,
but are rarely studied. Available literature on human disturbance effects relating to the
energy sector rarely acknowledges organisms other than birds and mammals, limiting our
understanding of potential wider ecosystem-level impacts. Such impacts, even if not a
direct response to the increased presence of humans, may manifest themselves indirectly
through trophic cascades related to their impacts on birds and mammals.
Whilst this review failed to find any research into the specific effects of human activity
and disturbance associated with shale gas extraction, it has been possible to compile some
similar studies in the context of conventional oil and gas extraction, and in areas of
broader ecological scope. This section discusses these studies, along with implications
for shale gas sites.
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Multi-species studies often highlight variation in species’ tolerance of human activity,
which can help to assess how increased activity levels affect community dynamics. For
example, the presence of human activity on the Canadian prairies has been shown to
influence the relative abundance of grassland birds, due to species-specific tolerance
thresholds (Hamilton et al. 2011). Worryingly, it has been shown that declining bird
species across Europe are less tolerant of human activity (as measured by the distance at
which they flee from people) than are species with stable or increasing population trends
(Møller 2008). Hence, any increase in human disturbance in previously undisturbed areas
is more likely to threaten already declining species.
Exposure to human activity associated with energy extraction in the U.S. had significant
impacts on elk. Variation in levels of human activity within and outside of a natural gas
field resulted in different patterns of space use and movement by the species (Webb et al.
2011b). It was proposed that behavioural differences reflected attempts to minimise
contact with areas of high human usage. Human activity also affected elk resource use
(Dzialak et al. 2011), with elk displaying distinct spatio-temporal behaviours of selection
and avoidance in areas of greater activity, which were not apparent in undeveloped areas.
Similarly, caribou avoidance of oil developments was correlated with the amount of
human activity at a development site (Dyer et al. 2001). The levels of avoidance recorded
in this study were projected to result in a 22-48% reduction in the use of the study area
by caribou. Summer months had the lowest levels of avoidance, possibly because of a
seasonal reduction in traffic.

4.3

Changes in traffic density

Increased traffic density from shale gas development presents another impact, and traffic
density is frequently linked to higher mortality in species. Bird-vehicle collisions in the
U.S. are estimated to cause between 89 and 340 million bird deaths each year (Loss et al.
2014), indicating the potential for significant impacts on local wildlife populations.
Similarly, road traffic can lead to substantial mortality levels of large mammals in Europe.
For example, collisions between deer and vehicles in the UK between 2001 and 2006
were estimated to involve circa. 42,000 (and possibly up to 74,000) collisions per year
(Langbein, 2011). Although traffic density associated with shale gas developments will
probably increase traffic volume only marginally in most areas, in some areas traffic may
pass through areas that have previously been relatively undisturbed. The frequency of
vehicle journeys in such areas could be orders of magnitude higher than pre-development
levels, presenting a potentially significant impact. In addition, new roads built in
association with shale gas development can provide access to areas that previously have
gone relatively undisturbed. This effect is common to other developments.
Documentation exists of increased human activity, disturbance and hunting associated
with new access roads for developments (Thibault and Blaney 2003), in addition to
problems associated with the development itself. Improved accessibility allows human to
penetrate the natural environment further and potentially extend disturbance effects.
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Traffic flow around a site will vary depending on its stage of development, meaning
impacts on susceptible wildlife will also be variable throughout time and difficult to
predict. It is expected that European traffic disturbance could be lower than that
experienced at North American extraction sites, as European trucks are permitted to carry
greater loads (AEA 2012). It remains unclear, however, what level of traffic disturbance
European sites will experience, as there is uncertainty surrounding how produced waters
will be removed from sites - therefore, there is significant difficulty in accurately judging
ecological consequences. All current impact studies are North American, involving
mostly species that are absent from Europe, albeit that some mammals considered are
common to both regions and others have European near-analogues. Thus, some
uncertainty remains about what the impact to European ecosystems of traffic density
increases will be. Having said that, many of the areas of shale basins in Europe are already
relatively developed, and hence many species present in such areas are those that are
tolerant of road traffic.
In North America, traffic disturbance from natural gas sites reduced nest-initiation rates
in greater sage-grouse (Lyon and Anderson 2003), and increase the distance travelled
from leks during nest site selection. The traffic levels causing these impacts were deemed
light, at 1-12 vehicles per day. Mule deer also selected areas further from well pads with
increasing levels of traffic (Sawyer et al. 2009). In the latter study, the authors suggested
that traffic could be reduced at sites by using improved technology to remove produced
waters. They added that indirect habitat loss at the study site could have been reduced by
38-63% if this alternative method was employed.
Collisions with wildlife present a different problem to avoidance behaviours, by directly
reducing the population size. In both North America and Europe, passerines and owls are
the most common bird orders reported dead following vehicle collisions (Bishop and
Brogan 2013; Erritzoe et al. 2003). This is considered a major factor in the decline of
barn owls (Tyto alba) in the UK and Germany (Ramsden 2003; Erritzoe et al. 2003).
Increasing the number of vehicles on the roads in ecologically sensitive areas, where
many shale gas developments may occur, could have serious negative implications for
the species present. Furthermore, traffic can impair movement of amphibian populations
by increasing mortality. High traffic densities negatively influenced populations of frog
species that were more vagile, and led to population declines (Carr and Fahrig 2001). A
study of six common anuran species identified traffic density as a significant
anthropogenic threat, with a significant negative relationship between species richness
and traffic density (Eigenbrod et al. 2008). The authors suggested that negative effects of
road development are at least as great as those of deforestation, emphasising the
importance of wider recognition of road developments and traffic as ecological problems.
Any increase in traffic load will result in higher mortality of mammals, especially if traffic
movements were to occur at night, when many mammals are most active, and when
remote areas typically have lower flow rates. Most mammalian traffic mortality across
Europe relates to widespread species such as roe deer, badger (Meles meles) and
hedgehog (Erinaceus europaeus) (and elk [Alces alces] further north). Hence, in many
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situations increased road mortality associated with new developments will impact
population management of commoner species rather than endangering rare or protected
species. Having said that, road mortality can impact threatened species where the two
coincide. For example, a large proportion of mortality in European species such as wolf,
brown bear and Iberian lynx (Lynx iberica) can be attributed to road mortalities. Hence,
when rare and susceptible species are present in a potential development area, special
consideration should be given to minimising likely impact. The situation in birds is
similar, with a lot of reported avian mortality involving e.g. nocturnal owls and commoner
species. However, declining species such as common kestrel (Falco tinnunculus) and
barn owl are also vulnerable to traffic mortality.
A frequently overlooked group of species that are probably very susceptible to road
mortality are reptiles and amphibians, for which road mortality can have very significant
impacts. Where species of note of these taxa occur close to a new development, special
consideration should be given to potential increases to mortality. Such species are
sometimes at their most vulnerable during only relatively brief periods, for example when
moving to and from breeding sites.
Vehicular access to some sites can also have longer term impacts on plant communities,
especially when vehicles have been used off-road as part of the development. Winter
seismic vehicles have significantly impacted plant community structure in the arctic
tundra, with long-term effects of seismic exploration still evident two decades after
completion of the work (Jorgenson et al. 2010). Along the seismic lines, plant community
composition differed significantly from reference sites, as a result of species-specific
responses to disturbance initially and subsequently to changes in the changes. Such shifts
in plant community structure can have cascading impacts on other species, and could
present significant problems for ecosystems on fragile substrates (where damage can be
more severe) and at high elevations (where recovery can be much slower). In addition,
new infrastructure can affect soil stratigraphy as a result of development and can also
alter drainage regimes further from the site; both of which can cause changes in plant
communities and associated species.

4.4

Increased access not directly associated with the development
itself

Improved accessibility can lead to increased human penetration into previously
undisturbed areas, extending the negative impacts of disturbance. Furthermore, road
developments may well remain after shale gas wells cease to function, meaning accessrelated disturbance could persist longer than the lifetime of the well. Currently, however,
there is little to no evidence of the impacts of increased human access to previously
undisturbed natural areas resulting from the development of shale gas sites. Human
activity at extraction sites in North America was found to negatively impacts female elk
survival rates, both within and outside of the hunting season (Webb et al. 2001c). In
Africa, the escalating bushmeat crisis (over-hunting of wild species for human
consumption) has been attributed to oil development, whereby developments encourage
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more people into local areas, putting unsustainable hunting pressures on wildlife
(Thibault and Blaney 2003). Whilst changes in hunting pressure due to improved access
to some areas are unlikely to materially impact most species across Europe, increased use
of newly developed areas by people could have real impacts on disturbance-prone
species. For example, the hen harrier (Circus cyaneus) in the UK is relatively disturbanceprone, reportedly having a median alert distance (the distance at which birds become alert
to human presence) of 310m. By contrast, the short-eared owl (Asio flammeus), which
nests in similar habitat, has a median alert distance of only 75m (Ruddock and Whitfield,
2007).
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5

NOISE, LIGHT AND AIR POLLUTION

5.1

Introduction

Human activities can create various sources of pollution, and shale gas development is
no exception. Noise pollution is one of the most well studied types of pollution emitted
by onshore energy developments. Two forms of noise pollution exist; chronic noise, and
intermittent noise. Whilst chronic noise can severely impair the ability of animals to
detect and respond to sounds, intermittent, unpredictable noises can be perceived as
threatening (Francis and Barber 2013). Both forms have the potential to significantly
impact the fitness of animals, by altering behavioural and physiological parameters. Shale
gas extraction entails production of both intermittent noise (produced when drilling) and
chronic noise (produced by gas compressor stations, which pump retrieved gas away from
a site to be used). Therefore, it is important to understand, and be able to mitigate, both
of these distinct sources of noise pollution before widespread European development
begins.
Light pollution changes natural cycles of light and dark in the environment, by the
production of artificial light in times of natural darkness, affecting both flora and fauna.
85% of the UK is thought to experience light pollution, with mostly unknown effects on
its ecosystems (Cinzano et al. 2001). Many shale gas developments produce artificial
light, with potential implications for wildlife in the surrounding areas. As shale gas
developments are often placed in areas of low human density, they are also likely to be
placed in areas with little to no pre-existing light pollution, as the two variables are often
positively correlated (Sutton et al. 1997). Such artificial light production can cause
biological problems with orientation, and can attract species to, or repulse them from,
light sources. Artificial lighting can also alter reproductive behaviour and communication
in species and affect community composition (Longcore and Rich 2004). Thus,
minimising the impacts of light pollution caused by shale gas developments is likely to
be an important component of mitigation.
Shale gas developments also produce a number of hazardous air pollutants, which can be
harmful to both flora and fauna. These include: nitrogen oxides (NOx), sulphur dioxide
(SO2), carbon monoxide (CO), volatile organic compounds (VOCs) and particulate
matter (Souther et al. 2014). Oil and natural gas operations are often significant sources
of VOCs (Gilman et al. 2013) which, along with NOx are ozone (O3) precursors.
Noise, light and air pollution could cumulatively add to the impacts on wildlife of gas
shale developments described in previous sections, such as population-level effects and
behavioural alterations, as well as causing unique problems. In this section, we highlight
possible effects of noise, light and air pollution related to shale gas developments in
Europe. Whilst many studies have assessed the impacts of noise pollution from onshore
oil and gas operations, few have addressed the effects of light and air pollution. Therefore,
for these two pollutants, other sources will be used to provide the best available
information to predict how they may affect European ecosystems.
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5.2

Noise pollution

Although standardised protocols are available for assessing noise pollution on people,
these cannot be extended to biodiversity more generally due to the different hearing
ranges and sensitivities among species (Radford et al. 2012). Studies to ascertain impacts
can be in the form of treatment and control experiments, or correlative studies without
rigorous controls. A third type of study has extrapolated the potential for impacts based
on overlap between the hearing or vocalising range of a species and that of the source of
noise pollution.
In North America, the effects of noise pollution from conventional gas developments on
greater sage-grouse populations have been experimentally studied. One study aimed to
distinguish effects of habitat fragmentation from impacts of anthropogenic noise. Leks
treated with (a) natural gas well drilling noise and (b) traffic sounds saw declines in male
attendance of 29% and 73%, respectively, compared with paired controls (Blickley et al.
2012a), but there was no effect on attendance the year following treatment. However,
there was little evidence to suggest any effect of noise playback on female lek attendance.
The results of this indicate that intermittent noise (for example, from traffic) has greater
effects on male lek attendance, and potentially population breeding success, than
continuous noise. Noise pollution from gas compressor stations, of relevance to shale gas
developments, was not considered in this study. A further study suggested that male birds
which remained in areas of noise treatment had raised stress levels. On average, faecal
corticosterone metabolite levels (an indicator of stress) of birds at noisy sites were 16.7%
higher than in birds at control sites (Blickley et al. 2012b).
North American passerines (songbirds) have been shown to be significantly affected by
the noise pollution associated with gas developments. In a boreal forest study, pairing
success of ovenbirds (Seiurus aurocapilla) near noise-producing gas compressor stations
was 77%, compared to pairing success of 92% at noiseless well pads (Habib et al. 2007).
Such differences were independent of the effects of territory or individual male quality.
Higher proportions of relatively inexperienced birds breeding for the first time were found
at gas compressor station sites compared to noiseless pads, suggesting that such sites were
suboptimal and avoided by more experienced breeding individuals. It was hypothesised
that the noise at affected sites interfered with male songs, meaning females may not have
heard them, or may have considered males to be of lower quality if their song
characteristics were distorted by noise pollution. In a similar studies on other North
American passerines, grey flycatcher (Empidonax wrightii) and western scrub jay
(Aphelocoma californica) territorial occupancy, and grey flycatcher nest success, were
found to be significantly affected by gas well compressor noise (Francis et al. 2011c).
85% of the 16km2 study area was affected by noise pollution, and study species
occupancy was 5% less than expected if anthropogenic noise was absent. Similar
scenarios of changes in community dynamics could be experienced in areas subjected to
noise pollution from European shale gas developments. Therefore, mitigation measures
must be taken to maximally reduce noise effects and prevent further cascading impacts
on affected ecosystems as a whole. Energy development sites with anthropogenic noise
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production have also been shown to have significantly lower overall densities of passerine
birds compared to noiseless areas (Bayne et al. 2008). In this study, three species were
occurred at lower individual densities in areas with anthropogenic noise, and seven
species had lower occupancy rates near these sites. Effects on the densities of multiple
species in a community such as this can alter interspecific interactions, and change the
balance of the ecosystem in a way that may favour particular species. This, in turn, can
lead to cascading effects throughout the system. For example, noise produced at a natural
gas well site indirectly enhanced pollination of artificial flowers and disrupted dispersal
of piñon pine (Pinus edulis) seeds in the area (Francis et al. 2012). An increase in the
abundance of black-chinned hummingbirds (Archilochus alexandri), a species that
tolerates nesting in noisy areas, was thought to be the cause of increased pollination
levels. Meanwhile, reduced seed dispersal resulted from a lower abundance of western
scrub-jay (Aphelocoma californica), a species that caches piñon pine seeds but avoids
noisy areas. Finally, an increase in Peromyscus mice was recorded; a species that is highly
tolerant of noise and pilfers from caches. This highlights how the potential complex
impacts of noise pollution can penetrate multiple layers of an ecosystem, and the potential
it has to significantly alter, at least locally, ecosystem makeup and function. It is highly
likely that similar types of community level effects, and subsequent ecosystem
alterations, will be seen in Europe, as a result of the noise pollution associated with shale
gas developments.
Often it is unclear exactly what aspect of a disturbance deters a species from occupying
an area. A study near a natural gas extraction site showed species-specific responses in
abundance following exposure to anthropogenic noise (Francis et al. 2011a). Birds with
high-frequency vocalisations remained, whilst birds with low-frequency vocalisations
avoided noise; this was likely due to low-frequency signals being more easily masked by
the anthropogenic noise produced by wells and compressor stations. The authors
concluded that, because of this, larger birds could be more sensitive to noise pollution in
these areas, as signal frequency is negatively correlated with body mass. Furthermore,
vocal plasticity may enable some bird species to remain in noisy areas, by changing the
frequency of their song to prevent their signals being masked (Francis et al. 2011b). For
example, skylarks (Alauda arvensis) in areas of wind turbine noise changed their song to
sing at higher frequencies once turbines were operational (Szymanski et al. 2017). Noise
exposure also changed the songs of two congeneric vireo species with similar songs
(plumbeous vireo Vireo plumbeus and grey vireo Vireo vicinior), though in this case their
songs changed in different ways. The songs of plumbeous vireos became shorter, with
higher minimum frequencies, but the songs of grey vireos became longer with higher
maximum frequencies. Neither species suffered reduced occupancy rates as a result of
anthropogenic noise production. Whilst the findings of this study confirmed that vocal
plasticity can allow birds to remain in areas affected noise pollution, it also highlighted
how unpredictable song modifications can be; the signal changes employed by these two
closely related songbirds had no commonalities. Therefore, predicting potential tolerance
through altered signal responses in a wider range of species would not be possible. As
vocalisations play such important role in a species’ capacity to remain in noisy areas, it
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is important that this is explored in a European shale gas development context, to help
identify vulnerable species ahead of developments.
In a European context, most impacts of noise pollution on species relate to the impacts of
road noise on bird species. One of the most frequently observed response to traffic noise
in European passerines has been a shift in song frequency. This has been noted in reed
bunting (Emberiza schoeniclus) (Gross et al. 2010), great tit (Parus major), blackbird
(Turdus merula) and chiffchaff (Phylloscopus collybita) (Brumm 2006). In urban areas,
a tendency for robins to vocalise at night was linked to urban noise rather than to, for
example, light pollution (Fuller et al. 2007).
Whilst the majority of studies of the impacts of energy development-related noise
pollution describe impacts on bird species, some mammalian research on the topic does
exist, but with limited coverage of impacts on species in temperate setting. An African
study, in Gabon, identified that the noise disturbance associated with seismic oil
exploration resulted in elephants (Loxodonta africana), chimpanzees (Pan troglodytes)
and gorillas (Gorilla gorilla) eliciting spatial avoidance behaviours, whereas duikers
(Cephalophus spp.) and five monkey species were unaffected (Rabanal et al. 2010). By
contrast, another study in Gabon found that elephants did not flee areas undergoing
seismic exploration, but rather their behavioural patterns became more nocturnal (Wrege
et al. 2010).
A study of the effects of noise pollution from wind turbines on California ground squirrel
(Spermophilus beecheyi) found elevated vigilance behaviour in the presence of turbines.
A similar response might be expected near shale gas developments in some small
European mammals that rely on audio signals to alert others to danger (Rabin et al. 2006).
A North American study of the foraging of pallid bats (Antrozous pallidus) exposed to
playback traffic and gas compressor station noise (Bunkley and Barber 2015) found that
they took significantly longer to locate prey-generated sounds at five different noise
exposure levels, resulting in reduced foraging efficiency. Whilst the mechanisms behind
this are not fully understood, it is clear that anthropogenic noise is able to interfere with
the acoustic cues bats use to hunt, and could have serious consequences for their fitness
and survival.
Within Europe, studies of the impact of road traffic noise on foraging in the greater longeared bat, a species which uses sound rather than echolocation to find prey, found that
this species avoided foraging when exposed to recording of traffic noise or, when noise
was unavoidable, they were much less efficient at foraging (Schaub et al. 2008, Siemers
and Schaub 2011). Echolocating bats, by contrast, may be relative unaffected by
anthropogenic noise, as the frequencies they use to forage are higher than typical
anthropogenic noise. The latter statement would require verification for the types of noise
pollution generated by shale gas sites. A study of the impact of a music festival in the UK
on the emergence times from roost of a colony of Daubenton’s bats (Myotis daubentonii)
found them to emerge up to 47 minutes later that expected on festival nights, though this
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was thought primarily to be a response to light pollution (Shirley et al. 2001). Given the
threatened status of many European bat species (EEA 2014), it is crucial that such
acoustic effects, and bat sensitivity to them, are better studied in relation to potential shale
gas developments, especially in regions holding bat species of conservation importance,
and particularly when the bat species are sound-locating, as opposed to echo-locating
foragers.
In North America, a playback experiment investigating white-tailed deer responses to
drilling noise found that deer elicited avoidance behaviours in areas experiencing noise
levels over 70 dB, and, as a result, suffered fine-scale functional habitat loss (Drolet et al.
2016). The deer maintained their home range sizes despite this, by relocating the missing
area elsewhere to minimise resource losses. However, the capacity of a species to respond
in this way may be drastically reduced by habitat fragmentation; for example, if there is
extensive energy development in an area, or if human population density is high. Mule
deer exhibited increased auditory vigilance in areas with moderate background sound
levels near energy developments (Lynch et al. 2015). Although no clear links between
these responses and anthropogenic landscape features was demonstrated in this study, it
is likely that noise pollution from conventional oil and gas extraction in the area affected
the response to some degree. Deer species in Europe might be similarly impacted by such
secondary effects of shale gas extraction.
Despite being quite tolerant of humans, badgers in Europe are known to sometimes
abandon their setts due to even quite moderate levels of disturbance (Griffiths and
Thomas 1997). The noise and increased human presence associated with shale gas
developments could lead to similar effects in Europe on badgers and other disturbanceprone mammals. By contrast, some European species such as wild boar and fox can
become habituated to human disturbance (Stillfried et al. 2017), and may be relatively
little affected by development.
The impact of noise on other taxonomic groups is almost entirely unstudied. The low
frequency sensitivity of some reptiles and amphibians might make then susceptible to
anthropogenic noise, such as a shale gas development would produce (Radford et al.
2012). The common toad has been shown experimentally to respond to white noise by
increasing locomotion and escape behaviours (Llusia et al. 2010).

5.3

Light pollution

Shale gas developments in Europe will likely involve the installation of artificial lighting,
to illuminate well pads, roads and associated infrastructure. Whilst literature investigating
the effects of light from conventional or unconventional oil and gas developments is
difficult to find, there are many studies assessing the impacts of other sources of artificial
lighting on a wide range of taxa. This section will aim to use this information to provide
a broad outline of some ecological effects that could be expected as a result of light
pollution from shale gas developments in Europe.
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Almost all bat species globally are nocturnal and their behaviours can be significantly
impacted by artificial light. Commuting routes of lesser horseshoe bats (Rhinolophus
hipposideros) were experimentally treated with lights mimicking intensity and light
spectra of standard streetlights (Stone et al. 2009). Presence of artificial lighting resulted
in dramatic declines in bat activity and there was no evidence to suggest habituation,
demonstrating the significant and continuous effects that light pollution can have on bat
flight routes. Some bats, however, are attracted to light because of insects that gather
there, such as moths (Frank 1988). Faster flying bat species often exploit this, whilst
slower species do not and avoid artificial light (Rydell 1992). This creates disparity
amongst bat communities and potentially affects species’ relative abundance by
disadvantaging slower flying bats. The type of light emitted also affects the number of
foraging bats attracted to an area; in one study, white lights had more insects and
consequently more foraging bats flying near them than orange lamps or unlit areas (Blake
et al. 1994). Therefore, when deciding what types of artificial lighting should be used at
European shale gas developments, the relative costs and benefits of attraction and
avoidance behaviours of foraging bats should be considered to minimise community
disruption.
Predation risk to prey species can increase with light pollution as some predators are able
to better orient themselves and forage for longer (Hill 1990; Schwartz and Henderson
1991). However, a range of taxa, from small rodents (Lima et al. 1998) and lagomorphs
(Gilbert and Boutin 1991), to fish (Gibson 1978) and amphibians (Buchanan 1998), will
not forage at illumination levels above specific thresholds. Therefore, increased light
during the hours of natural darkness reduces the time available to find food and could
impact fitness and survival. Reproductive behaviours can also be altered by increased risk
of predation from light pollution. For example, some frog species are less selective in
their mate choice when light levels are high, as a means of reducing predation risk (Rand
et al. 1997). Additionally, frogs have been left visually impaired for minutes, and up to
hours, following sudden exposure to increases in light (Buchanan 1993), which making
them more susceptible to predation. Light pollution from shale gas developments should
be designed so as to minimise alterations to predator-prey relationships and prevent
ecosystem-level community shifts. Shielding of lights to minimise the escape of light into
the wider environment would be a simple means of restricting the area of highest light
pollution to the area close to the pad.
Artificial lighting can cause seasonal dawn and dusk songbird singing to begin earlier in
the year (Silva et al. 2015) and male songbirds to start singing at dawn significantly earlier
in the day than other males further from it (Kempenaers et al. 2010). The latter study also
found that presence of street lighting caused female blue tits (Cyanistes caeruleus) to start
laying eggs 1.5 days earlier on average. Male blue tits with territories closer to lights had
higher success rates in obtaining extra-pair mates than males with inner forest territories
or close neighbours. Hence, light pollution can significantly affect breeding patterns and
individual reproductive behaviour. European blackbirds in urban areas, compared to
forest birds, experienced a 49 minute longer perceived day length during their period of
reproductive growth (Dominoni & Partecke 2015). This translated to a difference of 19
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days in photoperiod for the time of year that the study took place, and resulted in urban
birds reaching reproductive maturity 19 days earlier than their rural counterparts. The
authors concluded that exposure to artificial light at night in this instance had significant
effects on biological rhythms of avian species, with unknown consequences for
reproductive success.
Circadian rhythms of fish can also be affected by light pollution. The hormone melatonin
is produced by fish during the night. Increasing light intensities, associated with light
pollution can prevent its production (Brüning et al. 2015), disrupting natural biological
rhythms. Other aquatic species can also be impacted by artificial lights. A survey of
aquatic emergent insects, riparian arthropods and a riparian spider family
(Tetragnathidae) found that all three groups were significantly affected by increases in
artificial light (Meyer and Sullivan 2013). Spider density decreased by 44% and family
richness was reduced by 16%, while the mean body size of aquatic emergent insects
declined by 76%. The presence of light during naturally dark periods can also alter the
diel migration of zooplankton (Moore et al. 2000). Daphnia move vertically during hours
of darkness, to avoid predation whilst they feed on algae. Light pollution disrupts this,
leading to algal increases and blooms, which can reduce water quality and result in
significant impacts on other species.
Different lighting technologies can have varying effects on the species in an area. For
example, use of broad light spectrum technologies, as opposed to narrow light spectrum
technologies, could allow a wider range of animals to detect light passing over features
in their environment and enable the performance of visually-guided behaviours (Davies
et al. 2013). This, in turn, could produce larger differences in response between major
taxonomic groups and interfere with species interactions to a greater extent. Therefore,
any shale gas developments requiring areas to be artificially illuminated should question
which technology best minimises ecological implications in a specific area.
Levels of light pollution are often strong enough to stimulate a physiological response
from nearby wild plants. Such responses can lead to changes in phenology, resource
allocation and growth, and could subsequently affect herbivores and pollinators (Bennie
et al. 2016). Currently impacts of artificial light production on plants are very poorly
studied, but it is important that laboratory studies are combined with ecological studies
in order to understand how plant communities are affected and what this entails for the
remainder of an ecosystem and its services. Nocturnal pollination is an ecosystem process
that could be significantly impacted by light pollution, as moths (Lepidoptera) are the
primary provider of nocturnal pollination (Macgregor et al. 2014). Moth species across
Europe are suffering severe declines, and light pollution has been implicated as a
significant contributor to this. If the trend continues, and light pollution increases through
developments such as shale gas operations, plant communities across the continent could
see large decreases in nocturnal pollination rates and suffer reduced survival.
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5.4

Air pollution

Shale gas developments are associated with a number of air pollutants that can cause
varying degrees of harm to a diversity of organisms. To our knowledge, there are no
existing studies on the effects of these pollutants specifically from shale gas operations
on biota. Consequently, this section will outline potential problems that could result from
potential shale gas pollutant using studies from comparable contexts.
Large scale effects of increased ambient sulphur dioxide (SO2) concentrations on
vegetation have mostly now disappeared from countries across Europe and North
America (Cape et al. 2003). However, globally, problems persist in regions of rapid
industrialisation. As shale gas developments are likely to contribute to SO2 emissions, the
potential for localised effects of this gas on ecosystems must be considered. Woody plant
communities can be significantly affected by increased sulphur dioxide levels in ambient
air. One study showed that while species richness of woody plant communities around
coal mining sites declined with increasing pollution loads, herbaceous plants were less
affected, as they were more sensitive to soil nitrogen and total organic carbon than to SO2
(Pandey et al. 2014). This demonstrates variability in species’ tolerance of different
pollutants and their concentrations, which can severely impact community structure.
Furthermore, invasive plant species are often more resilient to environmental pollutants
(Yang et al. 2007), meaning release of gases, such as SO2, could favour them
competitively in a shifting community.
Nitrogen oxides (NOx) are a group of gases produced by shale gas operations that have
long been known to have impacts on both flora and fauna. For example, exposure to
nitrogen dioxide (NO2) can significantly affect the functioning of mammalian lungs
(Koike et al. 2001), meaning if local exposure to the gas persisted for prolonged periods
above certain thresholds, the health of mammalian populations in the area could suffer.
Wild birds experimentally exposed to NO2, SO2, benzene, toluene, and volatile organic
compounds (VOCs) suffer increased stress levels (Cruz-Martinez et al. 2015). The same
effect could lead to reduced fitness in wild populations. NO2 exposure causes suppressed
growth and cause damage to foliage in plants (Taylor and Eaton 1966), but these effects
can occur at lower concentration thresholds when NO2 and SO2 are both present (Tingey
et al. 1971), as is possible in areas of shale gas development. Such stress responses from
plants can have cascading effects on the herbivorous invertebrates that feed upon them.
It has been hypothesised that the relocation of nitrogen within a plant, to move N-stores
away from senescing or stressed tissue, can increase nitrogen availability for invertebrates
that would alternatively be feeding on unstressed plants (White 1984). As nitrogen
availability has been linked to invertebrate population dynamics (Biplant et al. 2005), this
could affect community dynamics of invertebrates within an exposed ecosystem and,
subsequently, higher taxa.
Nitrogen oxides (NOx), carbon monoxide (CO) and volatile organic compounds (VOCs)
are all precursors of low level ozone (O3), the latter being an atmospheric pollutant. High
concentrations of surface O3have been recorded in the vicinity of oil and natural gas
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extraction sites (Martin et al. 2011). Ground-level O3 can have detrimental effects on
natural vegetation as well as impacting crops. Such impacts on natural vegetation will
obviously have impacts on other species and competitors in the food chain. The
precursors of O3 react in the atmosphere with the presence of sunlight to produce O3,
meaning low level O3 problems are usually more common in warmer weather and
climates. However, at oil and natural gas fields, surface O3 could be an issue in colder
weather, as these energy developments emit precursors for ozone during winter (Carter
and Seinfield 2012), and high concentrations of low level ozone have been recorded at
these sites (Martin et al. 2011). A US study in the Barnett Shale found that the average
of all ozone components was 8% higher in regions with shale gas development than those
without (Ahmadi and John 2015), and that a rise of O3 coincided with the start of
operations in the area. In regions that form natural basins to hold low-level ozone and
where the air is relatively still in winter, these effects could persist year-round. The effects
of such exposure remain largely unknown for many plants and animals. Introducing and
increasing shale gas operations across Europe could lead to significantly higher levels of
localised ozone exposure.
Increases in O3 concentrations can significantly affect forest ecosystems, by negatively
impacting soil arthropod, stream invertebrate and small mammal diversity, and the
condition of tree crowns (Augustaitis et al. 2007). Whilst these effects were only
identified in response to peak O3 levels, such ambient concentrations may be maintained
in areas of shale gas development, for the lifespan of the well. Negative ecological
impacts resulting from this could persist throughout the well’s operational lifespan, and
perhaps beyond.
Lizards (Sceloporus occidentalis) exposed to 0.6ppm ozone were found to exhibit
induced behavioural hypothermia, reducing their body temperature by up to 1.9°C (Mautz
and Dohm 2004). The same study found the frog Pseudacris cadaverina responds to
increased ozone levels both behaviourally and physiologically; lung ventilation was
depressed, along with oxygen consumption, and individuals adopted a low profile stature
in order to minimise the area of exposed body surface. Similarly, rodents exposed to O3
suffer hypothermic responses, as well as cardiac abnormalities, which can frequently
cause fatalities (Watkinson et al. 2001). These physiological effects have the potential to
significantly alter a population’s survival, and could lead to a reduction in species
diversity (Augustaitis et al. 2007). Shale gas operations are yet to be specifically
implicated in the production and local presence of high concentrations of surface ozone.
However, given the precedent set by the conventional oil and natural gas industry, it is
likely that low level O3 could present an ecological problem at shale gas extraction sites,
and therefore, should be closely monitored.
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6

WATER QUALITY AND QUANTITY

6.1

Introduction

Comparison of the impacts of shale gas extraction to other onshore energy industries
becomes more problematic when investigating the ecological effects on water quantity
and quality, as these issues are largely unique to shale gas developments. Hydraulic
fracturing of shale formations, to release the desired gas, requires large volumes of water
at high pressure. Estimates from the U.S. suggest that a well will use up to 26 million
litres of water during its lifespan (Entrekin et al. 2011). This is the first ecological concern
discussed in this section. As shale gas developments will require access to large amounts
of water, it is important to address the potential biotic effects resulting from removing
this resource from the environment. In the USA, water for hydraulic fracturing is often
either delivered onsite by trucks, or piped in from a nearby, centralised storage facility to
reduce the pressure of traffic on forest roads (Eshleman and Elmore 2013). Approved
sites in the UK aim to use a mains supply of water, as agreed with local water distributers
(Cuadrilla Bowland Ltd 2014; Third Energy 2015). Although neither of these options
suggests developers themselves will be removing freshwater directly from aquatic
systems, water will ultimately be removed from the environment somewhere, potentially
putting additional stress on areas already strained by excess water abstraction. Therefore,
the potential ecological implications of excessive freshwater removal are discussed here.
Secondly, the way in which wastewater is treated must be considered. Some authors
distinguish between the liquid released immediately after hydraulic fracturing, and the
fluid that flows up the well with gas at the production stage, and continuously throughout
the well’s lifetime (Estrada and Bhamidimarri 2016). These are referred to as ‘flowback
fluid’ and ‘produced water’, respectively. However, because of their similar
compositions, from an ecological perspective, for the purpose of this review these terms
will be used interchangeably.
Flowback fluid can be up to more than seven times more saline than seawater, and contain
radium and barium at levels hundreds of times higher than drinking water standards
(Haluszczak et al. 2012). Accidental release of the wastewater into freshwater systems
could be disastrous for the organisms living within it, as well as the terrestrial biota that
use it as a resource. Because of this, developers are compelled to reduce the risk of water
source contamination as much as possible. A recent planning application for shale gas
exploration, which was approved in the UK, stated that the developers would reuse as
much flowback fluid as they are able, as fracturing fluid, and transport the remainder
offsite by truck to a nearby water treatment facility (Lancashire County Council 2015).
The permit also requires developers to provide closed onsite storage facilities, in case the
rate of waste water production exceeds the rate of treatment agreed with the offsite water
treatment facility. However, it is unclear whether this will be completely successful in
keeping flowback fluid from entering the environment, and whether the same approach
will be adopted across Europe. Therefore, this section will also examine the potential
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impacts of the escape of hydraulic fracturing waste water on ecosystems, and how this
can be most effectively mitigated.

6.2

Water Quantity

Hydrology is very important to species composition and persistence in freshwater
habitats. Water levels and flow rates vary naturally, and organisms are usually able to
survive fluctuations, within species-specific thresholds. Removal of water from these
systems can severely disrupt natural hydrological patterns, and, consequently, the
ecological balance of the system. Excessive water abstraction can cause freshwater
communities to collapse, by affecting a broad range of taxa, from fish to algae (Bunn and
Arthington 2002). Many shale gas developments intend to have multiple wells per well
pad, increasing hydrological stress on aquatic systems by raising the water demand of a
site.
Extraction of water from streams and rivers can significantly alter their flow. Flow rates
can vary both spatially and seasonally, and many species are adapted to survive in specific
conditions determined by this rate and its natural fluctuations. Fish assemblages have
been shown to be sensitive to pronounced reductions in stream flow, with lower catch per
unit effort, and fewer benthic and drought-intolerant species recorded in experimentally
manipulated streams (Benejam et al. 2009). A study of streams in the Marcellus Shale
region, in the U.S., found that alterations to the fish community were related to changes
in flow, and that flow alteration could reduce species richness by more than 23%
(Buchanan et al. 2017). The study also found relationships between the size of a stream
and how well minimum flow environmental standards protected the species it contained;
common minimum flow requirements were found to be insufficient to stop significant
impacts on flow at many of the studied locations.
Fish and invertebrate abundance and taxonomic richness, and algal biomass have all been
found to be negatively affected by flow rate declines following water abstraction
(Matthaei et al. 2010). Loss of seasonal variation in flow peaks has also been implicated
in the reduction of plant growth rates (Reily and Johnson 1982), the elimination of
riparian plant recruitment (Fenner et al. 1985), and the spread of invasive plant species
(Horton 1977). These effects, when due to reduced seasonal water flow peaks, can amount
to distinct changes in aquatic ecosystems, such as alteration of community structure and
modifications of the foodweb (Power 1992). The density of invertebrates has been shown
to increased rapidly following short, but severe declines in discharge rates (something
that might occur due to extraction for hydraulic fracturing purposes), because of
accumulations of individuals in smaller areas (Dewson et al. 2007a). Such aggregations
of individuals could result in population crashes, as essential resources are depleted.
By altering natural hydrological cycles, life cycles of native species can also be changed.
Non-native fish were more abundant in some regulated rivers than unregulated rivers,
which was thought to be a result of environmental cycles becoming desynchronised with
the life cycles of native fish (Gehrke et al. 1995). Higher rates of water level change
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increased the probability that juvenile fish become stranded in pools or interstitial space
(Irvine et al. 2008), which often leads to increased mortality at an important life stage and
ultimately affects the population’s survival. This outcome of reduced flow rate is not
unique to vertebrates, as insects can similarly suffer stranding with declining rates of
discharge (Perry and Perry 1986). Drought intolerant macroinvertebrates exposed to
intermittent flow rates have been shown to disappear from a system following a period of
low flow, whilst drought-tolerant species survived (Vidal-Abarca et al. 2013). Hence, low
flow rates can significantly impact taxa which are vulnerable to desiccation. Particular
life stages of taxa that require continuous wetting, for example, fish egg masses, may also
suffer in protracted low flow periods. Larval fish have been shown to be less abundant in
regulated rivers where flow rate was altered, compared to unregulated rivers (Scheidegger
and Bain 1995), highlighting how certain life stages can be more susceptible to disruption
by water source regulation.
Modifying the flow regime of a river or stream also modifies its thermal regime.
Shallower water and fewer deep areas in rivers will result in a loss of low temperature
environments that can be crucial for some species in summer months, and at warm and
bright periods of the day. Many aquatic species rely on thermal cues from their
environment to determine when to emerge (e.g. Réalis-Doyelle et al. 2016). If water
abstraction alters water temperature so that is outside of species’ thresholds for successful
emergence, population declines could occur, potentially affecting community structure.
For example, Atlantic salmon (Salmo salar) can suffer poor egg survival during low flow
rates of rivers (Casas-Mulet et al. 2015). Hydrological integrity can also alter the
proportions of native and non-native salmonids present in a system (Van Kirk and
Benjamin 2001). In the Greater Yellowstone ecosystem (USA), non-native species were
found to be more common in areas with reduced hydrological integrity, likely because
they were better able to cope with greater environmental variability than native
salmonids. Part of the hydrological integrity of a system is its natural seasonal variation
in flow, which can sometimes prevent the establishment of non-native species whose lifehistory is not naturally adapted to a particular flow regime (Strange et al. 1993).
Periods of natural high flow move sediment throughout the system, transporting organic
resources within this sediment. This sediment can rejuvenate communities by providing
nutrients for species with rapid life-cycles, and provides the colonising capability that
allows for populations to re-establish following local extinctions (Poff et al. 1997). By
removing periods of high flow through water abstraction, the redistribution of resources
may not occur, leaving some areas nutritionally deficient. Further to this, decreased flow
can lead to the accumulation of coarse particulate organic matter (CPOM), causing
localised anoxic condition and altering species composition (Death et al. 2009). Water
removal can also reduce night-time dissolved oxygen and temperature, which are
important for the survival of many species. The water quality of a stream or river before
abstraction affects the response of the community following abstraction. Invertebrate
communities inhabiting systems of low quality are more likely to withstand the
hydrological and chemical changes of the water following abstraction, than are
communities of high quality systems (Dewson et al. 2007b). This effect may be
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responsible for the variation seen between studies of invertebrate community responses,
and suggests there will be variation in impacts across systems, and well as across taxa.
Water removal is not the only factor affecting flow rate. Reduced infiltration rates of
water into the environment can also cause flow rate declines. Storm water run-off in the
area around shale gas developments, and potentially into the wider aquatic system, could
be reduced in areas of shale gas development because of the practice of collecting such
water that falls on a well pad. In the UK, wells pads will be covered by an impermeable
sheet, as a barrier to pollutants created in the drilling process, and storm water will run
off into sealed drains (Cuadrilla Bowland Ltd 2014). Although this is aimed at preventing
contaminated water from leaching into surrounding soil, it has the potential to reduce
infiltration rate of the soil beneath the covered well pad and the area surrounding it. In
addition, construction sites typically have higher levels of soil compaction than, for
example, forested areas (Alberty et al. 1984). This higher soil density reduces the rate of
water infiltration, further reducing the amount of water entering the ground locally around
shale gas developments. If produced waters (fracturing fluids) leak into the environment,
infiltration rate could be further affected by a resultant change in structure of the soil
(Ganjegunte et al. 2005). Fracturing fluid contains very high concentrations of sodium
which, when allowed to enter soil, tends to replace calcium in the soil, leading to
reductions in the soil water capacity.
Whilst water removal is probably the greatest concern regarding the effects of shale gas
development on water quantity, there is also the potential for increased flow rates in some
areas. Roads, including unpaved roads (Ziegler et al. 2000), and soil compaction increase
runoff rates of water and sediment (Forman and Alexander 1998), meaning nearby stream
discharge rates may also be increased. Any roads constructed to service shale gas
developments could alter natural hydrological patterns in the vicinity. Water for use as
fracturing fluid will not necessarily be extracted from sources within the vicinity of the
well, so any effects of additional runoff may not be cancelled by water abstraction.
Increased run-off rates from roads could also increase storm flows. However, in most
situations the change in hydrology as a result on road construction associated with shale
gas developments is likely only to markedly impact hydrology locally.

6.3

Water Quality

Abstracted freshwater is modified prior to use for hydraulic fracturing. Before being
injected into a well, proppants (solid material, usually sand) are added to hold open the
fissures in shale rock that hydraulic fracturing aims to widen (Barbot et al 2013), and
increase the amount of trapped gas released. Often, other chemicals are also added for a
number of purposes. These chemicals can include surfactants, pH adjusting agents and
biocides (Colborn et al. 2011). When water returns above ground from a well, its
composition has further changed. Usually changes include a significant increase in
salinity, and heightened concentrations of organic and inorganic pollutants, as well as
normally occurring radioactive materials (NORMs). These differences are thought result
from the water mixing with highly saline brines and salts underground in the shale
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formation (Blauch et al. 2009). The longer the water stays in contact with the shale
formation, the greater resulting solute concentrations tend to be (Estrada and
Bhamidimarri 2016). Suspended solids, used initially as proppants, also remain in the
water. These, however, are considered easier to remove than some of the other changes
due to inexpensive, readily available filtration treatments.
Due to its mixture of potential pollutants, the treatment and disposal of waste water from
hydraulic fracturing presents a problem that is unique to unconventional gas extraction.
Concentrations of organic compounds are initially in the order of mg L-1 in waste water
but decrease rapidly within the first 20 days following hydraulic fracturing action (Estrada
and Bhamidimarri 2016). Yet, some can remain at concentrations between 10 and 250 μg
L-1 250 days after fracturing (Orem et al. 2014). The potential implications of these
pollutants for ecosystems are unknown and difficult to predict due to the variety of
chemicals that are used (UK regulated organic pollutants are summarised in Estrada and
Bhamidimarri 2016). However, the concentration of total dissolved solids (TDS) is likely
to have the largest, greatest impact of all possible contaminants as the salinity levels often
far exceed the tolerance levels of most organisms. Sodium typically reaches
concentrations of around 30,000 mg L-1 in wastewater from wells worldwide, while
chloride concentrations increase to approximately 80,000 mg L-1 (Olsson et al. 2013).
There is evidence to suggest that total suspended solids (TSS) in surface water is raised
in areas downstream of shale gas wells, whilst chloride concentrations remain constant
(Olmstead et al. 2013). Yet, watersheds downstream of shale gas waste treatment plants
have also been found to have increased chloride concentrations, but not altered TSS
concentrations.
Solute contamination can drastically alter the natural function of an ecosystem. For
example, in 2008, approximately 303,000 L of wastewater from the hydraulic fracturing
of a natural gas well were purposefully applied to a 0.2 ha patch of mixed hardwood forest
in West Virginia, USA (Adams 2011). Ground vegetation suffered severe damage and
mortality soon after application, whilst canopy trees prematurely dropped their leaves 10
days later. Both instantaneous and longer-lasting effects were observed. Two years on,
56% of the trees in the treated area had died. Over the same period, surface soil
concentrations of sodium and chloride increased 50-fold following initial wastewater
application, but then declined over time. Soil acidity declined over time, suggesting that
organic matter cycling in the system had been significantly altered. In another study on
agricultural soil, the release of flowback solution increased soil toxicity, reduced enzyme
activity, and decreased the mobility and bioaccessibility of arsenic [As(V)] and Selenium
[Se(VI)] (Chen et al. 2017). Changes in soil acidity were the likely cause of reduced
enzyme function, as pH significantly affects enzyme-substrate binding. Dehydrogenase
and phosphomonoesterase activity were shown to decline following soil exposure to
flowback fluid, which suggests the metabolic capacity of the soil would be reduced, as
well as the mineralisation of organic phosphorus, decreasing the amount available for use
by plants and microorganisms. Furthermore, Selenium can counteract various abiotic
stresses in plants (Feng et al. 2013); with reduced mobility and bioaccessibility in affected
soil, plants may be less capable of dealing with further changes in their environment.
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Whilst both of these studies show the catastrophic impacts flowback fluid release can
have on soil, ecosystem services and wildlife, it is highly unlikely applications of the
discussed scales would occur in Europe, given the adoption of tighter regulations than in
many part of the USA. Spills from onshore oil and gas production in the USA are
substantial. Cozzarelli et al. (2017) show numerous catchments within the state of South
Dakota, USA where the total spill volume over a seven-year period exceeded 750,000 L.
Across Europe, smaller, accidental releases are both possible and likely; therefore it is
important to understand how increased salinity and other contaminants can affect taxa.
Freshwater systems could be particularly vulnerable to influxes of solute-rich water
because of the limited tolerances of freshwater species to salinity. Almost all stages of
freshwater fish life cycles can be negatively impacted by increased salinity and TDS
levels (Weltman-Fahs and Taylor 2013). Embryonic development is adversely affected
by increasing salinity (Li et al. 1989); for example, during early developmental stages,
salmonids are limited in their ability to regulate osmotic and ionic conditions (Shen and
Leatherland 1978). Growth rates and survival of newly hatched salmon fry (alevins) are
also significantly reduced in more saline waters, directly affecting recruitment to the
following generation (Morgan et al. 1992). Furthermore, TDS can affect both fertilisation
success, and later development of eggs in fish, with increased post-hatch mortalities
following short exposures to increased TDS concentrations (Stekoll et al. 2009). The
integrity of an egg can also be affected, by reducing water absorption and consequently
egg turgidity, potentially leading to increased risks of mechanical damage (Brix et al.
2010). These risks present problems for most species that spawn in freshwater, therefore
changes in salinity and TDS could have widespread impacts across communities. Adult
fish can also be affected, as thermal stress resistance is reduced by elevated salinity (Vigg
and Koch 1980). Vigg and Koch (1980) found that fish exposed to increasingly saline
conditions were more likely to die from heat death, meaning competition could be shifted
in favour of species with greater tolerance. High tolerance of a wider range of conditions
is often a trait of invasive species, thus contamination of freshwater systems by flowback
fluids could increase the chance of newcomers outcompeting native species (Gutierre et
al. 2016). A more recent study (Cozzarelli et al. 2017) examined the survival of fish in
an area downstream of an oil and gas wastewater spill. Survival was only 2.5% at 7.1km
downstream of the spill, compared to 89% upstream of the affected areas. The study found
that whilst organic and inorganic matter were released into the freshwater environment
following contamination, the elements from brines (e.g. NH4, Ra, Ba and Sr) persisted
for longer, occurred at much higher concentrations and consequently posed a greater
threat to fish. Mercury has also been highlighted as a problematic contaminant in the
Marcellus shale region in the U.S.. In one study, the number of well pads within a
watershed and the total mercury concentrations in crayfish, predatory macroinvertebrates
and brook trout were correlated (Grant et al. 2015). The same study showed a negative
correlation between the number of well pads in an area and both fish diversity and
macroinvertebrate richness. Effects of mercury bioaccumulation on trophic structure have
also been recorded in the Marcellus shale (Grant et al. 2016); in this particular study, the
metal was bioaccumulated at the bottom of the food chain. The study also found that fish
were absent from all streams where spills of flowback water had been documented. These
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studies suggest that the release of flowback fluid into a freshwater ecosystem can
devastate trophic structure, and severely reduce biodiversity.
Sudden changes in other chemical characteristics of a freshwater habitat due to fracking
fluid spillages have been linked to distress, and often death, in aquatic invertebrates and
fish. In a study of a contamination incident, pH dropped, whilst conductivity and heavy
metal concentration both increased (Papoulias and Velasco 2013). A month after the
spillage, a previously present, threatened fish species, blackside dace (Chrosomus
cumberlandensis), could not be detected. In lieu of the missing species, histopathological
examinations were undertaken on creek chub (Semotilus atromaculatus) and green
sunfish (Lepomis cyanellus) taken from the area. Both species showed general signs of
stress and had higher incidence of gill lesions compared to unexposed fish. These effects
were consistent with the low pH and toxic heavy metal concentrations the fish
experienced, and the authors concluded that this was a likely cause of the absence of
blackside dace in the area. The elevated metal concentrations associated with fracking
fluid have also been shown to affect the growth and mortality of brook trout (Salvelinus
fontinalis) (Weltman-Fahs and Taylor 2013), highlighting the potential for widespread
multi-species responses to release of fracking fluid into freshwater systems.
Declines in the abundance of aquatic macroinvertebrates, particularly mayflies, in the
Marcellus Shale region have been linked to increases in TDS concentrations (WeltmanFahs and Taylor 2013). Some mayfly species have important roles in bioturbation, which
mixes sedimentary deposits in freshwater systems and stimulates nutrient cycling
(Bachteram et al. 2005). Without their presence, systems may become nutrient deficient,
and their communities could be significantly altered.
Studies of the impacts of road salts on amphibian populations in adjacent wetland have
highlighted their high highly sensitive to increased salinity (Karraker et al. 2008). This
provides a reasonable proxy for the potential impacts of increased salinity due to
contamination by flowback fluid. Survival can also decline drastically in amphibian
populations that are exposed to increased chloride levels (Sanzo and Hecnar 2006), and
those individuals that do survive often suffer malformations (Karraker 2007). This can
shift competitive balance in favour of species that have higher salt tolerance, and impact
community structure (Collins and Russell 2009).
Evidence also exists of metal accumulation in non-aquatic species. Riparian songbirds
have been shown to accumulate heavy metals associated with hydraulic fracturing for
shale gas. Barium and strontium found in feathers of Louisiana waterthrush (Parkesia
motacilla) suggested that produced waters from hydraulic fracturing sites was likely
contaminating surface waters in one study region (Latta et al. 2015), although it was
unclear at what level the contaminants were entering the food chain. Another study
showed that streams impacted by shale gas extraction suffered lower genus-level streamquality index scores, and this was linked to lower densities of Louisiana waterthrush
(Wood et al. 2016). Lower densities of birds were also associated with lower densities of
all invertebrates.
D12.3 Review of impact of shale gas development on habitat

Copyright © M4ShaleGas Consortium 2015-2017

Page 43

Wetland bird species can also be affected by the oil and gas industry. Some onshore oil
industries use large evaporation ponds aboveground to separate oil from water. These are
similar to open ponds used by the shale gas industry to store fracturing fluids onsite before
reuse. Shale gas developers in the UK are legally required to store fracturing fluids in
sealed containers. However, this regulation is not reflective of all European industry.
Open ponds, can attract wetland bird species to land on the water. In evaporative ponds
high levels of mortality of grebes and waterfowl have been recorded (Ramirez 2010).
Many of these deaths are thought to be a result of birds becoming contaminated with the
oil and water mix, but sodium toxicity and surfactants have also been implicated in
survivorship. While shale gas wastewater would have significantly lower oil content, the
problems resulting from sodium toxicity and surfactants are applicable to fracking fluids.
Another study compared the development of Mallard ducklings (Anas platyrhynchos)
raised on wetlands associated with oil sands developments, with ducklings at a control
site (Gurney et al. 2005). The test wetlands had associated traces of bitumen, high
sulphate levels and highly saline waters. All of these pollutants were thought to contribute
to lower body masses and skeletal size of ducklings recorded at this site, meaning
increased salinity levels in flowback fluid could significantly affect bird development and
survival if they are exposed. It has been reported that avian mortality from oil and gas
field wastewater is underestimated by industry (Timoney and Ronconi 2010), so it is
currently difficult to understand the scale of the problem.
Shale gas development sites can increase the sediment load of surrounding water systems.
As discussed in 6.1, water abstraction can negatively impact freshwater systems.
However, these effects can be even more pronounced in streams with high sediment
inputs, compared to similar streams with lower input (Matthaei et al. 2010). Therefore,
decreasing water quality through sedimentation could negatively impact a system
cumulatively with excessive water abstraction, worsening effects. Land clearing and
alteration of riparian systems, associated with shale gas developments, has been
implicated in increased sediment and nutrient input into nearby streams (Johnson et al.
2015). This raises NPP (net primary productivity) in affected areas, and has resulted in
altered macroinvertebrate communities, with the density of filtering and gathering
invertebrates increasing. Proximity to a shale gas well was positively related to the
strength of such effects. Siltation can also increase around natural gas developments, and
affect aquatic ecosystems in similar ways described above. For example, populations of
the redfin darter damselfly (Etheostoma whipplei) near developments have suffered
declines due to reduced recruitment rates, which were linked to increases in siltation
(Stearman et al. 2015).
In summary, ecosystems can be affected by both physical and chemical changes in water
quality, and shale gas developments have the potential to cause both. Fracturing fluid is
a unique product of this relatively new technology, and can cause large, widespread
problems if released into the environment. Therefore, developing mitigation steps to
minimise the risk of this, in order for environmental contamination to become highly
improbable, should be of high priority.
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7

CUMULATIVE IMPACTS AND CLIMATE CHANGE

7.1

Introduction

As described in previous sections, the potential ecological effects of extensive shale gas
development in Europe are wide-ranging, with varying degrees of possible severity.
However, more often than not, these individual effects are considered in isolation, rather
than in combination. Assessment of the combined, or cumulative, impacts of shale gas
development offers a more realistic outlook of the changes that could be seen in an
affected ecosystem, and therefore allows for the creation of better targeted mitigation
strategies that are more likely to be successful.
Most of the negative ecological effects discussed in the previous chapters are additive
when they co-occur, sometimes producing an effect larger than the sum of the
independent impacts. For example, direct habitat loss from the construction of shale gas
infrastructure could endanger the individuals living in that area, but some may persist
outside of the site. However, if this is combined with the further-reaching effects of
reduction in water quality recorded near many shale gas sites, freshwater species in
particular may be vulnerable to local extinction, as conditions are no longer suitable in
the areas surrounding the site of development either. Despite this, studies that explore
multiple effects are rare, most likely due to the difficulty of teasing apart which impact
have led to specific ecological responses. Although it is difficult, it has been suggested
that risk assessments must begin looking into the cumulative impacts of shale
development on ecosystems, given that no associated individual process will outweigh
the impact of the overall operation (Souther et al. 2014). Even if stressors, such as water
quality and habitat loss, are unrelated, their contributions to change, when they co-occur,
should be seriously considered.
It is also important to discuss how other ecological and environmental impacts that do not
result directly from shale gas developments can interact with those that do. Land
alteration and climate change are two of the biggest drivers of biodiversity change at
present. Whilst energy development often adds to both of these impacts, areas of
development are likely under their influence before construction and drilling begins.
Furthermore, they too can act cumulatively as a pair and with other problems, such as
pollution. Therefore, it is crucial that the interaction between shale gas developments and
these two powerful drivers of change are understood, in order to minimise ecosystem
responses.
In this section, the small body of evidence currently available regarding cumulative
impacts of shale gas development is discussed. Additionally, studies on the contribution
of the shale gas industry to climate change are explored, with the aim of identifying how
this may impact European biodiversity and ecosystems in the future.
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7.2

Cumulative Impacts

Very few studies exist that have incorporated more than one potential driver of change in
the ecological context of shale gas development. Most of these have looked into the
effects of changing land-use scenarios in an area of development (or proposed
development), and have shown that location and interface can significantly increase or
reduce a development’s ecological and environmental impacts (Northrup and Wittemyer
2012), leaving room for optimisation of land-use at a landscape-level.
Researchers have looked at a number of development scenarios under different regulatory
frameworks. In Western Canada, in an area exploited by both the energy and forestry
industries, it has been calculated that older merchantable forest stand will be eliminated
from the landscape and that in 60 years’ time there will be a progressive shortage in
softwood timber supply (Schneider et al. 2003). This is a result of the different pressures
put on the landscape by the two industries. Furthermore, human-derived landscape edges
are projected to significantly increase, by to up to four times their current density, whilst
habitat availability for woodland caribou (a species classified as vulnerable to extinction
(IUCN 2017)) will decline from 43% of the area to only 6%. However, simulations
suggested that making changes to best management practices could substantially improve
ecological outcome measures and maintain a sustainable flow of economic benefits.
An investigation that compared the lifetime impacts of oil and gas with wind energy
developments found that although oil and gas extraction was less impactful annually, over
longer periods of time it had a larger carbon footprint than wind energy (Jones and Pejchar
2013). This was because of the cumulative impacts of a site during its operational period,
and following it, as reclamation of affected land is often unsuccessful. Importantly, this
study also highlighted that energy development occurring in already disturbed areas
always lead to fewer impacts, for either energy type discussed. It is vital to consider
optimising site placement when planning future site developments, so that previously
disturbed areas are prioritised for use wherever possible, which could substantially reduce
ecological risk. Additionally, it has been suggested that when energy development is
sought, regardless of detrimental environmental implications, finances put aside for
mitigation should be used to curtail future development, such as residential housing, in
the surrounding area (Kiesecker et al. 2009). This could provide a biodiversity offset, by
reducing further habitat loss, as well as the cumulative impacts that would accompany
additional infrastructure and development.
A similar study looked at the cumulative impacts of potential future shale gas and wind
energy developments in the Marcellus shale region, U.S. (Evans and Kiesecker 2014). It
predicted that upwards of 447,000 ha of forest could be lost, whilst the area of impervious
surface created could be up to 535,023 ha. The authors went on to model key areas that
would likely suffer the greatest effects from reduced surface permeability of the landscape
and deforestation. These areas would be prone to reduced water quality, altered hydrology
and geomorphology, increased storm runoff, and increased sedimentation. These
cumulative impacts challenged conservation targets at a landscape-level more than any
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individual side effect of development. The study found that the assessment of
environmental impacts on a well-by-well basis was insufficient to understand and manage
cumulative impacts on the landscape.
The cumulative effects of local hydrology and well pad placement can significantly alter
the community structure of freshwater habitats. A comparison of streams across two years
showed year-on-year differences in community in areas affected by shale gas
development, suggesting that increased gas well activity was not having a consistent
influence (Johnson et al. 2015). In the first study year, 2010, land-clearing and riparian
alteration associated with energy development led to increased levels of sediment and
nutrients being deposited into the affected streams; water turbidity and the concentration
of chlorophyll a were correlated positively with well density. Consequently, the
macroinvertebrate community shifted towards more tolerant, generalist species, and the
diversity and richness of macroinvertebrate species decreased, in comparison to
unaffected areas. Both hydrological regimes and energy development can act
cumulatively to change the relationship between catchment and biota, which highlights
the importance of looking beyond solely anthropogenic pressures when identifying and
assessing possible co-occurring, cumulative stressors.
Environmental implications of energy development in areas affected by wildfires could
be exacerbated because of the additional ecological impacts of frequent fires. A number
of populations of boreal caribou in Alberta, Canada, have experienced cumulative habitat
loss associated with both the presence of the energy industry and wildfire in the area
(Sorenson et al. 2008). The area of caribou habitat that was within 250m of an
anthropogenic footprint and in areas disturbed by wildfire within the last 50 years
significantly affected caribou population changes, making it highly unlikely that caribou
would persist in areas affected by both wild fire and energy development. Similar impacts
could result from the combination of other natural environmental stressors and energy
development, and affect a broad range of taxa. However, very little is currently known
about these interactions between stressors, and about which species are most vulnerable.

7.3

Climate Change

The shale gas industry adds to global greenhouse gas (GHG) emissions before, during
and after gas production. Despite this, it has been heralded as a ‘clean bridge fuel’, a low
carbon energy source that will help us complete the global transition to zero-carbon
energy, whilst slowing the rate of global warming (Kerr 2010). This proposition is a result
of natural gas producing 45% less carbon dioxide, CO2, emissions than coal (Hou et al.
2012), and therefore having a seemingly smaller footprint. Additionally, the extraction
process of natural gas, including shale gas, uses less water than all of the other major fuel
types. Arid and semi-arid regions could disproportionately benefit from the improved
potential for water conservation, as climate change will likely reduce precipitation in
those areas (Ragab and Prudhomme 2002). A further benefit of increasing natural gas
consumption is the potential for future use of the exhausted wells and pipelines for carbon
sequestration, once technologies have suitably matured (Hou et al. 2012).
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However, there has been much discussion over whether shale gas use can lead the way in
reducing global GHG emissions and under what circumstances it would work. Some
believe that more abundant natural gas could help to reduce the costs of achieving global
GHG concentration goals (Newell and Raimi 2014), but warn that it may not substantially
alter current trends unless targeted climate policy measures are in place, as gas becomes
cheaper and leads to increased energy consumption and fuel-switching. A different study
found that the addition of shale gas to the global energy mix reduced the cost of limiting
global warming by only up to 0.4% (Few et al. 2017). This was accompanied by a 1-3%
increase in mitigation costs under all cost assumptions, and the suggestion that, if handled
insufficiently, exploitation of shale gas resources could significantly increase required
mitigation effort. The same study also highlighted a number of impacts that would reduce
the feasibility and increase the cost of reaching global temperature goals (Few et al.
2017). These were: a dash for shale gas, unavailability of carbon capture and storage,
increased barriers to investment in low carbon technologies, and higher than expected
leakage rates from wells. A previous study outlined similar criteria that would need to be
met for shale gas to be a beneficial transition fuel, and for coal emission comparisons to
be meaningful (Broderick and Wood 2015). The latter study suggested that shale gas must
completely displace an alternative, more carbon-intensive energy source (e.g. coal),
something that is currently unrealistic. Secondly, carbon savings must not be outpaced by
growing energy demand globally, and finally, the shale industry must not hinder the
development of low and zero-carbon energy sources. Whilst these criteria may be
achievable, they are currently not being met and without a global carbon cap, shale gas
exploitation may jeopardise global carbon budgets and global warming goals.
Carbon dioxide is not the only GHG of concern. Methane, CH4, is a more potent GHG
than CO2, but with a shorter atmospheric lifetime (Alvarez et al. 2012). When examining
the impacts on climate change of these two GHGs, it is important to consider the timescale
of warming. While the Intergovernmental Panel on Climate Change (IPCC) looked at the
global warming potential (GWP) of emissions over 100 years (IPCC 2013), others have
focussed on shorter periods of 20 years (Howarth et al. 2011). Some say that shorter
timeframes accentuate the GWP of CH4 (Alvarez et al. 2012), yet others emphasise the
importance of decadal scales, given the urgent need to avoid reaching climate system
tipping points (Howarth et al. 2011). Regardless of this, the impact of CH4 release by the
shale gas industry needs to be assessed, as CH4 regularly escapes into the atmosphere
following routine venting of wells and leakage. It is estimated that 3.6-7.9% of CH4 from
shale gas production is released into the atmosphere over the lifetime of a well (Howarth
et al. 2011), and that sites regularly underestimate their emissions (Pétron et al. 2012).
Evidence, although contentious (Cathles et al. 2012), suggests that on shorter timeframes
of 20 years shale gas has a larger GHG footprint than both coal and oil for any possible
use of gas, whether that be heating or electricity production (Howarth et al. 2012;
Howarth 2014). However, when footprints are compared over 100 years, the footprints
are very similar. Therefore, CH4 release from shale gas production may cause significant
problems in achieving global warming targets in the near future, but no more so than coal
or oil over the next century. This could undermine its value as a transition fuel, as ideally
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it is to be exploited over a relatively short period of time whilst the world switches to low
and zero-carbon fuels.
A UK-focussed study found that if shale gas were to replace coal nationally, most
environmental impacts would be reduced, along with a 2.3 times decrease in GWP from
emissions (Cooper et al. 2014). However, the authors suggested that if shale gas were to
compete with nuclear power, or some renewable sources of energy, then the majority of
environmental impacts would increase, and GWP would rise by 5-123 times. They
conclude that in the medium term, up to 2030, the addition of shale gas to the UK energy
mix would not significantly improve the environmental impacts of energy generation,
including GWP, and would not help the UK to meet its climate change targets, even under
the most optimistic circumstances of domestic production.
It is important to discuss the climate change impacts of shale gas development in this
report because of the profound effect is set to have on wildlife and ecosystems over the
coming years. In response to the changing climate over recent decades, many species are
shifting their ranges in latitude or elevation (Chen et al. 2011). However, many others are
restrained in their response by internal species trait limitations as well as external factors,
and cannot track the climate types necessary for their survival (Estrada et al. 2015;
Sunday et al. 2015). Because of this, and other factors such as changing disease dynamics
(Pounds et al. 2006), up to one in six species could be threatened with future global
temperature changes under current policy (Urban 2015). Another study predicted that,
based on mid-range climate-warming scenarios for 2050, 15-30% of species could be
committed to extinction (Thomas et al. 2004). It is not only individual species which are
vulnerable to climate change, but also whole ecosystems. New, emergent ecosystems are
expected to develop (Montoya and Raffaelli 2010), whilst some older ecosystems may
cease to provide their current ecosystem services (Schröter et al. 2005), particularly in
mountainous areas and Mediterranean habitats. These services include several crucial to
human agricultural food production, such as mutualistic pollinator-plant relationships
(Memmott et al. 2007) and soil carbon sequestration (Lal 2004), therefore also putting
human populations at risk. It is critical that European carbon budgets are met, with or
without shale gas development, in order to protect the world’s wildlife, ecosystems and
human population.
The responses of the majority of species to global climate change will be to redistribute
their ranges to remain within their envelope of climatic tolerance. In order to facilitate
such range changes many species, especially specialist species that require specific
habitat types and/or which have poor dispersal ability, will require continuity of
accessible habitat to be able to alter their ranges as climate changes. Even then some
species may be incapable of tracking changing climates, leading to longer term extinction
debts. Extensive development of areas for land uses such as shale gas wells and
infrastructure could serve to further fragment landscapes hindering species’ natural
redistributions across the wider landscape. This could be particularly problematic in
situations when well disturbances form an extensive band that run perpendicular to the
direction of range shifting for many species, or for threatened species. For example, in
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the UK there are near continuous shale basins that run across the north of England from
the Ribble estuary and Bowland basin in the west to the Cleveland Basin in the east. In
the UK, extensive shale gas developments, combined with already currently highly
fragmented lowland landscapes could form a barrier to the natural redistribution of
species shifting their ranges northwards as climate changes, especially if these
developments occurred on remnant areas of natural habitat.
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8

MITIGATION OF ECOLOGICAL IMPACTS

8.1

Introduction

Very few studies have directly tested mitigation strategies designed to reduce the
ecological impacts of the onshore shale gas industry, be that through the use of beforeand-after comparisons or correlative studies (Northrup and Wittemyer 2012). Therefore,
currently published research cannot provide the evidence-base for mitigation strategies
required for the many, wide-ranging ecosystems being affected by a rapidly expanding
shale gas industry, nor can it address solutions for circumstances outside of the specific
scenarios studied. Many strategies and best management practices (BMPs) have been
suggested, but there is little evidence of their effectiveness. In this section, these
suggested mitigation strategies and BMPs will be discussed in relation to the ecological
side effects addressed in the previous sections, along with suggestions for future research
priorities.

8.2

Mitigation

Unlike current sources of renewable energy, shale gas is a finite resource and extraction
sites are highly unlikely to be a permanent feature of the landscape. Because of this, the
focus of many suggested mitigation strategies and BMPs is to bring the wildlife and
ecosystem through the period of development, until a time where the habitat can be
restored.
Detailed pre-development assessments of the local environment will be key to ensuring
the success of ecosystems affected by shale gas development in the future. Many studies
discussed in this review could have been improved upon if they had baseline data to work
with, instead of using comparisons to control sites. Changes to populations can only be
reliably assessed if data are available on the populations present prior to a shale gas
development. Determining whether species or systems will become critically threatened
by development requires that we consider their state before any actions are taken. This
will be crucial in managing the risk to wildlife and ecosystem services if shale gas
developments in Europe are to become widespread, and will help in environmental
restoration following the cessation of resource extraction, as it will provide a clearer
picture of what came before.
Restricting development in some key or fragile areas could also minimise the risk to
vulnerable species and ecosystems. For example, in the UK, it would not make sense for
developers to fell a woodland in an area with a stable resident red squirrel population,
when this species is already at high risk nationally and highly valued by the public
(Macmillan and Phillip 2008). Minimum setback distances from critical habitat for well
pads should also be evaluated by future research, to ensure key habitats or species are not
impacted by any secondary effects. Furthermore, changing seasonal use of habitats by
species and the seasonal variation in the habitats themselves should be considered in
management plans to preserve biodiversity. The preservation of refuge habitat that may
only be used seasonally, or for short periods, by important, wider ranging species are one
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example where losing a relatively small area of habitat might have more widespread
ecological repercussions (Runge et al. 2014). If such areas exists within, or adjacent to,
potential development areas their protection and preservation should take priority over
the development (Doherty et al. 2008). Developers should additionally consider where
they could re-vegetate on site and what other habitat enhancements could be made to
reduce the environmental impact of sites. To minimise impact, developers should ideally
seek to locate pads on already disturbed land, or land of low ecological value, wherever
possible to prevent further habitat loss. By doing so, the impact of development will be
reduced. Additionally, many species occupying already disturbed areas will likely be
adjusted to living in anthropogenically-altered landscapes, and hence could be impacted
less, relative to species of more pristine habitats.
It has been suggested that if planner and regulators were to estimate costs and benefits to
development and to consider trade-offs among sites, they could improve the industry’s
environmental performance at a reasonable cost (Milt et al. 2016). This is because some
sites are able to offset environmental impacts at low cost, whilst others are not. Mitigation
finances could also be put aside for use in curtailing future development projects, such as
housing, in the surrounding area in the future as habitat offsets (Kiesecker et al. 2009).
Similar reductions in impacts could be achieved by clustering multiple developments, and
having multiple wells running from a single well pad. This would lower the total area of
land lost to shale gas development, subsequently limiting the total biodiversity impact of
resource extraction. A study in Pennsylvania showed that over 112,838 acres of forest
could have been saved between 2006 and 2015 if policy mandated that wells should be
consolidated onto under-utilised well pads (Klaiber et al. 2017). Additionally, such
actions would lower overall impacts of other factors impacting neighbouring ecosystems
(Milt et al. 2016), such as noise and light pollution, as impacts will be concentrated in
one area rather than scattered across many, with the consequence of much greater edge
effects in the latter case.
Furthermore, clustering would reduce the number of roads required to run multiple well
pads and potentially reduce traffic and access in areas that have previously been relatively
undisturbed. Developers should always use existing roads wherever possible, and avoid
the construction of new roads so to minimise habitat fragmentation and avoidance
behaviours. Traffic should also be minimised to the lowest possible level. Similarly, any
seismic lines cut for resource exploration purposes should be as narrow as possible
(Bayne et al. 2005b), as this may allow some species to incorporate the line into their
territories rather than having part of their previous territory cut off. In the U.S., pipelines
have significantly fragmented the landscape surrounding well pads. It is unclear whether
these will be implemented in the logistical systems for moving materials in the European
shale gas industry. If they are, increased pipeline height should be seriously considered
in areas used by large mammals, to allow their passage underneath (Dunne and Quinn
2009). Remote liquid gathering systems are also recommended to minimise the overall
human activity on a well pad (Northrup and Wittemyer 2012), and to reduce human
avoidance behaviours in many species.
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The impact of noise disturbance varies among species, although to a large extent the
impacts of noise disturbance are poorly understood for many species. Because of this and
the large amount of noise pollution that shale gas extraction can cause, it has been
recommended that developers should incorporate some method of noise suppression,
whether that be through noise barriers or other techniques (Francis et al. 2011c). In
disturbance sensitive areas, the times during which humans are active on site should be
limited to minimise impacts; this might, for example, be restricted as much as possible
during crucial seasonal periods for key resident species, or be restricted to daylight hours.
Additionally, when noise pollution could affect, for example, sensitive migratory species
passing through a region activities could be restricted during key periods. Light pollution
from development sites should be tightly controlled wherever possible, with artificial
light sources being minimised during hours of darkness as much as possible. Future
research could investigate the benefits of using artificial light of different wavelengths to
minimise impacts on animal and plant life (Gaston et al. 2012).
Potential changes to local water quality and quantity as a result of shale gas development
is an impact that is almost unique to this form of gas extraction. Consequently, little
guiding information is available to inform developers and policy makers, and the
information that is available is often site-specific. Moreover, the sources of water required
for hydraulic fracturing across European sites are likely to be variable and site-specific
mitigation of potential impacts will be required. Ultimately, however, large volumes of
freshwater are likely to be removed from a region where hydraulic fracturing is being
undertaken. It will be important for regional water suppliers to manage this (Rahm and
Riha 2012), as minimum flow standards in streams and rivers mean that if flow levels
become too low, a catchment can be left ecologically vulnerable (Buchanan et al. 2017).
Local circumstances must be assessed, with allowances for seasonal variability in
minimum flow standard to prevent hydrological alteration. It is crucial that this happens,
as even when the volume of water required for hydraulic fracturing is relatively small
compared to regional water demand (as would be the case in the UK), individual streams
can be significantly ecologically impacted. There is an emerging suggestion that brackish
ground water could be used in place of freshwater to reduce pressure on demand for this
precious resource (Mauter et al. 2014). However, this could also result in changes to local
hydrology that could impact biodiversity.
Assessing changes to water quality arising from shale gas development might be slightly
more difficult to monitor as it will, to some extent, require developers to be honest about
frequency and scale of contamination incidents; depending upon legislation this can
sometimes be under-reported (Patterson et al. 2017). Cleaning up spills effectively will
only be possible if the contents of the spill mixture are known, hence the disclosure of
chemicals used in the fracturing process and having plans in place to deal with spills will
be vital, The most proactive approach to mitigate for potential declines in water quality
is to minimise the likelihood of a spill occurring. This is reflected in the current intended
UK practice and should be adopted by all countries wishing to hydraulically fracture for
shale gas. Fracking fluid (the mixture after it has been used for fracturing) should be
stored in a sealed container on site until it is transported away to a treatment facility that
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can effectively deal with its contents. The container should be placed on an impermeable
surface to ensure no leakage into ground or surface waters. Vulnerability assessments
should also be carried out in future research to identify any overlap between highly
sensitive habitats and species, and development (Brittingham et al. 2014).
There is still a requirement for further research to ensure the smooth and safe running of
European shale gas developments from an ecological and environmental perspective.
However, it is important to consider both site-specific and more holistic guidelines to
ensure the minimum impact of developments.
Thresholds need to be established as a limit of what populations can withstand before
demographic impacts occur. This needs to be established for all taxa, not just those that
are well-studied, such as birds and mammals. It is highly important that site managers
have guidelines under which they have to work to prevent negative ecological or
environmental impacts. Future research should also aim to disentangle responses to the
multiple, co-occurring stressors of shale gas development in order to target areas for
improvement more specifically, and to get a better estimate of likely outcomes. Once the
understanding of cumulative impacts has improved, research should explore the
relationship between shale gas development and other possible factors affecting
biodiversity, such as climate change, so that the ecological health of specific sites is not
underestimated (Souther et al. 2014). Finally, the collection of rigorous baseline data
before development must become the norm. Without this, it is much more difficult to
evaluate the effects of development, and even harder to understand how best to mitigate
them.
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