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FOREWORD

Roads smoothly and efficiently move us from place to
place, and, by concentrating movement in somewhat
straight strips, limit the big footprint of impacts on
nature. But most roads were built before the rise and
spread of ecology through society. As a consequence in
part, roads with traffic cause significant and widely
permeating effects on natural systems. Mitigation of
today's surface transportation system therefore stands
as a primary challenge of society and transportation.
Furthermore in rapidly developing areas worldwide
new roads proliferate, which now can be built with
solid ecological foundations.

Nature within the strip of road and roadside is, of
course, degraded. Mitigation reduces that effect, but
especially minimizes the outward-rippling degradation
across the land. What nature is affected, or natural
systems disrupted? Three dimensions are central:
(1) habitat and plants, (2) water quantity and quality
and (3) wildlife. Roads and wildlife are the highlight of
this book, though valuable insights on the other two
dimensions appear.

The pages in your hand are a tour-de-force, a gem,
indeed a treasure chest. I find it readable, interesting,
practical, useful and ambitious. The remarkable cast
of authors has uncovered a goldmine for us. The
editors catalysed extra rigor and consistency, thus
encouraging comparisons and usability. Virtually,
every chapter begins with several succinct topic state-
ments, which pinpoint the essence and also provide
an overview. These statements are then analysed as
the sections of text. Mitigation is the focus, though
new road construction in developing nations is
included. Wildlife, including different faunal groups
and different regions, is emphasised. An international
perspective thoroughly permeates the presentation.

XX

Policy, planning and practice are highlighted along-
side research and state-of-the-science results. I gained
insight into every chapter perused.

Building on this accomplishment, analogous
books highlighting roads and vehicles relative to
vegetation and water would be valuable. Habitat,
vegetation and plants are emasculated by roadside
cutting and mowing. Fortunately, converting most
(though not all) roadside area from grassy to woody
vegetation is consistent with traffic safety and cost
efficiency. Consider the numerous ecological and
societal benefits. New habitat created, and existing
adjacent woody habitat enhanced. Wildlife popula-
tionsincreased, probably well exceeding any increase
in roadkills. Road crossing facilitated, thus reducing
the habitat fragmentation and barrier-to-movement
effect against wildlife and pollinators. There was
reduced spread of airborne chemical pollutants from
roadway and vehicles. Rare plants, animals and hab-
itats enhanced on roadsides, especially important
where scarce in agricultural and urban landscapes.

Water in varied forms poses endless problems, both
familiar and as surprises, for transportation. Think of
road-closure flooding, washouts/roadbed failures, wet
driving surfaces, drainage-ditch filling, eroded road-
sides, mudslides/landslips, frost cracks and potholes,
snow-and-ice surfaces, blowing snow and too much
snow. Water quantity-and-quality problems for nature
are also severe. The soil water table is widely altered
(raised or lowered) by roads. Where the water table is
close to ground surface, wetlands are altered (drained
or expanded). Fortunately, ‘eco-piping’ or permeating
the roadbed with pipes crossing beneath a road main-
tains more natural water tables and wetlands. With
permeated roadbeds, floodwaters seldom reach road
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surfaces and rarely wash out roads. The hydrologic
connectivity through roadbeds supports more natural
fish movements, and happy anglers. The same pipes
connect the land for many small terrestrial animals.
Drilling and inserting horizontal pipes is a routine,
and in view of this array of benefits, cost-effective
technology.

Water-quality pollution benefits follow suit. Most
vehicle- and road/roadside-generated chemicals are
readily ‘treated’ near roads in elongated mitigation
structures (depressions, wetlands, ponds). Soil and
microbes mainly clean the water. Polluted heated
ditch-water entering nearby water bodies is largely
eliminated using familiar stream features (convoluting,
step-damming) plus tall vegetation (wind-and-sun
evapotranspiration pumping). Again these manifold
water quantity and quality benefits are consistent with
safety and efficiency, cost effectiveness, and engineering
design creativity.

A decade ago, four transportation leaders, a leading
hydrologist, and nine ecology-research scholars co-
wrote the book, Road Ecology: Science and Solutions.
This synthesized a scattered literature and articulated
principles linking roads/vehicles, soil/water/air and
plants/animals. One of our dreams was the highly
useful compendium now in your hand.

The scientist in me inexorably jumps from this
treasure chest of insight to pregnant and important
research frontiers awaiting us. How do our current
ecological science results apply to the diverse types of
roads and traffic levels criss-crossing the land? The
ecology of road segments and especially road networks
in a landscape cries out for study. Where is the ecology
of different truck, car, tire, even road surface types?
What is the (ecology and cost) optimum distance
between road-crossing structures for different wildlife
types? How can the ubiquitous utility poles along roads
be used in mitigation solutions? To understand roads
and wildlife populations, the non-roadkill dimensions
now need much greater emphasis. As suggested earlier,
habitat/plant and water quantity/quality dimensions
of road ecology are lurking giants, awaiting a few pres-
cient researchers and leaders.

My government-and-citizen-side hones in on the
need and opportunity to accelerate solutions now for
transportation, the land and us. Every roadbed, bridge
and culvert repair/replacement is the cost-effective
moment to concurrently address other goals of society,
such as walking/biking paths, reduced flooding,
enhanced fish movement, reconnected split communi-
ties and so forth. Roadsides represent a massive little-
used resource (for nature and us) at our doorstep.
Roadside food production, trail networks, stormwater
and pollution mitigation, history-and-nature educa-
tion effectively create variegated roadsides, bulging
with useful solutions for society. Light, noise, vibration
and wind can be dispersed or concentrated, as well as
decreased or increased. Eco-piping or pipe-perforated
roadbeds provide lots of benefits quickly. The ‘road-
effect zone’ provides a ready framework for ecologically
planning, engineering and mitigating roads. In parks,
towns and sprawl areas, curvy, slightly bumpy and
seemingly narrow roads slow traffic and reduce effects
on wildlife. In every jurisdiction, remove a road seg-
ment or two to create continuous ecologically valuable,
large natural-habitat patches. By lowering (e.g. 2—3 m)
short stretches of roads in good-drainage areas, inex-
pensive green-bridges (with some 10 cm of sandy soil)
will help re-establish semi-natural wildlife movement
patterns across the land. And just on the horizon, a
transportation system slightly above or below ground
level, using lightweight renewable-energy automated
pods, effectively recovers an extensive area of road/
roadside-covered terrain. Furthermore this ‘netway
system’ reconnects today’s fragmented land for nature
and us. Indeed, on an exhilarating netway ride at
London’s airport I experienced the future.

Road ecology and this book’s impressive synthesis
highlight a great opportunity for planners, engineers
and ecologists to collaborate for new successes, and
receive important accolades together. History will
record that transportation, land-and-water, and society
are the big beneficiaries.

Richard T. T. Forman
Harvard University



PREFACE

This book brings together some of the leading research-
ers, academics, practitioners and transportation
agency personnel from around the world to focus on
the challenge of improving the ecological sustainability
of the linear infrastructure — primarily road, rail and
utility easements — that dissects and fragments most
landscapes around the world. Where possible, we aimed
to have co-authors from different continents on every
chapter — and indeed, many authors are collaborating
together for the first time on this book.

When authors were invited to contribute, we gave
them this initial challenge: ‘ITmagine you are in charge
of your professional world for a day, and could change
anything to improve the ecological sustainability of
roads (or other linear infrastructure) and traffic: what
six to eight things would you change or want people to
learn and do differently?’ Conversely, a second challenge
posed to the authors was slightly more pessimistic:
‘Identify the six to eight mistakes that you regularly see
or experience in your area of practise and write about
those and how to avoid them’. This approach appeared
to stimulate our authors and provided a tangible
grounding for their writing —but the real challenge came
when we tried to impose an average word limit for each
chapter of 3,000 words! In hindsight, the word limit
was probably too restrictive for some topics, but it
forced authors to be concise and succinct — which we
hope you, the reader, appreciate!

Chapters are written as a series of lessons, insights
or principles (hereafter referred to only as lessons) that
forced authors to be very specific about their key points.
Many struggled with this style — but our hope is that it
allows you to quickly identify the pertinent informa-
tion to help you in your day to day tasks. We realised

that time is precious — and for most of you — time is
money (yours or your bosses!) and we have designed
the book so you can quickly and efficiently find the
answers to your questions and get back to the plan-
ning, designing, building, maintaining or granting
approvals to build roads or other transportation infra-
structure. And in the likely event that this book does
not answer all your questions, the further readings and
up-to-date reference lists for each chapter should point
you to the extra information you need.

The chapters span the project continuum — starting
with planning and design, through construction and
into maintenance and management. Research and
monitoring is such an important aspect that it sits like
an umbrella, encompassing all phases of a transporta-
tion project. Rigorous monitoring and evaluation of
the impacts of a road or effectiveness of mitigation
often requires the collection of data before the road or
mitigation is built — hence the chapters on monitoring,
evaluation and maintenance come before the impacts
and mitigation are described. A significant proportion
of the book focuses on impacts and solutions for species
groups and specific regions. The rate of major road con-
struction in the United States, Australia and Western
Europe has slowed, while developing countries are
expanding their road and rail networks at an incredibly
rapid rate. This book highlights some of the unique
regional challenges with case studies from Asia, South
America and Africa.

Chapters are designed to be stand-alone — you do not
need to read the book from cover to cover, or even from
front to back, to be able to use its contents. We envisage
that readers will come to our book when facing a
challenge — or rather an opportunity —and they can dive
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into the relevant chapter to improve their understanding
of the major problems and the array of current possible
solutions. Nevertheless, we have endeavoured to ensure
that chapters build upon and complement each other —
so reading (or even skimming) it from cover to cover
won't be a waste of time. Extensive cross-referencing
among chapters directs the reader to relevant material
elsewhere in the book.

We should point out what this book is not: it is not a
series of standards for the design of roads or mitigation
measures. These standards and guidelines already exist
in many countries, states or regions and we did not
want to repeat them here. If they don't exist in your
region, there are enough around to borrow from in
order to develop your own. And because the optimal

design and placement of, for example, crossing struc-
tures, fences or wildlife detection systems should evolve
as our understanding and technology improves, such
specific information would be quickly out of date. All
the authors in this book have strived to identify the
greatest challenges and opportunities and write about
them in a way that is timeless.

Our sincere hope is that this book improves the way
roads and other linear infrastructure are planned,
designed, approved, built, maintained and studied.

Rodney van der Ree
Daniel J. Smith
Clara Grilo
September, 2014
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SUMMARY

Roads, railways and utility easements are integral components of human society, allowing for the safe and
efficient transport of people and goods. There are few places on earth that are not currently traversed or
impacted by the vast networks of linear infrastructure. The ecological impacts of linear infrastructure and

vehicles are numerous, diverse and, in most cases, deleterious. Recognition and amelioration of these impacts

is becoming widespread around the world, and new roads and other linear infrastructure are increasingly
planned to avoid high-quality areas and designed to minimise or mitigate the deleterious effects. Importantly,
the negative effects of the existing infrastructure are also being reduced during routine maintenance and
upgrade projects, as well as targeted retrofits to fix specific problem areas.
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Handbook of road ecology

1.1 Global road length, number of vehicles and rate of per capita travel are high and predicted to
increase significantly over the next few decades.

1.2 The ‘road-effect zone’ is a useful conceptual framework to quantify the negative ecological and envi-
ronmental impacts of roads and traffic.

1.3 The effects of roads and traffic on wildlife are numerous, varied and typically deleterious.

1.4 The density and configuration of road networks are important considerations in road planning.
1.5 The costs to society of wildlife-vehicle collisions can be high.

1.6 The strategies of avoidance, minimisation, mitigation and offsetting are increasingly being adopted
around the world — but it must be recognised that some impacts are unavoidable and unmitigable.

1.7 Road ecology is an applied science which underpins the quantification and mitigation of road
impacts.

The global rates of road construction and private vehicle ownership as well as travel demand will continue
to rise for the foreseeable future, including at a rapid rate in many developing countries. The challenge cur-
rently facing society is to build a more efficient transportation system that facilitates economic growth and
development, reduces environmental impacts and protects biodiversity and ecosystem functions. The legacy
of the decisions we make today and the roads and railways we construct tomorrow will be with us for many

years to come.

INTRODUCTION

Since ancient times, trails and roads have connected
settlements and facilitated the movement of goods and
people around the world. The Appian Way (over
500km long), built in the second and third centuries
BC in Italy for military and trade purposes, was one of
the first improved (hard-surfaced) highways. Portions
of this road still remain today, a testament to the high-
quality engineering and construction practices of the
Roman Empire and the importance of roads to human
society. Up until the early 1900s, the majority of the
roads linking cities and towns were mostly unim-
proved, and paving with brick, concrete or asphalt only
became common when mass production of vehicles
began and the demand for better quality roads and
more efficient routes increased. Depression-era public
work programs designed to provide employment
opportunities and stimulate economies also facilitated
a significant increase in paved roads. Today, road con-
struction is still an important driver of economic
growth, both during construction and for its long-term
effects. Roads are now conspicuous components of
almost all landscapes globally, and set to expand even
further into the future (Lesson 1.1).

Transportation infrastructure and roads, in particu-
lar, are pivotal to economic and social development by

providing access to markets, places of employment,
businesses, health and family care, leisure activities
and education. Governments and international devel-
opment banks see the construction of new roads and
improvement of existing roads as priorities to improve
livelihoods. However, the benefits of improved access
vary regionally and by road type (e.g. Fan & Chan-
Kang 2005), and not all rural road projects result
equally in increased agricultural productivity and/or
poverty reduction (Laurance et al. 2014; Chapter 2),
and in some cases the costs outweigh the benefits. Once
built, roads are nearly permanent elements in the land-
scape, and the wrong road (e.g. motorway/expressway
vs. unpaved road) in the wrong place (e.g. roadless wil-
derness vs. agricultural landscape) can have long-term
consequences for both society and the environment.
Planning and impact assessment processes must prop-
erly account for all the costs, benefits and environmen-
tal impacts to ensure that the future road network is as
sustainable as possible, particularly in regions where
the rate of road construction is currently high or set to
increase (see Chapter 5).

The broad aim of this chapter is to provide the neces-
sary background and context for the many topics cov-
ered in this book. While primarily focused on roads and
vehicles, the lessons in this chapter and book can be
applied to all types of linear infrastructure.



LESSONS

1.1 Global road length, number of
vehicles and rate of per capita
travel are high and predicted to
increase significantly over the next
few decades

The total length of paved and unpaved roads on earth
currently exceeds 64 million km; enough for 83
round-trips to the moon (CIA 2013). Roads dominate
most landscapes worldwide — for example, 83% of the
continental United States is now within 1km of the
nearest road of any type (Riitters & Wickham 2003).
There is approximately 5 million km of road across
the 27 countries of the European Union (EFR 2011).
The emerging economies of China, India and Brazil
are already among the top five countries in road
length (4.1, 4.7 and 1.6 millions km, respectively)
(CIA 2013) and they have ambitious plans to further
increase the capacity of their transportation net-
works (Chapters 50, 52 and 57). Globally, an addi-
tional 25 million lane-kilometre of paved road are to
be built by 2050, 90% of which will be in non-
Organisation for Economic Co-operation and
Development (OECD) countries (Dulac 2013). The
870 million vehicles around the world in 2009 are
expected to more than double by 2050 to between 1.7
and 2.8 billion (WEC 2011; Meyer et al. 2012). The
majority of these cars will still be in developed coun-
tries (with a 33% increase from 2000 to 2050), even
though non-OECD countries will have a five-fold
increase in vehicles by 2050 (Fulton & Eads 2004). In
2000, the total vehicular travel worldwide was esti-
mated at 32 trillion passenger kilometre per year (up
from 2.8 trillion in 1950), and by 2050 is predicted to
be 105 trillion passenger kilometre per year, of which
about 42% will be by car, the remainder by bus, rail
and air (Schafer & Victor 2000).

The predictions of growth in road length, per capita
travel and car ownership are based on models with a
range of assumptions and will ultimately be influ-
enced by fuel availability and pricing, climate change
limits, a desire for increased mobility and other tech-
nological, economic, environmental and social priori-
ties and constraints. While the magnitude of the
predictions may be debated, all models predict a mas-
sive increase in the number of vehicles, road length
and travel distances. The challenge for society is to
acknowledge this potential rate of growth and decide
(i) if it is necessary or desired; (ii) where it should
occur; (iii) the preferred mode of transport (e.g. cars,
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high-speed trains or air travel); and (iv) the design and
management of the transport network (e.g. road
design and type of mitigation). Importantly, the
impacts and solutions proposed in this book and the
wider road ecology literature are based on the scale
and extent of the current road network. The predic-
tions of growth, even if only partially correct, require
urgent and effective actions now.

1.2 The ‘road-effect zone’ is a useful
conceptual framework to quantify

the negative ecological and
environmental impacts of roads

and traffic

The ‘road-effect zone’ is defined as the area over which
the ecological effects of roads and traffic extend into the
adjacent landscape (Forman & Deblinger 2000), includ-
ing noise, light and chemical pollution; disturbance
effects; and habitat modification (Fig. 1.1). The size of
the road-effect zone is determined by the characteris-
tics of the (i) road (width, surface type, elevation rela-
tive to adjacent landscape); (ii) traffic (volume, speed);
(iii) adjacent landscape (topography, hydrography, veg-
etation type, habitat quality); (iv) prevailing wind speed
and direction; and (v) species traits and their sensitivity
to the impact. Road effects have been observed many
hundreds to thousands of metres from the road itself
(Reijnen et al. 1995; Forman & Deblinger 2000;
Boarman & Sazaki 2006; Eigenbrod et al. 2009;
Benitez-Lopez et al. 2010; Shanley & Pyare 2011). The
impacts are usually greatest closer to the road and
either diminish gradually with increasing distance from
the road or exhibit thresholds with steep changes in
responses (Eigenbrod et al. 2009). The road-effect zone
is a useful approach to quantify and mitigate the nega-
tive effects of roads and traffic because it helps regional
planners calculate the extent of the area impacted by
existing roads (e.g. 15-22% of continental United
States) (Forman 2000) or likely to be impacted by pro-
posed roads (e.g. Williams et al. 2001).

1.3 The effects of roads and traffic
on wildlife are numerous, varied
and typically deleterious

Roads and traffic can significantly affect individual
wildlife, populations and communities, and landscapes
(Figs 1.1 and 1.2). These impacts can begin during
construction and may continue as long as the road
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Figure 1.1 The road-effect zone, showing the area over which the ecological impacts of roads and traffic extend. The size of
the road-effect zone is affected by a range of parameters — here we show four: (1) vegetation type; (2) direction of flows such as
wind and water; (3) topography; and (4) road and traffic characteristics. The relative size of the road-effect zone for each
parameter is illustrative only and not indicative; for example, the road-effect zone is not necessarily three times larger in flat
than mountainous terrain. Source: Photograph by Zoe Metherell. Reproduced with permission of Zoe Metherell.

remains operational or until the impacts are mitigated.
The majority of impacts are typically deleterious, and
if severe enough, can reduce the size of populations of
wildlife, with a concomitant increase in the risk of local
extinction. These impacts are summarised here, and
expanded on in subsequent chapters:

« Habitat loss: The construction and expansion of
transportation corridors results in the clearing of

vegetation and a loss of habitat at and adjacent to the
road (Figs 1.2 and 2.1). Roads attract people and encour-
age further development, often resulting in further clear-
ing of vegetation after road construction. Indirect loss of
habitat also occurs through degradation, and this can
exceed the amount of habitat directly cleared for the road.
» Habitat degradation: Due to a range of interacting
biotic and abiotic effects, habitat quality often declines
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Corridor

Figure 1.2 Impacts of roads on individual wildlife, populations and ecosystems. Habitat is lost to build the road and habitat
adjacent to the road is degraded. The most obvious impact of roads and traffic on wildlife is mortality due to Wildlife-vehicle
collisions WVC (A). Some species are attracted to resources (e.g. carrion, spilled grain or heat for basking) on the road or
roadside (B) which, depending on the animals ability to avoid traffic, may result in death due to WVC (C). The barrier or filter
effect reduces the movement of animals across the road and a proportion of individuals that attempt to cross are killed due to
WVC (D) and some make it across (E), while others are deterred from crossing by the road (F) or degraded roadside habitat (G).
Other species actively avoid the road or degraded habitat (H). By contrast, some species use the roadside vegetation as habitat
and/or as a corridor for movement (I). Source: Illustration by Zoe Metherell. Reproduced with permission of Zoe Metherell.

adjacent to linear infrastructure. For example, the
abrupt edges along linear clearings modify microcli-
matic conditions and encourage weed invasion, and
specialist ‘habitat interior’ species of plants and ani-
mals are often outcompeted by ‘edge-adapted’ general-
ist species. Edge effects are particularly pronounced in
tropical ecosystems (Chapter 49).

* Barrier or filter to movement: The creation of
gaps in habitat can prevent or restrict the movement of
wildlife that avoid clearings, and the noise, light, and
chemical pollution and disturbance from vehicles will
exacerbate these effects. Road width, whether it is
paved or unpaved, and traffic volume affect the severity
of the barrier effect (Riley et al. 2006) and species-
specific thresholds exist. The type of movement
affected varies, including (i) individuals’ daily access

to important resources; (ii) seasonal migrations of
entire populations; and (iii) once-in-a-lifetime dispersal
events, all of which can have significant consequences
for individual survival, gene flow and population
persistence.

» Wildlife mortality due to wildlife-vehicle collisions
or WVC: Animals that attempt to cross roads or are
attracted to the road surface have an increased risk of
being involved in WVC and being killed or injured (e.g.
Figs 26.2A, 32.2,32.3,33.1, 35.1, 38.2).
 Avoidance: Some species of wildlife avoid the road-
effect zone due to traffic disturbance and/or habitat
degradation, resulting in a reduction of habitat or a
barrier to movement.

» Attraction: Roads and roadsides can attract some
species by providing resources or enhanced
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opportunities. For example, reptiles may bask on the
warm surface of the road, herbivores may forage on
the enhanced plant growth on roadsides and scaven-
gers can be attracted to feed on roadkill (e.g. Figs 26.2B,
26.3A, 26.4, 46.6).

» Habitat and/or corridor for movement: In some
highly modified landscapes, roadside strips can provide
the majority of habitat for wildlife (e.g. Fig. 46.3).
Many adaptable species of wildlife, including invasive
species (Seabrook & Dettmann 1996), use the cleared
roadways and railways to efficiently move around the
landscape (Fig. 26.3B).

The nature and severity of these effects vary among
species because of their different morphological, eco-
logical and behavioural traits. Importantly, most effects
rarely operate in isolation (e.g. Farji-Brener & Ghermadi
2008), and many act synergistically. For example, ani-
mals that avoid roads have low rates of mortality due
to WVC because they rarely attempt to cross, but bar-
rier to movement effects may be high, potentially sub-
dividing the population into smaller sub-populations.
This arrangement is often called a metapopulation — a
set of discrete populations of the same species occur-
ring within the same area that exchange individuals
through dispersal, migration or human-assisted move-
ment (after Hanski & Simberloff 1997). The persis-
tence of the metapopulation depends on the number
and size of the sub-populations and the level of con-
nectivity among them, and the risk of extinction
increases as sub-populations become fewer, smaller
and/or less connected. Species that are attracted to
roads may suffer high rates of mortality due to WVC if
they are unable to avoid oncoming vehicles, or con-
versely, low rates of mortality if they avoid oncoming
vehicles (e.g. low-mobility species such as amphibians
versus high-mobility species such as scavenging
carnivores).

A recent review demonstrated that roads and traffic
have had detectable population-level effects by reduc-
ing the size or density of populations near roads for
many species (Fahrig & Rytwinski 2009; Chapter 28).
These included frogs and toads (Fahrig et al. 1995;
Hels & Buchwald 2001), salamanders (Gibbs & Shriver
2005), turtles (Steen & Gibbs 2004), birds (Erritzoe et al.
2003), European hares (Roedenbeck & Voser 2008),
badgers (Clarke et al. 1998), bobcats and coyotes (Riley
et al. 2006), Iberian lynx (Ferreras et al. 1992) and
bighorn sheep (Epps et al. 2005). Roads and traffic can
also alter population structure by affecting specific
groups of animals, resulting in populations with
skewed age or sex ratios (e.g. Aresco 2005; Nafus et al.
2013). These impacts are of particular concern when

roads pass through protected areas or ranges of rare
and threatened species or sever access to important
breeding areas.

1.4 The density and configuration of
road networks are important
considerations in road planning

The density and configuration of the road network
across the landscape are important drivers of the scale
and intensity of road impacts on wildlife. Road density
is a measure of the abundance of roads within a region,
and is measured as the length of road per unit area.
Thresholds in road density have been identified for pop-
ulations of a number of species, including gray wolves
in the Great Lakes region, USA which generally avoided
landscapes when road density exceeded approximately
0.6 km per km? (Thiel 1985). The configuration of the
network describes how roads and other linear infrastruc-
ture are arranged — such as bundled together or spread
out across the landscape. Road networks are typically
(i) rectangular/block/grid patterns that decrease in
density from urban to rural areas; (ii) radial spokes and
concentric rings that form around a city or other cen-
tral feature; or (iii) linear configuration typically fol-
lowing natural features in the landscape. Road
configuration has an enormous bearing on the scale of
road impacts across the landscape, and bundling them
together and having fewer roads with higher traffic
volume is almost always preferred to having them
spread out (Jaeger et al. 2006; Rhodes et al. 2014;
Chapter 3).

1.5 The costs to society of wildlife-vehicle
collisions can be high

The cost to society of WVC with large animals is high,
primarily from human injury and loss of life, as well as
costs associated with damage and repair of vehicles.
There are approximately two million WVC with large
mammals in the United States every year, injuring
29,000 people and killing 200 more (Conover et al.
1995), and there were an estimated 500,000 WVC
with ungulates in Europe during 1995 (Groot
Bruinderink & Hazebroek 1996). The likely rates
of collisions are undoubtedly much higher because
(i) collisions resulting in minor or negligible damage
remain unreported, and (ii) the cause of single-vehicle
collisions with roadside objects (e.g. trees) that result in
human death may be due to swerving to avoid



collisions with wildlife, which remain unreported. The
death of wildlife due to WVC will also reduce the size of
animal populations, which in some regions are an
important source of food for people or income via tour-
ism or hunting. Reduced populations of other species
due to WVC may also impact people if such species are
important pollinators or perform other critical ecosys-
tem services (e.g. insectivorous bats and birds that help
control populations of mosquitoes and other flying
insect pests).

1.6 The strategies of avoidance,
minimisation, mitigation and offsetting
are increasingly being adopted around
the world - but it must be recognised
that some impacts are unavoidable and
unmitigable

The impacts of roads and traffic have been recognised
globally as significant threats to the persistence of spe-
cies and functioning of healthy ecosystems. The prin-
ciples of the hierarchy of avoiding, minimising,
mitigating and offsetting these impacts have also been
widely adopted and increasingly practised (Chapter 7).
Many governments and communities around the
world have accepted the challenge and additional cost
of building an efficient transportation network that is
safe for wildlife and people. In some regions, priority
has shifted to retrofitting the existing network to reduce
its impacts on biodiversity. The global proliferation of
numerous professional networks (Chapter 61) and
non-government organisations with the intent to
improve best-practice road mitigation and the mem-
bership that includes planners, designers, regulators,
ecologists and engineering/construction firms is a tes-
tament to this.

However, not all impacts can be fully mitigated, and
not all mitigation measures are equally effective. For
example, it is difficult and likely impossible in some
locations to control the effects of human activities after
roads are built, such as increased land clearing and
development, the migration and movement of people,
and increased hunting or poaching (Chapters 2 and
51). Similarly, the inclusion of mitigation measures in
a proposed road project does not automatically mean
that all effects have been mitigated and the project
should proceed. For example, the likelihood of crossing
structures effectively permitting the annual migration
of hundreds of thousands of mammals in the Serengeti
is extremely low (Chapter 56). Therefore, it is essential
to include a ‘no-road’ option when ranking different
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route options during the planning of new roads or
expansion of existing roads in remote and/or intact
ecosystems (Selva et al. 2011; Chapter 3).

1.7 Road ecology is an applied science
which underpins the quantification and
mitigation of road impacts

The accurate quantification and effective mitigation of
road impacts relies on scientifically rigorous research
and monitoring (Chapter 10). The first published road
ecology studies reported rates of WVC, the most visible
ecological effect of roads and traffic (e.g. Stoner 1925;
DeVos 1949; Fitch 1949). As road networks expanded
and traffic volumes increased in the latter half of the
20th century, research began to focus on quantifying
and reducing rates of WVC with large herbivores to
save human lives and reduce societal costs. More
recently, attention has expanded to include smaller
species and encompass a range of biological and eco-
logical parameters such as species distribution, abun-
dance, reproductive rate, behaviour and dispersal (e.g.
Legagneux & Ducatez 2013). There have also been
recent calls to understand effects at larger spatial and
temporal scales and to focus on populations, commu-
nities of species and ecosystems (van der Ree et al.
2011). However, quantifying the full breadth of
impacts and the effectiveness of mitigation measures
as well as reporting practical issues associated with
road planning and management are still scarce
in research findings (Roedenbeck et al. 2007).
Consequently, a large proportion of published road
ecology studies appear to have little influence on road
planning and design. In moving forward, road agencies
should recognise and support good-quality research,
scientists and practitioners should collaborate more
effectively and researchers should ask applied ques-
tions that provide relevant information which road
agencies need (Chapter 10).

CONCLUSIONS

The global network of roads, railways, artificial water-
ways, trails and utility easements is extensive in its
length and spread. The total number of vehicles in use
is escalating and already difficult to comprehend, and
the total distances travelled annually even more so.
However, these statistics are to be dwarfed over the
next 2040 years, even if the predictions in growth of
road length, number of vehicles and travel distances
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are only partially met. The impacts of linear infra-
structure and vehicles on many species and ecosys-
tems are sufficiently well known to allow the
development of effective strategies to avoid, minimise,
mitigate and offset most negative effects. The chal-
lenge facing society is to identify and retrofit the worst
parts of the existing network and build and manage a
network for tomorrow that is as good for biodiversity
as it is for people.

FURTHER READING

Beckman et al. (2010): An edited volume focussing on North
America that aims to collate and integrate information and
approaches from various disciplines, as well as a series of
case studies that demonstrate effective innovations in plan-
ning and mitigation.

Benitez-Lopez et al. (2010): A meta-analysis of almost 50
studies, demonstrating that populations of many species of
wildlife declined in close proximity to infrastructure, includ-
ing up to about 1 km for birds and 5km for mammals.

Forman et al. (2003): A seminal and comprehensive review
and introduction to the field of road ecology, encompassing
ecological concepts, planning, wildlife and vegetation, and
pollution.

van der Ree et al. (2011): The introduction to a special issue of
the open access journal, Ecology and Society, which con-
tains 17 articles focussed on the ‘Effects of roads and traffic
on wildlife populations and landscape function’ (http://
www.ecologyandsociety.org/issues/view.php/feature/41).
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Chapter 2

BAD ROADS, GOOD
ROADS

William E Laurance

Centre for Tropical Environmental and Sustainability Science (TESS), College of Marine
and Environmental Science, James Cook University, Cairns, Queensland, Australia

SUMMARY

Roads greatly influence the footprint of human activity, but they are often constructed with little consideration

of their environmental impacts, especially in developing nations. Here, differences between environmentally

‘good’ and ‘bad’ roads are highlighted, and it is argued that a proactive road-zoning system is direly needed at

international and national scales. Such a zoning system could identify areas where the environmental costs

of roads are likely to be high and their socioeconomic benefits low, as well as areas where road improvements

could have modest environmental costs and large societal benefits.

2.1 Land-use pressures will rise sharply this century and will be strongly influenced by roads.

2.2 Agricultural yield increases alone will not spare nature — land-use zoning is crucial too.

2.3 Roads in pristine areas are environmentally dangerous — the first cut is critical.

2.4 Paved highways have especially large-scale impacts.

2.5 Roads can be environmentally beneficial in certain contexts.

2.6 Roads are amenable to policy modification.

2.7 A recently proposed global road-mapping scheme could serve as a potential model for these efforts.
This road-planning scheme could be an important tool for prioritising road investments and for under-

scoring the transformative role of roads in determining environmental change. An overriding priority is to

proactively zone roads at a range of spatial scales while highlighting their critical role in provoking environ-

mental change. Keeping roads out of surviving irreplaceable natural areas is among the most tractable and

cost-effective ways to protect crucial ecosystems and the vital services they provide, whereas roads in the

right places can facilitate increases in agricultural productivity and efficiency.
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INTRODUCTION

Many would be surprised to learn that the Amazon, the
world’s greatest rainforest, now has over 260,000 km
of legal and illegal roads (Barber et al. 2014) — enough
to encircle the Earth more than six times. This is not an
isolated example. Even in formerly remote corners of
the world — from the Congo to Borneo and Siberia to
Namibia — roads and transportation networks are
expanding apace.

The global road rush is being driven by escalat-
ing demands for minerals, fossil fuels, timber and ara-
ble land, and by the needs of developing nations to
improve their transportation and energy infrastructures
(Laurance et al. 2009). Road expansion is favoured by
many economists and international donors and lenders
(e.g. Jacoby 2000), who see it as a cost-effective way to
promote regional integration and spur economic growth.

Scientists, however, often see roads in a negative
light because they can open a Pandora’s box of envi-
ronmental problems. In the Amazon, for instance, new
roads in forested areas often promote illegal colonisa-
tion, mining, hunting and land speculation (Laurance
et al. 2001, 2002; Fearnside & Graca 2006). As a
result, nearly 95% of the deforestation (Fig. 2.1), fires
and atmospheric carbon emissions in Amazonia occur
within 5 km of roads (Barber et al. 2014 ). In Equatorial
Africa, road expansion and associated hunting are
driving major declines of forest elephants (Laurance
et al. 2006; Blake et al. 2007) and other vulnerable
wildlife (Fig. 2.2).
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Here, I argue that roads can either benefit or harm
nature, depending on their location and design.
Understanding how roads affect land-use dynamics
will be vital for balancing future development needs
and the environment.

LESSONS

2.1 Land-use pressures will rise sharply
this century and will be strongly
influenced by roads

The 21st century will witness profound changes in
land use, many of which are necessary and unavoid-
able. Meeting the needs of a projected 11 billion peo-
ple for food, fibre and biofuels will require a major
increase in the footprint of agriculture. According
to projections of strong, consistent relationships
between economic growth and food consumption,
food production alone will need to increase 100—
110% by the middle of this century (Tilman et al.
2011). Based on current trends in farming practices
this would require about 1 billion ha of additional
farming and grazing land (Tilman et al. 2011), an
area larger than Canada.

The tsunami-like changes in land use this century
will be strongly influenced by patterns of road develop-
ment. This follows from massive road building in the
past; by the year 2000, roads totalled over 28 million
km in length globally (CIA 2008). Roads are sometimes

Figure 2.1 Forest clearing along roads in Rondonia, Brazil, 1989. Source: Google Earth (Imagery date 7 August 1989,

10°02'43.59"S, 63°10'03.82W).
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Figure 2.2 A rapid proliferation of roads is allowing hunters to penetrate into the heart of the Congo Basin, imperilling
wildlife such as the forest elephant. Insets: gunshot elephant in Gabon, and smaller logging roads not shown in the larger image.
Source: Photograph by Ralph Buij. Reproduced with permission of Ralph Buij; Small and large road images by Stephen Blake.
Reproduced with permission of Stephen Blake and the World Resources Institute.

built specifically to promote agricultural expansion
but, often, agriculture follows roads created for other
purposes, such as mining or logging (Laurance et al.
2009). This can result in farms and ranches expanding
into places with marginal soils or climates, or that are
too far from markets to be cost-effective (Chapter 51;
Fearnside 1986).

2.2 Agricultural yield increases alone
will not spare nature - land-use zoning
is crucial too

Given the escalating demands for food and biofuel,
many environmental scientists and agronomists
have highlighted a need to improve agriculture — using
modern crop varieties, fertilisers, pest control and

improved transportation to raise yields while limiting
the footprint of agriculture and thereby ‘sparing’ lands
for nature conservation (Green et al. 2005; Edwards et
al. 2010; Phalan et al. 2011). Unfortunately, improv-
ing yields alone is unlikely to conserve nature. If it
increases farming profitability, yield increases can
actually do the opposite —encourage conversion of vast
areas of land for production (Angelsen & Kaimowitz
2001). This is occurring today with the rapid expan-
sion of lucrative oil palm plantations across the tropics,
often at the expense of biodiversity-rich rainforests
(Koh & Wilcove 2008; Butler & Laurance 2009).

Increasing agricultural yields will only benefit
nature if it is coupled with effective land-use planning
(Balmford et al. 2012). A key element of such planning
is roads, which profoundly influence the footprint of
human activities.



2.3 Roads in pristine areas are
environmentally dangerous - the
first cut is critical

While many factors influence road planning, a few key
principles can help guide their siting and design. The
environmentally most dangerous roads are those that
penetrate into relatively pristine regions, such as a
large forest tract (Laurance et al. 2001, 2002, 2009;
Chapter 3). Deforestation is highly contagious spatially,
such that the probability that a land parcel will be
cleared rises dramatically if it is adjacent to an area
that has already been cleared (Boakes et al. 2010). For
this reason the first cut into a forest is the critical one;
if it occurs, then other cuts are likely to follow.

2.4 Paved highways have especially
large-scale impacts

Paved highways typically have much larger-scale environ-
mental impacts than do unpaved roads (Laurance et al.
2002; Kirby et al. 2006; Barber et al. 2014). In wetter
environments, paved roads provide year-round access to
natural resources such as timber, minerals or agricultural
land, whereas unpaved roads can become seasonally
impassable (Fig. 51.4). Paved roads are also typically wider
and have more traffic that is faster-moving than is the case
for unpaved roads, and thereby are a greater danger and
movement-barrier to wildlife (Laurance et al. 2009).

Disentangling the specific contributions of paved and
unpaved roads to environmental damage is challenging
because paved roads tend to spawn networks of second-
ary, unpaved roads (Laurance et al. 2009). Nevertheless,
paved roads are much stronger predictors of deforestation
than are unpaved roads, and their effects extend for con-
siderably larger distances away from roads (Laurance et al.
2002; Kirby et al. 2006). For instance, the paved Belém-
Brasilia Highway, completed in the early 1970s, has today
evolved into a 400-km-wide slash of forest destruction
and secondary roads across the eastern Brazilian Amazon
(Laurance et al. 2009). In the wrong place, a paved road
can provoke an environmental disaster.

2.5 Roads can be environmentally
beneficial in certain contexts

Although many roads promote environmental damage,
paving and other road improvements can be socially
and environmentally beneficial in certain contexts.
In areas well-suited for agricultural development, road
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improvements can act as ‘magnets’, attracting migrants
away from vulnerable frontier areas (Andersen et al.
2002; Weinhold & Reis 2008; Rudel et al. 2009).
Concentrating people in carefully defined areas is benefi-
cial because the relationship between deforestation and
human population density is nonlinear, such that later
migrants into an area clear much less forest on average
than do those who arrive initially (Laurance et al. 2002).
Better transportation infrastructure also increases access
to markets, cutting waste and improving farmers’ profits.

As a result, building high-quality roads in places
where farming is already widespread, where there is little
intact habitat, and where sizeable gaps between current
and potential farm yields exist can help increase agricul-
tural production (Weinhold & Reis 2008). This can
enhance rural livelihoods and limit the negative environ-
mental impacts of farming, by raising production effi-
ciency and helping to keep farming more contained and
localised. The global road-mapping scheme described in
Lesson 2.7 and in Laurance et al. (2014) highlights a
strategy for advancing these aims.

2.6 Roads are amenable to policy
modification

It is notable that roads are much more amenable to
policy modification than are socially complex problems
such as human population growth and overconsump-
tion. Roads can be re-routed, projects cancelled or con-
struction delayed. Many large road projects are funded
by taxpayers, investors or international donors that are
responsive to environmental concerns. If publicly
named and shamed, corporations that build environ-
mentally bad roads can lose customers and sharehold-
ers. For instance, a Malaysian logging corporation,
Concord Pacific, was publicly vilified for bulldozing a
180-km-long road into the highlands of Papua New
Guinea — ostensibly to aid local communities. After the
company took more than US$60 million in illegal tim-
ber, it was fined $97 million by the national court of
Papua New Guinea (Greenpeace 2002).

2.7 A recently proposed global
road-mapping scheme could serve as
a potential model for these efforts

Given the environmentally transformative roles of
roads, it has recently been argued that a global zoning
exercise is needed to identify areas that should ideally
remain road-free as well as those where transportation
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Figure 2.3 A global roadmap that attempts to estimate the relative risks and rewards of road building. Green-shaded areas are
where road building would have high environmental costs, whereas red-shaded areas are where new or improved roads could
help to promote increased agricultural production. Dark-shaded areas are ‘conflict zones’ where environmental costs and
potential road-building benefits are both high. Light-shaded areas are lower priorities for environmental values and road

building. Source: From Laurance et al. (2014).

improvements are a priority (Laurance & Balmford
2013; Laurance et al. 2014). This strategy integrated
spatial data on remaining intact habitats and wilder-
ness areas, existing transport infrastructure, agricul-
tural yields and losses, biodiversity indicators, carbon
storage and other relevant attributes (Fig. 2.3).

The key goal of this road-zoning effort is to promote
roads and road improvements in areas that contain
existing rural development and increase agricultural
yields while at the same time limiting roads where the
prospects for environmental damage are great. Some
examples of the latter include the proposed Serengeti
Highway that could disrupt one of the world’s great
remaining wildlife migrations (Chapter 56; Pimm
2010); Brazil's Manaus-Porto Velho Highway, which
when completed will link major population centres to
the heart of the Amazon (Chapter 51; Fearnside & Graga
2006); and the proposed Ladia Galaska road network,
which threatens the largest surviving block of forest in
northern Sumatra, Indonesia (Gaveau et al. 2009).

Beyond reducing overall habitat destruction, road zon-
ing would also focus on safeguarding rare environments
and areas with many endemic species, such as remain-
ing intact habitats within biodiversity hotspots (Myers
et al. 2000). In regions where transportation projects are
unavoidable but environmental costs are high, alterna-
tives such as railroads or river transport might be effec-
tive compromises (Laurance et al. 2009). Such projects
can move people and products while stopping only at
specific places, limiting their human footprint.

CONCLUSIONS

An overriding priority is to zone roads proactively on
varying spatial scales while highlighting their critical
role in provoking environmental change. Keeping
roads out of surviving irreplaceable natural areas is
among the most tractable and cost-effective ways to
protect crucial ecosystems and the vital services they
provide, whereas roads in the right places can facilitate
increases in agricultural productivity and efficiency. In
a world struggling to conserve nature and support
human well being as land-use pressures intensify,
managing transportation networks is where the rub-
ber meets the road.

FURTHER READING

Laurance (2009): A hard-hitting essay on the high environ-
mental costs of many roads.

Laurance and Balmford (2013): Highlights a global road-
mapping scheme designed to maximize the social and
economic benefits of roads while minimizing their environ-
mental costs.

Laurance et al. (2009): A balanced overview of the diverse
impacts of roads on tropical forests and their biodiversity.
Laurance et al. (2014): Presents a global scheme for prioritis-
ing road building based on their relative environmental
costs and their potential societal benefits, particularly for

promoting increased food production.
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SUMMARY

Roadless and low-traffic areas are typically large, natural or semi-natural areas that have no roads or few
roads with low-traffic volume. They are relatively unaffected by roads and subsequent developments, and
therefore, represent relatively undisturbed ecosystems, which provide important benefits for biodiversity and
human societies. Roadless areas are rapidly becoming rare across the globe due to construction of road net-
works that serve widely expanding human activity. With a few exceptions, roadless and low-traffic areas are
not considered in national or international legislation; and consequently, they have been widely neglected in
transport planning.

3.1 Roadless areas contribute significantly to the preservation of biodiversity and ecosystem services.
3.2 Planning of new transport routes should identify existing roadless areas and avoid them.

3.3 Subsequent (‘contagious’) development effects of road construction should be avoided in roadless
and low-traffic areas.

3.4 Unnecessary and ecologically damaging roads should be reclaimed to enlarge roadless areas and
restore landscape-level processes.

3.5 It is crucial to systematically evaluate the need for and location of proposed roads and implement
the principle of ‘no net loss’ of unfragmented lands when there is no alternative.

An important question during planning is whether the proposed road is really needed, and if so, where
should it be placed. When the dissection of a roadless area is absolutely unavoidable, measures to prevent
contagious development should be implemented, as well as compensation measures to restore the same
amount of unfragmented habitat.
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INTRODUCTION

With more than 64 million km of roads worldwide (CIA
2013), road networks play a primary role in shaping
the environment. Approximately 90% of the world’s
land surface can be reached within 48 hours of travel
by road or rail from the nearest city (Williams 2009).
The ecological effects of roads extend far beyond the
edge of the road itself; and despite the efforts to minimise
road impacts in the past decades, a large portion of the
planet is affected by roads (e.g. about one-fifth of the
continental United States, Forman 2000). Among
the numerous impacts of roads, probably the most
important is what we have termed ‘contagious’
development: roads provide access to previously remote
areas, thus opening them up for more roads and
developments, and triggering land-use changes,
resource extraction and human disturbance (Fig. 2.1,
Chapter 51). In this context, the importance of keeping
the remaining large unfragmented lands road-free
becomes an urgent task.

Roadless and low-traffic areas either have no roads
or few roads with low-traffic volumes (see Lesson 3.2
for definitions). They have become a rare element of
the landscape; only 3% of the conterminous United
States is more than 5km away from a road (Riitters &
Wickham 2003). Consideration of unfragmented
lands is typically neglected in road planning and biodi-
versity conservation. The aims of this chapter are to
highlight the value of roadless and low-traffic areas,
the need to consider them in sustainable transport
planning and the importance of road removal to
restore them.

LESSONS

3.1 Roadless areas contribute significantly
to the preservation of biodiversity and
ecosystem services

Lands without roads have not been altered by road
effects such as traffic, noise pollution or wildlife mor-
tality due to collision with vehicles. Roadless areas con-
tain natural and semi-natural habitats with a low level
of human disturbance, where wide arrays of ecological
processes are preserved. Habitats that are more intact
provide greater benefits for biodiversity and human
societies than degraded habitats (see reviews in
DellaSala and Strittholt (2003) and Selva et al. (2011)).

Roadless areas are biodiversity reservoirs. They are
important for wildlife and have the potential to
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conserve sensitive and endangered species (Loucks
et al. 2003). They are crucial for species that move
across large tracts of habitat, such as brown bears,
wolves or elephants (e.g. Blake et al. 2008). Even large
unfragmented areas which have been moderately mod-
ified (e.g. for agriculture) can still provide landscape
connectivity. Roadless areas are known strongholds for
salmonids and other fish species (Quigley & Arbelbide
1997), and a significant refuge for native wildlife and
plants (Gelbard & Harrison 2003). They also serve as a
barrier against invasive and exotic species, and diseases
of wildlife, livestock and humans. For instance, the risk
of humans contracting Lyme disease is reduced in
larger patches of unfragmented forest, where the diver-
sity of vertebrate hosts is higher (Allan et al. 2003).

Roadless and low-traffic areas perform numerous
ecosystem services that are vital for humans. These
include the maintenance of healthy soil, clean air and
clean and reliable supply of water (DellaSala &
Strittholt 2003). While some managers suggest that
roads are needed to manage fire and pests, roadless
areas are generally characterized by lower fire risk and
lower frequency of insect outbreaks than roaded areas
(DellaSala & Frost 2001). The social and economic
benefits of roadless areas, such as non-motorised out-
door recreation, education and scientific values, are
large and well documented (e.g. Loomis & Richardson
2000). As human population increases, the demand
for undisturbed land and for wilderness experiences
will likewise increase.

Roadless and low-traffic areas are important in
the context of climate change (Selva et al. 2011).
Undisturbed and mature ecosystems provide buffering
capacity, moderate weather extremes (e.g. by retaining
water) and help to stabilize local climates (e.g. Norris
et al. 2012), thereby protecting against the impacts of
storm events, like flooding or landslides. Roadless and
low-traffic areas of mature forest and peatland are sig-
nificant in the sequestration of carbon. Roadless areas
accommodate adaptations and range shift responses by
plants and animals to climate change by providing
important landscape connections and moderating the
rate of change of local environmental conditions.

With the current rate of road encroachment, bio-
diversity crisis and global change processes such as
climate change, roadless and low-traffic areas may
far exceed roaded areas for their benefits provided to
human societies (Selva et al. 2011). Therefore, it seems
sensible that sustainable transport policies retain and
re-establish unroaded lands in order to conserve bio-
diversity and maintain the health of ecosystems on
which we depend (Textbox 3.1).
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3.2 Planning of new transport routes
should identify existing roadless areas
and avoid them

While roadless and low-traffic areas can be broadly
defined as natural and semi-natural areas without roads
or with few roads of low-traffic intensity, respectively,
there are different legal descriptions and criteria used
around the globe to identify them. Although road-free
areas and areas with low road density or low traffic vol-
umes are not automatically considered in conservation
and transport planning, there are two basic approaches
to incorporate roads in spatial planning. The first
approach identifies road-free areas of a minimum size
(e.g. Wilderness and Inventoried Roadless Areas in the
United States) or areas with traffic volume below a speci-
fied threshold (e.g. Unfragmented Areas by Traffic in
Germany, see Textbox 3.1), and the second approach
identifies areas with high conservation status. Under

this approach (e.g. Last of the Wild global program or
areas of good conservation status in the Chiquitano dry
forest, Bolivia), roads and their impacts are combined
with other indicators, such as human population den-
sity, deforestation or cattle grazing, in order to prioritize
areas for biodiversity conservation (Table 3.1).
Roadlessness typically correlates with relatively good
conservation status. Therefore, indices that assess the
environmental impact of roads by identifying roadless
and low-traffic areas should be applied during spatial
planning (e.g. SPROADI, Freudenberger et al. 2013). The
definition of thresholds to identify such areas, such as
the minimum size of roadless areas or the maximum
tolerable traffic volume, depends on the landscape con-
text. For example, the dissection of relatively small
roadless areas (e.g. Fig. 3.2) is a conservation issue in
highly populated regions like central Europe, while large
road-free areas are a priority in relatively pristine and
unfragmented regions, like the Amazon or Siberia.

Wilderness and roadless area protection in the
United States

In the United States, many roadless areas were first
protected when the Wilderness Act (1964) was
passed. Wilderness was defined as ‘an area where the
earth and its community of life are untrammeled by
man, where man himself is a visitor and does not
remain’. Wilderness areas in the United States do not
allow permanent improvements or human habitation
and were originally required to be larger than 2024 ha
(Table 3.1). The National Wilderness Preservation
System in the United States has grown to more than
40 million ha today. In 2001, the US Forest Service
protected an additional 24 million ha of road-free
areas larger than 405ha under the ‘Roadless
Conservation Rule’. These inventoried areas are pro-
tected from building new roads, although they still
allow for motorized use, such as all-terrain vehicles,
helicopter logging and other uses that are prohibited
in wilderness. Walking trails are common in both
Wilderness and Inventoried Roadless Areas.

Low-traffic and unfragmented areas in Europe

Large roadless areas are rare in Europe, and, instead,
definitions referring to low-traffic areas have been
developed. The concept of unfragmented areas by
traffic (UAT) was developed by the German Federal

Textbox 3.1 Recognition and protection of roadless and low-traffic areas in the world.

Agency for Nature Conservation as a landscape
assessment tool (Table 3.1). The UATs are greater than
10,000 ha and not dissected by roads with more than
1000 vehicles/day, by railway lines (twin-track and
single-track electrified lines) or by human settlements,
airports or channels. The 2008 inventory identified
about 9 million ha of UATs in Germany, of which a
quarter are protected under European Directives. The
eastern part of Germany contains more UATs than
western Germany (Fig. 3.1), which may be illustrative
of the different degree of fragmentation between east-
ern and western Europe.

Global roadless areas

A prototype map of roadless areas in the world was
developed in 2012 by Google Earth, the Society for
Conservation Biology — Europe Section and Members
of the European Parliament (http://earthengine.
google.org/). Here, roadless areas were defined by
using buffers of different distances (from 1 to 10km)
from the nearest road (including dirt roads), rail or nav-
igable waterway (Table 3.1). This map was presented
in 2012 at the Rio + 20 Conference in Brazil and at the
eleventh meeting of the Conference of the Parties to
the Convention on Biological Diversity in India to dem-
onstrate that roadlessness is the most cost-efficient
and effective way to protect biodiversity.
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Figure 3.1 Low-traffic areas in Germany (Unfragmented Areas by Traffic, UAT). UATs cover 45% of the new federal states
(eastern Germany) versus 18% of the old federal states (western Germany). Source: Adapted from Selva et al. (2011).
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Figure 3.2 The Rospuda valley in northeastern Poland (6.3 km?) is the last pristine percolating fen (or active peatland) of the
European temperate zone. Its untouched hydrological system guarantees the stability of the ecosystem (no succession) and the
presence of endangered and relict species. In 2007, a road project dissecting this peatland was stopped due to legal
infringements of the EU nature directives, after more than 10 years of campaign. The road was finally re-routed through
agricultural fields, something that could have been done with proper transport planning years before, thus avoiding high social
conflicts and economic costs. Source: Photograph by Piotr Malczewski. Reproduced with permission of Piotr Malczewski.

The roads that cause the greatest environmental
damage are those dissecting pristine and unfragmented
ecosystems. Even in human-dominated landscapes,
the construction of new roads may add additional dis-
turbances to those related to land uses. In this sense,
an agricultural landscape without roads still might
provide better habitat quality (e.g. connectivity for
wildlife) than the same farmland with numerous
roads. Given the intensification of land-use pressures
across the globe, influencing the patterns of road
development to keep roads out of natural areas is the
most tractable way to conserve nature (Laurance &
Balmford 201 3; Laurance et al. 2014; Chapter 2).

3.3 Subsequent (‘contagious’) development
effects of road construction should be
avoided in roadless and low-traffic areas

Roads are one of the main drivers of ecosystem change.
By facilitating access to previously remote areas, new
roads trigger a cascade of land-use changes and habi-
tat degradation (Chapter 51). Roads are almost inevita-
bly followed by urban and agricultural development,
and they promote mining, hunting, fishing and log-
ging (Wilkie et al. 2000; Southworth et al. 2011).

In Central Africa, logging roads, which represent 38%
of all road length, boost unsustainable hunting and
the massive loss of wildlife; for example, wildlife densi-
ties decreased by 25% 3 weeks after logging roads
were opened in Congo (Laporte et al. 2007; Wilkie
et al. 2011). The role of roads in deforestation is
undisputable and the most rapid rate of forest clear-
ing occurs within 10km of the road, especially if
paved. As demonstrated in the Amazon, greater
than 95% of deforestation, fires and atmospheric
carbon emissions occur within 50km of roads
(Laurance et al. 2001; Southworth et al. 2011).
Roads also accelerate human migration to the area
and subsequent illegal colonization and land specula-
tion (Chapter 51). Road paving, demand for agriculture
and cattle ranching areas and ambiguous land tenure
systems promote new settlements in undisturbed areas
(Southworth et al. 2011). New roads, as well as road
improvements in low-traffic areas, have important eco-
nomic and social impacts, mainly derived from facili-
tated market access. These collateral or contagious
development effects of roads are often more destructive
than the direct impacts of the road itself. Sensible
transport and land-use planning should carefully reg-
ulate contagious development and be supported by
appropriate law enforcement (Textbox 3.2).
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Textbox 3.2 Roads in developing countries. The case of conservation planning and ‘contagious’

development in Bolivia.

Road development is often used as an indicator of
socioeconomic development. Roads improve mobility
of people, but also catalyse the extraction of natural
resources and subsequent degradation of ecosystems,
and cause profound changes in local socioeconomic
systems (Chapter 2).

Bolivia is a socioeconomically poor and biologi-
cally rich country that still has a significant portion
of its territory covered by natural ecosystems; the
latter partly due to a poorly developed road infra-
structure (Fig. 3.3, Ibisch & Mérida 2004). However,
as in most developing countries, the pressure on
ecosystems is increasing rapidly, making the conta-
gious development effect of roads particularly troubling.
Whenever new roads provide access to formerly remote
areas, people will migrate from other parts of the
country and establish (often illegally) new settlements
(Chapter 2).

Recent landscape-scale planning in Bolivia used
roads as indicators of biodiversity degradation (e.g.
Araujo et al. 2010). Roadlessness was taken as a

proxy for functional and intact ecosystems and used
as a criterion for identifying important areas for
conservation. However, the implementation of conser-
vation measures (e.g. land-use planning, including the
creation of protected areas) has not been enough to
safeguard the high-priority regions. In 2002, an inter-
nationally financed road was constructed through the
Chiquitano dry forest ecoregion in southeastern
Bolivia. A decade later, the indirect impacts of the road
(namely forest clearing and expansion of agriculture)
have exceeded those outlined in even the most pes-
simistic environmental impact assessment (S. Reichle,
personal communication). The fear that the impacts of
new roads cannot be effectively mitigated by accom-
panying conservation measures has been confirmed.
The development and improvement of the road network
across Bolivia has continuously accelerated deforesta-
tion and other forms of biodiversity degradation. This
highlights the importance of keeping unfragmented and
natural habitats free of roads as the most effective way
to conserve them.

Figure 3.3 Especially in forests, even small and unpaved roads give access for land use such as agriculture or
settlement, which may ultimately replace the original ecosystem. Porongo, Santa Cruz, Bolivia. Source: Photograph

by Pierre L. Ibisch.




3.4 Unnecessary and ecologically
damaging roads should be reclaimed
to enlarge roadless areas and restore
landscape-level processes

Land managers are restoring roaded areas by closing
and reclaiming unneeded or ecologically damaging
roads (Fig. 3.4). Many of these roads are historical
legacies, but new roads built to support resource
extraction should be restored once the activity ceases.
There are various treatments possible, ranging from
simply blocking the road entrance to full removal and
recontouring of the roadbed which allows hydrological
and ecological processes and properties to return
(Switalski et al. 2004). Increased infiltration and
revegetation reduces fine sediment erosion from roads
into streams, improving habitat quality for fish and
other aquatic species (McCaffery et al. 2007).
Reclaimed roads improve wildlife habitat quality pri-
marily through limitation of motorised access and the
restoration of vegetation providing food and shelter for
wildlife. Black bears were found to use recontoured
roads at much higher rates than roads open to traffic,
but also at greater rates than roads closed to traffic
with a gate or other barrier (Switalski & Nelson 2011).
Similarly, grizzly bears expanded their distribution in
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Montana, USA, following extensive road reclamation
(Summerfield et al. 2004), and moose populations
increased following road removal in Nova Scotia,
Canada (Crichton et al. 2004). Removing roads at a
large scale such as is occurring in the United States has
increased the size of core wildlife habitat and has the
potential to restore landscape-level connectivity.

Road reclamation efforts and the expansion of road-
less areas increase the resilience of ecosystems and
help mitigate climate change. For example, as larger
storms become more common in the face of climate
change, more culverts catastrophically fail during high
flows, releasing large amounts of sediment into
streams. Removing culverts and restoring stream
crossings eliminates this risk and associated negative
impacts on aquatic habitats (Chapters 44 and 45).
Additionally, when roads are decompacted during
reclamation, vegetation and soils can develop more
rapidly and sequester large amounts of carbon. Total
soil carbon storage increased 6-fold to 65 metric tons
C/km (to 25cm depth) in the northwestern United
States compared with untreated abandoned roads
(Lloyd et al. 2013). With more than 100,000km of
roads slated for reclamation in the United States alone
in the coming decades, road reclamation has the
potential to sequester large amounts of carbon.

Figure 3.4 After treatment, vegetation recolonises reclaimed roads reducing erosion and providing food and cover for animals.
This photo was taken 10 years after road reclamation on the Clearwater National Forest in the northwestern USA. Source:

Photograph by Adam Switalski.



24 Handbook of road ecology

3.5 Itis crucial to systematically evaluate
the need for and location of proposed roads
and implement the principle of ‘no-net-loss’
of unfragmented lands when there is no
alternative

It is important to systematically evaluate whether a
road is really needed; and if so, explore alternative
route options before dissecting and eliminating road-
less areas or increasing traffic volumes in low-traffic
areas (Fig. 3.5). Infrastructure development and, par-
ticularly, road construction should avoid dissecting
roadless areas. Road-free areas of natural and semi-
natural habitats should be maintained by concentrat-
ing traffic on existing highly travelled roads and
bundling infrastructure close together (Chapter 5).
When this is not possible, it is crucial to protect the
remaining area by avoiding contagious development
and to apply compensation policies of no net loss to
unfragmented lands (Chapter 7). Measures such as
road reclamation, promotion of railroads or speed and
traffic limitation should also be considered. The imple-
mentation of sustainable development schemes at
large spatial scales should help prevent the degrada-
tion of roadless and low-traffic areas (Fig. 3.5)

Is the road crossing a
roadless or low-traffic area?

lYes

CONCLUSIONS

Roadless and low-traffic areas have become scarce,
indicating a reduction in well-preserved and functioning
ecosystems worldwide. The maintenance of roadless
areas is more cost-effective than measures to mitigate or
minimise road impacts, or even road reclamation. In this
context, a vital task is to identify, map and describe the
remaining roadless and low-traffic areas, and to promote
their maintenance and protection. Developed countries
are removing unnecessary roads and restoring landscape
processes to enlarge roadless areas. This exemplifies the
need for rewilding in a human-dominated planet.
Roadless and low-traffic areas are a timely tool to preserve
intact functioning ecosystems at local and global scales in
the face of climate change. Their rarity and the services
they provide to society call for systematically considering
them in modern land-use and road planning.
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FURTHER READING

DellaSala and Strittholt (2003): Review of the ecological,
social and economic benetfits of roadless areas conservation
in the USA, with special focus on the conservation assess-
ments of two case studies of roadless areas.

Selva et al. (2011): Identifies the importance of roadless and
low-traffic areas for biodiversity conservation and ecosys-
tem services to society, and urges for their inventory and
inclusion in urban and transport planning. It includes a
legal analysis of roadless areas in Europe and their overlap
with the Natura 2000 network, using Germany as a case
study.

Switalski et al. (2004): Summary of the current understand-
ing in the science and practice of road reclamation. Taking
a multi-disciplinary approach, the article reviews how road
reclamation benefits and impacts different natural
resources and identifies knowledge gaps.

http://earthengine.google.org/: This is the Google platform for
environmental data at a planet scale. It includes a prototype
map of global roadless areas.

http://roadlessland.org/: This is an interactive website that
shows the inventoried roadless areas in the US and has a
number of maps and scientific resources for roadless areas.
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Chapter 4

INCORPORATING
BIODIVERSITY ISSUES
INTO ROAD DESIGN:
THE ROAD AGENCY
PERSPECTIVE
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SUMMARY

Road agencies have a responsibility to design, build and operate roads in an environmentally sensitive
manner, which includes addressing ecological issues. Agencies that manage other linear infrastructure,
such as railways and utility easements, have similar responsibilities. All major infrastructure projects follow
similar stages and processes from inception through planning, design, construction, operation and mainte-
nance. Within this process, there are limited and specific opportunities to most effectively implement ecolog-
ically sensitive planning and design.

4.1 Road planning, design, construction and operation are complex challenges that attempt to balance
environmental, economic and social demands.

4.2 Road projects have a typical series of stages that begins with strategic planning and ends with operation.
4.3 Appropriate ecological input into a road project should occur in every stage.

4.4 Standards and guidelines are critical to ensure a consistent and high-quality approach to roads and
road mitigation.

Road agencies around the world are responding to the changes that society is demanding by including
greater consideration of ecological issues when planning, building and managing the road network. This is
an important challenge for road agencies because their traditional role as managers of the transportation
network is expanding and becoming more complicated. It is imperative that road agencies successfully adapt
to these changes to ensure the future road network is as environmentally friendly as possible.
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