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Abstract: Definitions of the environmental dimension of sustainable development
are usually general and the variety of impacts rarely considered. A correct
representation of the full range of effects is necessary for an accurate and
transparent environmental sustainability assessment. Environmental impacts and
their characteristics are described through the concept of causal chains between a
source and a final target. Its parameters are the source target, time and distance
scales, and the final target. The scientific disciplines involved in defining
indicators are considered. This analysis is based on research on environmental
impacts resulting from transport. It allows us to define 49 independent causal
chains that address all effects. They are organized into a hierarchy of 27
aggregated chains and 8 groups, as the usual binary classification (quality of
life/natural heritage, present/future generations, reversibility, local/global) lacks
meaning.
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1 Introduction

The economic and grey literature (applied research, international organisations, local
applications) on sustainable development presents most of the environmental impact assessments
conducted about policies, plans, programmes, projects or technologies. How are environmental
issues considered and how is sustainable development’s environmental pillar defined in such
literature?

Economic papers limit discussion of environmental questions to greenhouse gases or a few other
well-known effects. They unconsciously reduce the scope to effects for which simple-to-use
assessment tools are available, without justifying such simplification. Often, health, safety or land-
use issues are considered alongside the environment, inferring that they are not part of the
environment itself (for example Wolfram, 2004; SSNC, 2006; Droulers, Le Tourneau, and
Marchand, 2008). Some authors, nevertheless, consider that it is of utmost importance to take into
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account health, safety and land-use effects, regardless whether these are included within the
environmental or social pillar. Although it is important, of course, to consider all environmental
impacts, classifying each impact has political meaning, because it implicitly defines economic,
social, and environmental issues. Citizens, and often policy makers, are unable to consider social
and environmental issues in detail while keeping a macro perspective at the same time. A precise
definition of each pillar is needed to arrive at transparent evaluations and clear political choices.

When only some impacts or concerns are considered, without any justification whatsoever (for
example Droulers, Le Tourneau, and Marchand, 2008), discussing the relevance of these impacts is
impossible. For instance, Lardé and Zuindeau (2008) do not justify their choice of 12 criteria for
designing the environmental profiles of 21 countries. The output, a country typology, depends on
the criteria used. In addition, the 12 criteria are considered equally important, whereas the statistical
tools used discard well-correlated parameters. Thus, the CO and CO2 emissions criteria, which are
clearly not well correlated, play the same role in defining environmental profiles although today CO
is considered a secondary pollutant and CO2 the primary source parameter. This undoubtedly builds
a typology, but we question its meaningfulness.

Besides the use of environmental sustainability indicators, an alternative approach increasingly
used in industry is life cycle assessment (LCA). LCA aims to evaluate the environmental impact of
the entire life cycle of a product, process or service (ISO 14040, 2006). One of the advantages of
LCA is that it is a well-established, standardised method that also includes an impact assessment
phase life cycle impact assessment (LCIA) where potential effects are quantified and totalled.
Several tools are based on LCA, such as building for environmental and economic sustainability
(Lippiatt and Boyles, 2001), the ecological scarcity or Eco-factors 2006 methods (Frischknecht et
al., 2009) or the ReCipE method (Goedkoop et al., 2009). LCA has been used, for instance, to
estimate environmental impacts from fuels made from biomass (von Blottnitz and Curran, 2007;
Zah et al., 2007), from water systems (Lundin and Morrison, 2002) or from buildings (Assefa et al.,
2007; Scheuer, Keoleian and Reppe, 2003). In these methods and studies, the environmental effects
considered vary widely. Without explanation, comparisons between methods and between studies
are difficult.

Although most of the papers discuss the environment, they almost never deal with it as a whole.
It remains an idea that is not defined clearly and precisely. Without such a definition, the idea can
be interpreted at will, adapted so widely that it sometimes remains only a vague expression, and, at
worse, used only to justify one's project or policy.

On the contrary, Block et al. (2007) or Van Assche, Block, and Reynaert (2008), stressed the
need to define first a matrix view for a sustainable and viable city to provide a normative
framework for choosing the relevant indicators. Then, they went on to define almost 200 indicators
of a sustainable city for Flemish urban areas. They later remarked that each indicator must be
connected clearly with an item of the matrix view.

Environmental issues are sometimes varied and questionably structured. Thus, the environmental
objectives of sustainable development, as presented for instance by Swedish municipalities
(Gudmundsson, 2007, p. 37), merge primary objectives (for example, environmental quality) with
objectives for solutions (for example, less use of non-renewable resources, more use of public
transport). The differences are imperceptible and objectives are not ranked.

A second definition of the environmental issue is more global and top-down. For instance,
OECD (2001) distinguishes between development criteria - whose environmental aspects deal with
environmentally conditioned welfare and the role of air, noise and water quality in the health of
present generations - and sustainability criteria, whose environmental aspects address conditions of
long-term development thanks to access to critical natural resources, ecosystems and climate
stability. Economists often consider this last criteria as natural capital, in other words as a resource
used by humans for producing economic goods. This resource is an ecosystem, that is the
association between a physico-chemical and an abiotic (the biotope) on the one hand and the
conditions that allow the latter to live (the biocenosis), including fossil resources, on the other.
When this resource is destroyed, it can be renewed to a certain extent. The environmental issue is
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about resource reserves, resource flow and the capacity of the biosphere to support the effects of
human activities (carrying capacity). The causal frameworks for describing the interactions between
society and the environment adopted by the OECD - pressure-state-response or PSR - and by the
European Environment Agency - driving forces-pressures-states-impacts-responses or DPSIR -
(EEA, 2009) seem well applicable to this meaning with a pressure representing a flow.

In parallel, the environment is often understood as the quality of our physical environment or the
quality of life. It is difficult to consider only flows and pressure when looking at a calm area with
pure air and water, or a beautiful landscape (Job, 2005; Gudmundsson, 2007).

Both these global meanings of the environment correspond roughly to the concept of internal and
external territorial sustainability defined by Wackernagel and Rees (1996). Internal sustainability
consists in protecting one’s direct environment and living area, whereas external sustainability
consists in protecting the world as a whole.

These synthetic, global and top-down definitions of the environment's sustainability pillar are not
based on explicit analyses of environmental impacts, objectives or issues. Such definitions are too
vague to be useful for describing actual environmental issues or impacts on the environment or for
designing environmental impact indicators. An exhaustive list of environmental impacts or
objectives is necessary to present a full picture, especially if the clear aim is to identify the most
important issues mentioned by Black (2000) or Borken (2003), and those that are important in
decision making (Ahvenharju et al., 2004; Nicolas, Pochet, and Poimboeuf, 2003; Zietsmann and
Rilett, 2002). How can key issues be identified with a top-down approach, without a comprehensive
assessment of all relevant ones?

Below, we try to describe precisely environmental issues in the transport sector. We begin with a
review of the literature and then present the concept of a causal chain. Finally, we analyse the
relevance of global descriptions of the environmental issue. This research is detailed in a specific
report (Joumard et al., 2010).

2 Precise description of environmental issues in the transport sector

2.1 In the literature

Environmental or ecological impacts are often listed in transport literature (for example USEPA,
1996; OECD, 1996; Swedish EPA, 1996; EC, 2001; OECD, 2002; EEA, 2002; Borken, 2003;
Ahvenharju et al., 2004; Goger, 2006 or Goger and Joumard, 2007; Calderon, Pronello and Goger,
2009; Joumard and Nicolas, 2010), in public surveys conducted at a national (Boy, 2007) or
international level (EC, 2008), or in building literature (Assefa et al., 2007; Bunz, Henze and Tiller,
2006; Lippiatt and Boyles, 2001; Scheuer, Keoleian and Reppe, 2003). See some examples Table 1.
Their definition is rarely clear or precise; the lists are often heterogeneous - merging sources,
intermediate states of the environment, such as local air or water quality, and final impacts on the
environment, such as visual effects. For instance, USEPA (1996) or Ahvenharju et al. (2004) list
mainly the pressures or the principal consequences of the transport system on the environment,
rather than environmental impacts (although the consequences are labelled as impacts). While some
effects are often mentioned — such as climate change, photochemical pollution or noise - others,
including soil erosion, vibration, light pollution, hydrologic and hydraulic risks, odours, soiling or
visibility, are rarely discussed. Dimming, risk of fire or electromagnetic pollution are not mentioned
in the 13 references studied. Some impacts listed are broad, combining several effects on the
environment, such as air pollution or soil protection and landscape. Some lists, like this one from
the European directive (EC, 2001), repertory the final targets, but with redundancies such as
biodiversity/fauna and flora or population/human health. Environmental impacts also depend on the
society in which they occur. Esoh Elame (2004), for instance, shows how the values and beliefs of a
given African people’s cultural heritage determine to a large extent the items of nature they want to
protect. In Sub-Saharan Africa, the natural capital cannot be dissociated from the cultural capital.
To speak about nature means to speak about culture, and vice versa. Roqueplo (1988) and
Briiggermeier (2002) have noted similar relationships for forests and acid rains in Germany. More
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generally, Lammel and Resche-Rigon (2007) show how the idea of the environment itself differs
between holistic societies, such as Totonaque, Inuit or Badui ones, and individualistic/analytic
societies such as Western ones.

In Western countries at least, the environmental issue is a personal construct, based on an
individual perception of its components mediated by our senses and completed by intellectual
elements from technical or scientific news we receive through education and the media
(Briiggemeier, 2002; van Staével, 2006). This personal construction is thus now structured by a
long-term view.

One of the most structured descriptions of the environmental issue consists in using objectives to
discuss the environment, as Keeney (1992) proposed. Rousval (2005) and Rousval and Maurin
(2008) applied this method to the environment, and arrived at a hierarchy of 24 goals by
interviewing local decision makers and environmental specialists. This list is nevertheless
heterogeneous, merging final targets (fauna, flora), processes (greenhouse effect) and intermediate
impacts (soil pollution). Its main advantage, like the approach Van Assche, Block and Reynaert
(2008) or Block et al. (2007) took, is the use of a systemic perspective and a clear logic.

Table 1 Environmental impacts listed by 13 references and their correspondence with the
proposed causal chains
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2.2 The concept of causal chains

We seek to adopt a systemic approach to environmental issues that will consider all an
environmental policy’s impacts and objectives. We propose to extend the pressure-state-impact
structure from EEA to the concept of causal chains between a cause and a final target, with the
possibility of a succession of cause-impact pairs. A causal chain can be defined as an ordered
sequence of events or issues, in which one event or issue in the chain causes the next. A good
example is the greenhouse effect: greenhouse gas emissions are a first cause, which, by physical
phenomenon, increase the earth's temperature, changing global and local climates, affecting
agriculture and sea levels, leading to consequences for the whole biocenosis, including humans.

Impacts such as odours, soiling, visibility, habitat fragmentation, visual quality of landscape and
loss of cultural heritage cannot be explained by a mechanistic view of flow and carriage capacity.
To cover all impacts, the concept of causal chains has to be much wider than a reserve or flow
problem inspired by physics. Any type of process can be considered: cultural, psychological,
psychophysical, biological and, of course, physical.

A causal chain can be described through:

- The element(s) of a field of human activity (the transport system or any other sector), which is at
the start of the process, taking into account the life cycle approach, i.e.: considering all the
subactivities involved. For the transport sector, three main subsystems are involved
(infrastructure, energy use, and vehicles), and for each of these, there are five types of activity
(production, existence, use, maintenance, destruction).

- The final targets: Three targets (nature, humans, man-made heritage) and a pseudo-target, the
earth (that encompasses the three targets, plus the atmosphere and oceans), are usually
considered (e.g. Goger, 2006). In addition, the Eco-indicator approach (Brand et al., 1998;
Goedkoop and Spriensma, 2001) includes three types of end point damage: resources, ecosystem
quality and human health. The first two are subdivisions of the target ‘nature’. The World Health
Organisation (WHO, 1946) defines human health as "a state of complete physical, mental and
social well-being and not merely the absence of disease or infirmity." Therefore it is useful to
distinguish health in its restricted meaning (absence of disease or infirmity) from so-called
human well-being, because the processes are often different. Finally, we arrive at the target
‘structure’ presented in Table 2, with six targets: resources, ecosystems, human health in its
restricted meaning, human well-being, man-made heritage, and the earth.

- The intermediary elements, that is the causal chain between human activity and the final target,
to be described in detail. This can be summarized, for instance, through the scientific disciplines
involved, the space and time scales, and the linearity and reversibility of the process. Scientific
disciplines point to the process involved and who is able to discuss how representative an
environmental impact indicator is. Space and time scales are important parameters in
environmental studies (Schulze, 2000; Huijbregts, Guinée and Reijnders, 2001; Jodo, 2002).
Process linearity shows how proportional the impact is to the source and how the latter is a major
parameter for lessening the effect. Reversibility deals with sustainability, but one has to make a
distinction between individuals and species. For example, the impact of traffic accidents is
irreversible for humans who die in them, but not for society as a whole.

The causal chains allow for an all-encompassing assessment of relevant impacts known today
(completeness). They should overlap as little as possible (independence). For instance, the chains
"health effects of photochemical pollution" and "health effects of air pollution" are incompatible
because they overlap.

2.3 Description of the causal chains

In line with the structure above, we have proposed a list of 49 environmental impact causal
chains (especially due to the transport system) (see Table 3), a detailed description of which is
given in Joumard and Gudmundsson (2010, annex 6, pp.325-366). The list of chains could be
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detailed further by dividing a chain into two or more chains, if it is felt processes or targets are not
treated homogeneously. In addition some chains may be missing.

A first attempt to build a typology or structure of the 49 causal chains means merging them into
27 aggregated chains (by not considering the final target), and then into 8 groups (see Table 3). This
typology suits usual structures and allows a simpler presentation of the whole.

To be practical, the number of categories should not be plethoric. Also, given the availability of
data, some impacts can be merged and minor chains deleted. This must be done explicitly to allow
others and future users to also perform such simplifications. The chain’s structure must be as
detailed as possible, because it is easier to merge and delete than to add processes.

Table 2 Typology of environmental impact targets
Targets Pseudo-target
Resources Earth: covers
all the targets:
Ecosystems: nature understood as the three
Nature ecosystems, i.e. the association between a | previous
physicochemical and abiotic (the biotope) |targets
environment and a living community (ecosystems,
characteristic of the latter (the biocenosis) 'humans and
) ) man made
Humans: humankind which we  Human health: in a restricted meaning heritage) and
extract from nature and focus on physical
its health as defined by the WHO  Hyman well-being environments
such as the
Man-made heritage: with a distinction made between common and historic | atmosphere
buildings and the oceans

Table 3 Hierarchy of the 49 causal chains

Noise and vibrations
. Noise:
. Disappearance of quiet areas (chain 1)
. Annoyance and sleep disturbance to people due to noise (chain 2)
. Effects on human health (restricted meaning) of noise (chain 3)
. Noise and wildlife (chain 4)
. Vibrations (chain 5)
Accidents
. Effect of traffic accidents on human health (chain 6)
. Animal collision: Animal fatalities (chain 7)
Air pollution
. Sensitive air pollution
. Odors (chain 8)
. Soiling (chain 9)
. Visibility (chain 10)
. Direct (restricted) toxicity of air pollutants
. Direct restricted effects on human health of air pollutants (chain 11)
. Direct ecotoxicity on fauna and flora of air pollutants (chain 12)
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. Photochemical pollution
. Health effects of photochemical pollution (chain 13)
. Loss of crop productivity due to photochemical pollution (chain 14)
. Ecotoxicity on fauna and flora of photochemical pollution (chain 15)
. Loss of cultural heritage due to photochemical pollution (chain 16)
. (Secondary effects: greenhouse gas, acidification)
. Acidification
. Decrease of ecosystem health, loss of biodiversity due to acidification (chain 17)
. Deterioration of historic buildings and other cultural assets due to acidific. (chain 18)
. Eutrophication (chain 19)
. Dimming (chain 20)
. Ozone depletion
. Health effects of ozone depletion (chain 21)
. Ecotoxicity on fauna and flora of stratospheric ozone depletion (chain 22)
Soil and water pollution
. Pollution of soil, surface waters and groundwater
. Effects on ecosystem health of pollution of soil, surface and groundwater (chain 23)
. Health effects of pollution of soil, surface waters and groundwater (chain 24)
. Recreational areas forbidden due to pollution of soil and surface waters (chain 25)
. Maritime pollution
. Effects on ecosystem health of maritime pollution (chain 26)
. Health effects of maritime pollution (chain 27)
. Recreational areas forbidden due to maritime pollution (chain 28)
. Hydraulic changes and risks
. Hydraulic changes (chain 29)
. Hydraulic risk (chain 30)
Impacts on land
. Land take
. Loss of natural habitats due to land take (chain 31)
. Degradation of ecosystems due to land take (chain 32)
. Modification of outdoor recreation areas, due to land take (chain 33)
. Loss of cultural heritage due to land take (chain 34)
. Habitat fragmentation
. Loss of ecosystem health, loss of biodiversity, due to habitat fragmentation (chain 35)
. Reduction of living areas of people, due to fragmentation (chain 36)
. Soil erosion (chain 37)
. Visual qualities of landscape/townscape (chain 38)
Non-renewable resource use and waste handling
. Non-renewable resource use (chain 39)
. Non-recyclable waste (chain 40)
. Direct waste from vehicles (chain 41)
Greenhouse effect (chain 42)
Other impacts
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. Electromagnetic pollution
. Health effects of electromagnetic pollution (chain 43)
. Effects on ecosystem health of electromagnetic pollution (chain 44)
. Light pollution (chain 45)
. Introduction of invasive alien species (chain 46)
. Introduction of illnesses (chain 47)
. Fire risk (chain 48)
. Technological hazards (chain 49)

3 Pertinence of top-down approaches

How do these 49 causal chains fit in with the global descriptions of the environmental pillar of
sustainable development seen above? These are related mainly to four types:

- Related to life environment/natural resource, with two main subcategories: Al) for well-being,
quality of life, and A2) for the resources needed for life, natural heritage, the conditions of a long
term development

- Related to time scale with two main subcategories: B1) for present generations — or short term,
and B2) for future generations — or long term

- Related to reversibility, with two main subcategories: C1) reversible, and C2) irreversible
- Related to their local (D1) or global (D2) character

When classifying the chains according to A1/A2, B1/B2, C1/C2 or D1/D2, some cannot be
differentiated according to such binary classification because they belong to both classes. For
instance, most of the impacts on the ecosystems belong to Al and A2, B1 and B2, and the effects
on cultural heritage concern present and future generations. If we consider the irreversible character
for society, that is the definitive modification of our life conditions on earth, the
reversible/irreversible dichotomy is often the only obvious one. Several causal chains, and
important ones indeed, are neither totally reversible nor totally irreversible. Thus the greenhouse
effect is indeed reversible, but only after a few centuries. At an upper level, most of the 27
aggregated chains are combining detailed chains belonging to both categories.

As shown on Figure 1 for axes B and D, the four axes are continuous rather than discrete. The
top-down approaches of the environment through simple and discrete classifications seem not to
correspond to the reality of the impacts on the environment when the causal chains are considered.
They cannot be used to characterise some causal chains. Reality is more complex than the all-
embracing approaches.

Figure 1  Ascending order of magnitude of the 49 causal chains’ distance and time scales
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Figure1  Ascending order of magnitude of the 49 causal chains’ distance and time scales
(continued)
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4 Conclusion

To describe the environmental impacts of an activity such as transport through a complete list of
independent causal chains allows us to give a precise definition of the term 'environment'. However,
in most cases, the list of chains we propose here is much too detailed to be used in a decisional
context. The chains have to be aggregated, or some have to be retained and others dropped. That a
comprehensive list exists allows for aggregation or choice with full knowledge of the facts.

The causal chain approach does not deal with interactions among chains, although in practice
interaction could occur. For instance, we know that psychophysical effects are not independent
from one another (such as impacts because of odours, noise or landscape quality). More generally,
the processes leading to the different effects on a same final target (humans, or ecosystems) react to
each other. Nevertheless, considering 'independent' chains is a first step before describing in depth
the possible synergies.

The framework for the causal chains should be a universally valid analytical one. Nevertheless,
the chains have been proposed to cover impacts on the environment only in the transport sector.
Although most of them are not specific to transport, the same analysis should be carried out in other
domains such as agriculture, energy production, industry, and so on. This would allow us to arrive
at a universal framework different methods and tools could use to assess the environmental
dimension of sustainability in different sectors.

The framework’s main limitation is cultural. Adapted to Western societies, it may not be as
suitable to Eastern, African or other societies where the concept of environment can be
fundamentally different or inexistent in this form.

The precise description of environmental processes forms a powerful tool to assess
environmental impact indicators. 4 priori, the closer to the final target the indicator is, the more
precisely the final impact will be estimated. It is mainly a tool to define what precisely an indicator
represents. Does it represent the final impact, or an intermediate one? How accurately is the process
translated into the indicator role? Which relevant impacts do existing indicators ignore? Is there a
possibility of double counting? When the aim is not only to reorganise information that exists, but
also to build the tools necessary to represent environmental impacts, the all-inclusive description of
the impacts is the first step of the process.
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