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Predicting is very difﬁcult, especially about the future, attributed
to Niels Bohr.

Abstract As societies realise the importance of maintaining biodiversity and,
accordingly, acknowledge the need for monitoring, minimizing and compensating
the impacts of socioeconomic activities, including transportation, more scientists
will be called to address these societal challenges. Railway Ecology is emerging in
this context as a relatively new ﬁeld to identify and provide solutions to the speciﬁc
environmental problems associated with the building and operation of railways,
particularly their impacts on wildlife. This is an interdisciplinary ﬁeld that uses and
draws methods from other disciplines, ranging from ecology and genetics, to
statistics and computer simulations. Here, we summarize the guidelines to address
railway-related biodiversity conservation problems as they were identiﬁed in the
several chapters of this book, and recommend lines for future research.
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A Bright Look at the Future of Railways
Transportation in the 21st century involves multiple challenges. Transports will have
to deal with the increasing needs of a growing and wealthier human population, and
the socioeconomic requirements to deliver natural resources, manufactured goods,
and transport people. The emergence of new strong economies, and the expectation
that economic growth will raise the living standards of vast populations, will be surely
accompanied by an increase in transportation infrastructures, given the well-known
relationship between transportation activity and Gross Domestic Product
(GDP) (Proﬁllidis 2014). How societies will accommodate economic development
with the biophysical constrains imposed by the environment is a major challenge, but
one where railways will certainly play an important role (Smith 1998, 2003).
One of the reasons to expect a steady development of railways is related to their
cost-effectiveness over other means of transportation, particularly for the so-called
intermediate range distances (Proﬁllidis 2014). Therefore, it is expected that railways will develop to ﬁll in the niche that lay somewhere in-between the local door
to door transportation and, in the other extreme, the long distance transportation of
passengers or freight that is better accomplished through aviation or marine
transportation. The exact level at which railways will ﬁll in such niche, however,
will depend on the characteristics of the region where they operate: its geography,
the size of its population and how the population is distributed. Nevertheless, it is
likely that in many countries new railway lines will be built and others will be
improved, to support, for instance, the commuting of people between the suburbia
and city centres, to transport passengers among cities laying a few hundred kilometres apart, and to transport freight among harbours and big cities.
Another reason to expect the expansion of railways is related to its environmental
beneﬁts relatively to other means of transportation, which is well illustrated by the role
it can play in addressing global warming. For instance, Dulac (2013) analysed
infrastructure requirements under different climate change scenarios, concluding that
an increase in 335,000 railway track kilometres would be needed to accommodate the
projected transportation needs until 2050, while keeping the increase in average
global atmospheric temperatures under 4 °C. Under a more strict policy scenario of a
2 °C increase in temperatures, the railway network would have to expand by
approximately 535,000 track kilometres, reflecting the higher efﬁciency of railway
over road transportation (Dulac 2013). Once again, this will certainly lead to a steady
development of railway networks, thereby calling for the collaboration of railway
ecologists to mitigate impacts and to foster the environmental added value of railways.

Emerging Trends and Challenges
While we expect a major development in railway networks in the next decades,
technological developments may considerably affect their characteristics, as well as
the environmental problems that will be raised. For instance, in regions with high
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population densities the use of the magnetic levitated (“maglev”) trains may
become a typical feature (Najaﬁ and Nassar 1996), but some of the problems
associated with barrier effects and mortality are still likely to occur. Although
maglev trains share several of the characteristics with the present railways, other
technologies such as the admittedly farfetched “hyperloop” may differ considerably
(Matthews and Brueggemann 2015). In a hyperloop, passengers and freight travel
in vehicles enclosed in elevated “tubular” structures. In this case, barrier effects will
be greatly reduced, and mortality due to collisions with the trains will disappear,
though the possibility of flying animals colliding with the tubular structure will still
exist. Another technological advancement that is likely to develop in forthcoming
years is electric cars with auto-pilot features. As we write, this technology is being
promoted by large companies (e.g., Google) and at least one company already
commercializes cars with hardware and software enabling the auto-pilot mode
(Tesla Motors), a development that services such as Uber may use automated in the
future. These vehicles, or future improved versions, may enable comfortable travels
with the flexibility of door to door connections, challenging some of the advantages
that trains presently exhibit for some distances. Nevertheless, it is unlikely that
railway transportation as we know it today will become obsolete at any time in the
near future, requiring a continued engagement of railway ecologists to deal with the
current and future challenges associated with this transportation system.
Despite its positive prospects at the global scale, however, it is likely that some
railway lines will get out of operation due to technological developments and
changes in socioeconomic requirements, as it has happened during the past decades.
For instance, railways in the USA after World War II were quickly put aside in
favor of other means of transportation of passengers, such as automobiles and
airplanes, and by 1990 the 270,000 miles of active rail lines had diminished to
141,000 miles (Ferster 2006), though railways have retained 43% of the freight
market (Proﬁllidis 2014). Comparable processes have occurred in other countries
such as Portugal, where many lines built during the early twentieth century lost
their importance and were progressively abandoned during the second half of the
twentieth and early twentyﬁrst centuries (Sarmento 2002). These changes represent
opportunities for conservation and call for the active participation of railway
ecologists in collaboration with other specialists, as abandoned railway lines may
lead to ecologically-oriented projects as well as to the mitigation of situations of
social injustice. The combination of ecological and social minded policies can
contribute to a new global pattern of urban transformation, as exempliﬁed by the
High Line in New York City or the Sentier Nature in Paris (Foster 2010). The old
High Line railroad was disused in 1980 and it then started to develop as a
semi-natural habitat that was converted into a public park comprising twenty-two
blocks along the lower west side of Manhattan (Foster 2010). Paris’ Sentier Nature
represents another approach, where an old railway was converted into a nature trail,
now enriched with a diversity of types of ecosystems, with 200 species of flora and
70 species of fauna (Foster 2010). Although this ﬁeld of ecological restoration after
railway abandonment was not dealt with in this book, this is an important area
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where the experience on linear infrastructures of railway ecologists may prove
instrumental, namely due to their knowledge on the species and habitats that can
persist in railway verges in urban and suburban settings (see Chap. 16).

Railways Travel Towards Environmental Sustainability
As with any other means of transportation, there are environmental issues associated with railways, ranging from wildlife mortality, barrier effects, introduction of
exotic species, and several forms of pollution. Some of these are comparable to
those found in roads and other linear infrastructures, while others are railway
speciﬁc. Likewise, some mitigation measures can be adapted from road and power
line infrastructures, while others have to be developed speciﬁcally for railways. As
highlighted throughout this book, information is still in short supply for the evaluation and mitigation of impacts speciﬁc to railways, which justiﬁes the need to
continue investing in research programs targeting railway ecology on its own right.
Based on the collective experience of this book we suggest that the following
research lines should be the priority focus of such programs, which will greatly
contribute to help keep railways on track towards environmental sustainability:
• First and foremost, studies to evaluate the biodiversity impacts of railways and
their mitigation measures need in most cases to be strengthened through the use
of adequate designs, sufﬁciently large sample sizes, and sufﬁciently long time
frames. Ideally, BACI (Before-After-Control-Impact) designs should be used to
examine such impacts, avoiding simple designs that have little power to
demonstrate causality (Balkenhol and Waits 2009; Corlatti et al. 2009; Soanes
et al. 2013; see Chap. 12). Monitoring must be long-term, as some species need
time to get used to disturbances associated with railway operation, and to the
implementation of mitigation measures (Baofa et al. 2006; Yang and Xia 2008;
Corlatti et al. 2009; Soanes et al. 2013).
• Second, we still need better estimates of wildlife mortality in railways, though
this is one of the most visible and well-studied impacts. Tackling this problem
will require, for instance, ﬁeld experiments on searcher efﬁciency and carcass
persistence on railways (Barrientos et al. in review). These are expected to be
railway-speciﬁc because, as commented in Chap. 1, trafﬁc flow on railways is
markedly lower than that of roads. This is important because low trafﬁc flows
allow time gaps for scavengers to have access to carcasses. On the other hand,
trains travel over rails, and corpses falling out of them can persist longer as there
is no flattening as it may happen in roads.
• Third, we need a better understanding on the barrier and fragmentation effects of
railways, and how these may act together with those of other linear structures
such as roads (see, e.g., Chap. 14). Concurrently, we need to know where, when
and how can wildlife passes effectively mitigate such barrier and fragmentation
effects, by helping to restore connectivity across the landscape. A range of
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studies may contribute to such understanding, including comparisons of wildlife
crossings of railways before and after the building of wildlife passes, in places
with and without such passes (i.e., BACI designs; Corlatti et al. 2009; Soanes
et al. 2013). Novel molecular techniques may also contribute to tackle these
issues, using for instance non-invasive genetics to know which individuals cross
the railways and how railway barriers contribute to spatial genetic structuring
(Riley et al. 2006; Balkenhol and Waits 2009; Clevenger and Sawaya 2010;
Simmons et al. 2010; see also Chap. 4). Modelling approaches may also be
useful to explore the demographic and genetic consequences of barrier effects
induced by railways, and to disentangle barrier from mortality effects (Borda-deÁgua et al. 2011, 2014; Ceia-Hasse et al. 2017).
• Fourth, we need to know if and how mortality and barrier effects translate into
population effects, which in turn can affect the persistence of vulnerable species
around railway corridors (van der Grift 1999; Dorsey et al. 2015). This might be
achieved through population modelling approaches similar to those already used
in road ecology (Taylor and Goldingay 2009; van der Ree et al. 2009; Borda-deÁgua et al. 2014; Ceia-Hasse et al. in review). The development of these models
require careful ﬁeld studies whereby critical information on fecundity, survival
and dispersal are estimated, which can then be used to estimate the conditions
under which population viability may be affected by railways. Due consideration should also be given to age- and sex-speciﬁc demographic parameters, as
huge variation in population responses may occur if mortality affects primarily
non-breeding versus breeding individuals, or males versus females. Molecular
methods may also contribute to understand population responses to railways,
either by helping to estimate population parameters, or to evaluate changes in
effective population sizes in relation to mortality and fragmentation effects
(Balkenhol and Waits 2009).
• Fifth, we need studies on railway ecology focusing on a wide range of species,
which should be representative of life history and behavioural traits potentially
affecting vulnerability to railways. To date, most research has focused on species with high socio-economic proﬁle, like large charismatic mammals, or on
those with limited mobility, like herptiles (van der Grift 1999; Dorsey et al.
2015). Broadening the scope of research is important, because mitigation
measures designed for some species may be inappropriate for others, thus
requiring informed adjustment based on scientiﬁcally sound information
(Clevenger and Waltho 2005; Morelli et al. 2014; Vandevelde et al. 2014;
Wiacek et al. 2015; see Chap. 16). To forecast impacts on species with differential traits, pilot ﬁeld studies and a systematic review of the available evidence
should be carried out to investigate what are the key ecological traits, such as
dispersal ability or generation time, affecting population responses to railways.
• Finally, there are a number of important issues that remain poorly explored,
despite their potential importance to the environmentally-sound management of
railways. For instance, little is known about the consequences of vibration and
noise on biodiversity living adjacent to the railway bed (see Chap.6). Also,
studies are needed on the relative cost-effectiveness of different management
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tools and mitigation measures to help reconcile environmental protection and
socio-economic demands (see, e.g., Andreassen et al. 2005; Ford et al. 2009;
Mateus et al. 2011). The potential positive impacts of railways also need to be
better explored, including in particular the prospective for the right-of-way to act
as a shelter for biodiversity (see Chap. 16), which can probably be improved
through well-designed wildlife-friendly management procedures.

Final Remarks
Overall, our book documents the wealth of research that is already available on the
ecology of railways, particularly on the evaluation and mitigation of impacts on
wildlife, illustrating the considerable progress that has been made over the past
decade. However, it also shows that many aspects of railway ecology remain poorly
researched, which makes it difﬁcult to understand what are the main impacts of
railways on important dimensions of biodiversity such as landscape connectivity
and population viability. As a consequence, the evaluation and mitigation of railway impacts continue to be largely driven by the lessons gained from road ecology,
which may often be inadequate for application in the railway context. By reviewing
the state-of-the-art and presenting a diversity of valuable case studies, we hope that
this book can contribute to attract both researchers and practitioners to this interesting ﬁeld of applied science, thereby promoting the development of new tools and
applications for a better integration of the transportation networks with the challenges associated with the protection of biodiversity.

References
Andreassen, H. P., Gundersen, H., & Storaasthe, T. (2005). The effect of scent-marking, forest
clearing and supplemental feeding on moose-train collisions. Journal of Wildlife Management,
69, 1125–1132.
Balkenhol, N., & Waits, L. P. (2009). Molecular road ecology: Exploring the potential of genetics
for investigating transportation impacts on wildlife. Molecular Ecology, 18, 4151–4164.
Baofa, Y., Huyin, H., Yili, Z., Le, Z., & Wanhong, W. (2006). Influence of the Qinghai-Tibetan
railway and highway on the activities of wild animals. Acta Ecologica Sinica, 26, 3917–3923.
Barrientos, R., Martins, R. C., Ascensao, F., D’Amico, M., Moreira, F., & Pereira, H. M., et al. (in
review) Searcher efﬁciency and carcass persistence in ﬁeld experiments: meta-analysis with
management guidelines.
Borda-de-Água, L., Grilo, C., & Pereira, H. M. (2014). Modeling the impact of road mortality
on barn owl (Tyto alba) populations using age-structured models. Ecological Modelling, 276,
29–37.
Borda-de-Água, L., Navarro, L., Gavinhos, C., & Pereira, H. M. (2011). Spatio-temporal impacts
of roads on the persistence of populations: Analytic and numerical approaches. Landscape
Ecology, 26, 253–265.

19

What’s Next? Railway Ecology in the 21st Century

317

Ceia-Hasse, A., Borda-de-Água, L., Grilo, C., & Pereira, H. M. (2017). Global exposure of
carnivores to roads. Global Ecology and Biogeography, 26, 592–600.
Ceia-Hasse, A., Navarro, L., Borda-de-Água, L., & Pereira, H. M. (in review) Population
persistence in fragmented landscapes: Disentangling isolation, mortality, and the effect of
dispersal.
Clevenger, A. P., & Sawaya, M. A. (2010). Piloting a non-invasive genetic sampling method for
evaluating population-level beneﬁts of wildlife crossing structures. Ecology and Society, 15, 7.
Clevenger, A. P., & Waltho, N. (2005). Performance indices to identify attributes of highway
crossing structures facilitating movement of large mammals. Biological Conservation, 121,
453–464.
Corlatti, L., Hackländer, K., & Frey-Roos, F. (2009). Ability of wildlife overpasses to provide
connectivity and prevent genetic isolation. Conservation Biology, 23, 548–556.
Dorsey, B., Olsson, M., & Rew, L. J. (2015). Ecological effects of railways on wildlife. In R. van
der Ree, D. J. Smith, & C. Grilo (Eds.), Handbook of road ecology (pp. 219–227). West
Sussex: Wiley.
Dulac, J. (2013). Global land transport infrastructure requirements: Estimating road and railway
infrastructure capacity and costs to 2050. Paris: International Energy Agency. Available at
https://www.iea.org/publications/freepublications/publication/TransportInfrastructureInsights_
FINAL_WEB.pdf
Ferster, A. C. (2006). Rails-to-trails conversions: A review of legal issues. Planning and
Environmental Law, 58, 3–9.
Ford, A. T., Clevenger, A. P., & Bennett, A. (2009). Comparison of methods of monitoring
wildlife crossing-structures on highways. Journal of Wildlife Management, 73, 1213–1222.
Foster, J. (2010). Off track, in nature: Constructing ecology on old rail lines in Paris and New
York. Nature and Culture, 5, 316–337.
Mateus, A. R. A., Grilo, C., & Santos-Reis, M. (2011). Surveying drainage culvert use by
carnivores: Sampling design and cost–beneﬁt analyzes of track-pads vs. video-surveillance
methods. Environmental Monitoring and Assessment, 181, 101–109.
Matthews, C. H., & Brueggemann, R. (2015). Innovation and entrepreneurship: A competency
framework. New York: Routledge.
Morelli, F., Beim, M., Jerzak, L., Jones, D., & Tryjanowski, P. (2014). Can roads, railways and
related structures have positive effects on birds? A review. Transportation Research Part D,
30, 21–31.
Najaﬁ, F. T., & Nassar, F. E. (1996). Comparison of high-speed rail and maglev systems. Journal
of Transportation Engineering, 122, 276–281.
Proﬁllidis, V. A. (2014). Railway management and engineering. Burlington: Ashgate Publishing
Ltd.
Riley, S. P. D., Pollinger, J. P., Sauvajot, R. M., York, E. C., Bromley, C., Fuller, T. K., et al.
(2006). A southern California freeway is a physical and social barrier to gene flow in
carnivores. Molecular Ecology, 15, 1733–1741.
Sarmento, J. (2002). The geography of “disused” railways: What is happening in Portugal?
Finisterra, 37, 55–71.
Simmons, J. M., Sunnucks, P., Taylor, A. C., & van der Ree, R. (2010). Beyond roadkill,
radiotracking, recapture and FST—A review of some genetic methods to improve
understanding of the influence of roads on wildlife. Ecology and Society, 15, 9.
Smith, R. A. (1998). Global environmental challenges and railway transport. Japan Railway and
Transport Review, 18, 4–11.
Smith, R. A. (2003). Railways: How they may contribute to a sustainable future. Proceedings of
the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 217, 243–
248.
Soanes, K., Lobo, M. C., Vesk, P. A., McCarthy, M. A., Moore, J. L., & van der Ree, R. (2013).
Movement re-established but not restored: Inferring the effectiveness of road-crossing
mitigation for a gliding mammal by monitoring use. Biological Conservation, 159, 434–441.

318

R. Barrientos et al.

Taylor, B. D., & Goldingay, R. L. (2009). Can road-crossing structures improve population
viability of an urban gliding mammal? Ecology and Society, 14, 13.
van der Grift, E. A. (1999). Mammals and railroads: Impacts and management implications. Lutra,
42, 77–98.
van der Ree, R., Heinze, D., McCarthy, M., & Mansergh, I. (2009). Wildlife tunnel enhances
population viability. Ecology and Society, 14, 7.
Vandevelde, J.-C., Bouhours, A., Julien, J.-F., Couvet, D., & Kerbiriou, C. (2014). Activity of
European common bats along railway verges. Ecological Engineering, 64, 49–56.
Wiącek, J., Polak, M., Filipiuk, M., Kucharczyk, M., & Bohatkiewicz, J. (2015). Do birds avoid
railroads as has been found for roads? Environmental Management, 56, 643–652.
Yang, Q., & Xia, L. (2008). Tibetan wildlife is getting used to the railway. Nature, 452, 810–811.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.
The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

