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Roads can have significant negative impacts on wildlife. Fauna-sensitive road design (FSRD) can alleviate adverse impacts on several species by installing specialised structures, such as wildlife crossing structures. This developing subfield has generally, however, had a limited impact on transportation planning and management. Indeed, most research is focused narrowly on technological solutions, instead of broader policy learnings. This systematic quantitative literature review (SQLR) of international literature sought to identify the biodiversity concerns acknowledged in transport planning policy, as well as the barriers to the adoption of environmental policies within transport planning. Despite considerable literature available on the impacts of roads on wildlife elsewhere, acknowledgement and consideration of both fauna movement and fauna-sensitive road design were limited in road transportation planning research. More broadly, failure to achieve environmental objectives within transport planning occurred primarily as a result of competing sector interests (conflicted knowledge), different political objectives (political interest), and incorrect interpretation of policies. In essence, the results add new layers of understanding to the field of transportation planning and policy, in particular, the gaps in acknowledgement of wildlife movements and the limitations of current fauna-sensitive road design considered. Importantly, the review identified multiple ecological support tools available to transport policy- and decision-makers. Integration of these in road transportation projects could facilitate enhanced uptake and adoption of FSRD measures and thus foster improved sustainability of the transport network.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | 
Keywords: fauna sensitive road design, environmental impact assessment, linear transport infrastructure, road ecology, transport planning, sustainable transport network
INTRODUCTION
Road ecology is a recent sub-field that sits at the intersection of environmental science and engineering. Much of this research is, however, focused on greenhouse gas emissions and pollution (Li et al., 2014; Pang et al., 2021), technological innovations (Cai et al., 2022; Yu and Wan, 2022), and broad ecological impacts (Liu et al., 2010). Few studies have examined the broader impacts of transportation infrastructure planning and design on wildlife and targeted mitigation measures for these. Fauna-sensitive road design (FSRD) is a tool for transport policy that acknowledges the negative impacts of roads on wildlife and seeks ways, through modifications to road design, that facilitate the safe and natural movement of wildlife across roads (Iuell et al., 2003; van der Ree et al., 2015b). Although costly, such modifications are highly successful in mitigating the road impacts on wildlife (Iuell et al., 2003; van der Ree et al., 2015a). Ecological research in general, however, has had very little impact on transportation planning and management, in part due to the demand for transport practitioners to achieve political and community values (Bond et al., 2014; Marsden and Reardon, 2017; Akgün et al., 2019). This has culminated in an applied field of research narrowly focused on technological solutions (Geerlings and Stead, 2003; Akgün et al., 2019).
This paper provides a systematic quantitative literature review (SQLR), using the De Vos and El-Geneidy (2022) review framework, of international transport literature on LTI environmental and defragmentation policy. This is a well-used technique in several fields to review such material in a robust manner but does have some limitations, including potential bias of keyword search terms and database selection. The review will be used to synthesise and articulate the current state of research within the field of transport planning, providing useful insights for transport practitioners, as well as new avenues for future research. This will be guided by the three questions: A) what environmental concerns are presently considered in transportation infrastructure planning? B) what conditions have facilitated or impeded environmental policy transfer and uptake?, and; C) what planning tools are available that would assist transport planners and decision-makers to achieve improved project outcomes, in particular FSRD? In essence, the results will add new layers of understanding to the field of transportation planning and policy, in particular, the gaps in acknowledgement of wildlife movements and the limitations of current fauna-sensitive road design considered. Additionally, the review will also bring to attention several ecological support tools to aid transport policy- and decision-makers in designing and planning sustainable road projects.
LITERATURE REVIEW
Linear Transport Infrastructures (LTIs) (highways, paved roads, unsealed roads, and railways) are an important aspect of the transport network, enabling the movement of people and the safe distribution of services and products. These infrastructures fragment and degrade landscapes and disrupt natural habitats over considerable distances, an outcome known as the road effect zone (Forman and Deblinger, 2000; van der Ree et al., 2015b). This can have significant negative consequences for wildlife within affected landscapes (Pell and Jones, 2015; Johnson et al., 2017; Johnson et al., 2022; Papp et al., 2022). Habitat fragmentation and degradation are recognised as the greatest threats to species survival worldwide (Benítez-López et al., 2010; Papp et al., 2022). LTI must incorporate solutions that address this if the sustainable development goals (SDGs), especially 9.4 and 11.6, are to achieve the 2030 agenda for sustainable development (United Nations, 2015).
Within the European Union (EU), member states have a legal requirement to address habitat fragmentation caused by LTI under the EU TEN-T Regulations, 2013. The EU Member States are committed to the restoration of ecological networks through the enactment of ‘defragmentation’ programmes and policies for existing and future transport networks (Trocmé, 2005; van der Grift, 2005; Jaeger et al., 2011). Belgium, Czech Republic, Denmark, France, Hungary, Netherlands, Norway, Spain, Sweden, Switzerland and the United Kingdom all developed National State-of-the-Art Reports on Habitat Fragmentation due to LTI (Damarad and Bekker, 2003). The reports were informed by best management practices designed to assist transport planners with the integration of environmental aspects throughout projects (Damarad and Bekker, 2003; van der Ree et al., 2015b).
These nation-specific policies, however, do not necessarily reflect those at the supra-national level. Several authors regard the transposition of supranational (EU) level legislation and policy to have been highly heterogeneous, made difficult by the multitude of national and administrative systems that occur between each of the fifteen Member States (Ledoux et al., 2000; Diaz, 2001; Morris, 2011; Papp et al., 2022). Continued urban sprawl and grey infrastructure development, including transport infrastructure, contributed significantly to the EU’s ambitious, yet failed attempt to halt biodiversity loss by 2020 (EHF, 2019). This resulted mainly from a lack of political will (EHF, 2019). Outside the EU, there is even less consistency in policy approaches towards habitat fragmentation from LTIs. A greater understanding of the FSRD science-policy interface is therefore required to better understand its overall influence on the design and construction of road transportation infrastructure.
METHODOLOGY
A Systematic Quantitative Literature Review (SQLR) was performed using the Pickering and Byrne model (2014) and PRISMA-P guideline (Moher et al. 2009). This was further modified to incorporate the De Vos and El-Geneidy (2022) review framework to ensure new contributions to the transport field are clearly articulated. This needs to be by way of: A) a conceptual model; B) future research needs; and or, C) policy implications. The present study will address the latter two: future research needs and policy implications.
An exhaustive search of international scholarly literature was carried out between 2020 and 2021 and focussed primarily on the collation of articles in the period post-Earth Summit (1992–2020). The 1992 Convention on Biological Diversity set legally binding goals for sustainable development (SD), including provisions for a sustainable transport network. This makes 1992 a useful start date for a scholarly review. English-language, peer-reviewed research articles were obtained through a search of eight journal databases (see Figure 1). Peer-reviewed literature was selected as the primary focus of this investigation to enable the concentration of only scientific knowledge, and thus ensure scientific rigour. Grey literature was intentionally excluded. Due to the inherent nature of many peer-reviewed scientific texts, it was broadly assumed these would (indirectly) capture and build upon the body of other non-scientific texts (reports, statues, books, etc.), including those published in different languages. A complete list of keyword strings used in database searches may be found in the Supplementary Material.
[image: Figure 1]FIGURE 1 | Preferred reporting items for systematic review and meta-analysis (Prisma-P) flow-chart.
RESULTS
A cumulative total of 2,400 search results were obtained from 143 individual search attempts, with an additional 91 articles identified through other sources (i.e., passive-reading, contributions from supervisors, peers and professionals, article reference lists, etc.). A total of 119 articles were retained for quantitative analysis; 21 papers were assigned to both “Transport Planning and Policy Literature” and “Strategic Planning Literature” categories (Figure 1).
Transport planning and policy literature
A total of 77 articles were reviewed under the ‘Transport Planning and Policy’ category. Thirty-five (35) ‘Type A’ papers and forty-two (42) ‘Type B’ papers were identified.
In terms of spatial scale, strong geographic bias was observed within the broader dataset of published literature (Type A and B): most papers examined Europe (73.7%), followed by Australia and North America (6.6% respectively). Approximately 13.2% of studies were general in their examination (i.e., not region-specific). Stronger geographic bias was observed when only Type B papers were considered: 88: Europe (88.1%), North America (4.8%), and none in Australia. Approximately 7.1% of studies were general in their examination.
In terms of methodological approach, most papers (91.9%) in the broader dataset used a combination of literature review (n = 43; 59.8%), case study (n = 34; 44.2%) and/or document analysis (n = 24; 31.2%) methodologies. In comparison, <50% of published literature used a combination of interviews (n = 16; 20.8%), observation (n = 14; 18.2%), and modelling (n = 10; 13%) methodologies. Very similar trends were observed when only Type B papers were considered.
How environmental concerns are acknowledged and framed within the literature indicates practitioners and decision-makers current level of understanding of environmental concepts. Within the broader dataset of papers, articles tended to frame environmental concerns in terms of environment (broadly) (n = 44; 57.1%), biodiversity (n = 25; 32.5%) and protected area/corridor (n = 23; 29.9%). Few papers raised concerns over fauna movement (n = 11; 14.3%). However, when only Type B papers were considered, environmental concerns were framed in terms of environment (broadly) (n = 26; 61.9%), pollution/contamination (n = 15; 35.7%), and biodiversity (n = 15; 35.7%). Acknowledgment of fauna movement was similarly low (n = 9; 21.4%).
It is also important to understand how and why environmental policy resistance occurs in transportation planning. Within the broader dataset of papers, policy resistance typically resulted from conflicted knowledge (n = 56; 72.7%), political interest (n = 48; 62.3%), procedural focus (n = 37; 48.1%), interpretation (n = 36; 46.7%), and statutory recognition (n = 34; 44.2%). A similar trend was evident when only Type B papers were considered. Although, conflicted knowledge (n = 31; 73.8%) and political interest (n = 26; 61.9%) featured more prominently.
Strategic planning literature
In addition to our understanding of the current knowledge and practice, it is also crucial to explore the range of recommendations proposed by researchers to improve these; this will provide some indication as to the anticipated direction of future research. Of the final paper dataset (n = 119), some 63 papers referred to strategic planning of infrastructure projects: twenty-four (24) Type-A papers and thirty-nine (39) Type B papers. Two (2) papers were assigned to both Type-A and Type-B categories.
In terms of spatial scale, published literature within the broader dataset displayed strong geographic bias: 71.4% of studies were performed in Europe (n = 45), and 3.2% each in Australia and North America (n = 2). Approximately 20.6% (n = 13) were not region-specific. Similar geographic bias was observed when only Type B papers were considered.
In terms of methodological approach, most published literature within the broader dataset tended to rely on three approaches: literature review (n = 58; 92.2%), case study (n = 37; 58.7%), and/or modelling (n = 35; 55.6%). Other experimental methods were less frequently used: interviews (n = 11; 17.5%), document analysis (n = 8; 12.7%), and/or observation (n = 4; 6.4%). Very similar trends were observed when only Type B papers were considered.
Most published literature within the broader dataset tended to frame environmental concerns in terms of protected area/corridor (n = 37; 58.7%), fragmentation (n = 36; 57.1%), and fauna movement (n = 25; 39.7%). A similar trend was evident when only Type B papers were considered.
It is also important to understand where future research effort is being directed in transportation planning. Published literature in the broader dataset generally recommended further research into strategic assessment (n = 49; 77.8%), GIS/modelling (n = 28; 44.4%), data management (n = 23; 36.5%), and stakeholder engagement/collaboration (n = 22; 34.9%) as means to improve current practice. A similar trend was evident when only Type B papers were considered. However, strategic assessment (n = 34; 87.2%) featured more prominently.
This analysis has elucidated the main foci and biases of the literature reviewed. A comprehensive synthesis of this literature is reported and discussed in the following section.
DISCUSSION
The large body of literature reviewed in this paper indicates substantial gaps within the fields of transport planning and transport policy that warrant further investigation. The potential findings within these areas may have a considerable bearing not only on the design and management of road corridors but also on land management practices more broadly. The results of the SQLR are discussed in relation to each of the three key research questions to create a systematic and organised overview of the topic.
Dissemination of road ecology principles in transport planning
There is a significant body of research into the environmental aspects of transport planning and policy. Research effort within this field was most heavily focused on European countries (see Damarad and Bekker, 2003; Trocmé 2005; Pettersson 2013; Emberger 2017; Sobolewska–Mikulska, 2019; Papp et al., 2022). This may be attributed to two key interrelated factors. The first is the relatively long history of human colonisation, subsequent land development, and a resultant documented decline in biodiversity within this region (Diaz 2001; Mallard and François, 2013; Zisenis 2017). The second is the considerable pressure on the Member States to achieve their obligations under supra-national and international law (Damarad and Bekker, 2003; Lammerant et al., 2014; Papp et al., 2022); indeed to “lead by example”, be “innovative”, and “pioneer” environmental policies (EHF, 2019). The same pressures are not as apparent in North America or Australasia.
Environmental aspects that received the most attention included “environment” (in general terms), “biodiversity”, and ‘pollution/contamination’. However, of the papers in the “Transport Planning and Policy” category (n = 41), relatively few identified “fauna movement” (n = 7). In comparison, some 63 papers referred to strategic planning in some way. Of these, 39 explicitly discussed strategic planning within transport infrastructure planning; ∼40% of these identified measures to target “fauna movement”.
Broadly speaking, transport planning may be broken down into four phases (Roberts and Sjölund, 2015). The first is the development of a business case (concept/investigation phase). This is overseen by the planning manager and involves the identification of a suitable location for the new infrastructure, including alternatives, risk assessments, Environmental Impact Assessments (EIA) and project cost estimations (Tornberg and Odhage, 2018). Once the best location is determined, details regarding how the proposed infrastructure should be designed and built are considered (the planning/development phase): for example, road alignment, cross-section, roadside amenities, and other infrastructure (Wu et al., 2017). Planners typically undertake EIA during this stage, partly to help develop an Environmental Management Plan (EMP) for the project’s construction and operation phases, as well as to manage risks and minimise impacts. Construction can then commence once all relevant details and approvals are obtained, and a contract is awarded (construction phase) (Wu et al., 2017). Once completed, the project enters the final stage (operation/maintenance phase).
Typically, this process has been dominated by the technical-rational paradigm, in which “the politician and the administrator play clearly defined and non-overlapping roles” (Marsden and Reardon, 2017). This paradigm does not require the elaboration of planning goals, as it is assumed these are already sufficiently clear to serve as assessment criteria (Tornberg and Odhage, 2018). However, inefficient and flawed assessment practices and procedures can make project goals difficult to achieve (Marsden and Reardon, 2017; Wallace and Jago, 2017; Löfgren et al., 2018; Papp et al., 2022). This is especially true of environmental policy, where integration into the landscape and urban planning are often challenging and contentious (Fu et al., 2016).
For example, transport planners have relied upon EIA to compromise between competing interests through “balancing” the desire for development with the desire for ecological and environmental protection (Fu et al., 2016; Sobolewska–Mikulska, 2019; Papp et al., 2022). However, EIA often takes place in the latter stages of a project, typically once planners have decided on the final location of the planned infrastructure (i.e., the planning phase) (Igondova et al., 2016). Despite several published improvements to guide the application of EIA (Igondova et al., 2016; Ulibarri et al., 2019), the use of thematic headings (e.g., natural environment, cultural heritage, etc.) to structure reports often lead to the assessment and mitigation of each in isolation (Löfgren et al., 2018; Bergès et al., 2020). This prevents assessment of cumulative impacts at the broader landscape-scale (Mallard and François, 2013; Igondova et al., 2016; Bergès et al., 2020; Bond et al., 2020). Indeed, EIAs (and road planning in general) typically do not consider the ecological effects of roads and traffic (Jaeger, 2017; Papp et al., 2022).
The introduction of Strategic Environmental Assessment (SEA) was seen as an improvement because environmental aspects could potentially be integrated into the preparation and adoption of policies, plans and programmes during the early project stages (i.e., in the concept/planning phases) (Löfgren et al., 2018; Rega et al., 2018). SEA compliments EIA through the integration of a-priori landscape features within infrastructure development, specifically the ‘mitigation hierarchy’, which enables spatial prioritisation of areas within a development for targeted mitigation and/or restoration activities (Tulloch et al., 2019). As such, the practice of SEA has observed widespread adoption and application, particularly within Europe where it plays a crucial role in keeping environmental concerns central to transport planning (Löfgren et al., 2018).
There is a lack of published literature outlining comprehensive methodologies to guide planners in the application of SEA (Löfgren et al., 2018; Tulloch et al., 2019). In addition to this, Owens et al. (in Marsden and Reardon, 2017) regard policy actors and stakeholders as exogenous to the planning process due to the “separation of powers that exists between the neutral, authoritative experts and the decision-makers whom they advise” (Marsden and Reardon, 2017, pg. 245). In consequence, these have contributed to suboptimal strategic landscape assessments through the setting of unbalanced objectives and poor integration with the transport planning process (Emberger, 2017; Löfgren et al., 2018; Rega et al., 2018; Papp et al., 2022).
This has led to calls for communicative rationality; the enhanced involvement of stakeholders, throughout all stages of the transport planning process (Fu et al., 2016; Johansson et al., 2018), and those with appropriate ecological expertise (Fu et al., 2016). For example, the Strategic Choice of Measures (SCM) approach was introduced in Sweden to achieve sustainable transport through improved cost and efficiency of policy measures. This is an informal planning activity premised on a 4-step principle. It involves first identifying and considering measures that affect the need for transport (e.g., regional planning) (step 1), that will result in more efficient use of existing infrastructure (step2), before investing in large reconstruction measures (step 3), or new infrastructure (step 4) (Johansson et al., 2018). The first two steps in particular place heavy emphasis on inter-agency coordination, and collaboration between key stakeholders and actors at the local, regional, and national levels (Tornberg and Odhage, 2018).
Similar strategies have been adopted by other European nations: “concept studies” (Tønnesen in Johansson et al., 2018) and “urban environment agreements” in Norway (Norwegian government in Johansson et al., 2018), and Sustainable Urban Mobility Plans (SUMP) in France, Belgium, Italy, Germany, Poland, Scandinavia, UK, and Spain (May 2015; Johansson et al., 2018). More recently, an Ecological Wisdom Inspired Planning Support System (EWISPSS) was proposed for use in planning practice in the United Kingdom (Fu et al., 2016). These have in turn acted as conduits for “ecological wisdom”, which attempts to replace the traditional views of “balance” and “compromise” with that of “integration” and “inclusiveness” (Fu et al., 2016). In other words, ecological wisdom emphasises the need to improve quality of life, as opposed to just human welfare, and its incorporation within planning and practice requires the consideration of economic, social and ecological conditions to be made together (Fu et al., 2016).
There is, however, still considerable progress to be made to advance the ideals of communicative rationality. Indeed, enhanced guidance may only be afforded where a more robust learning culture is adopted (May 2015), where people with various perspectives understand and respect each other (Fu et al., 2016) and the appropriate organisational structures are in place to facilitate this (Simeonova and van der Valk, 2016). Fernstrom et al. (in Johansson et al., 2018) showed that while the SCM method could solve transport-related issues, such as stakeholder trust and confidence, it could also have the opposite effect if financial mandates for stakeholder support were narrow and unclear. In the case of SUMPs, May 2015 remarked on the reluctance of governments to approach academia for policy advice. Moreover, while preliminary results of the EWISPSS support the application of holistic ecological wisdom within planning, improved understanding and valuation of indicators used to inform decision-making are needed if an effective implementation is to be achieved (Fu et al., 2016).
Barriers to environmental policies in transportation infrastructure planning
There are three primary causes for environmental policy failure within transport planning. Insights from Europe suggest that the foremost concern is a conflict with the economic interests of involved stakeholders (Gudmundsson and Sørensen, 2013; May 2015). The second was institutionalised interests, mainly about the political motivations of key policy actors (Antonson and Åkerskog, 2015; Emberger, 2017). The final was policy strength, in particular the meaning and quality of the terminology used within the legal context, and the way this was applied (i.e., procedural pathway); these have a profound influence on the interpretation, effectiveness, efficiency, and enforceability of policy by planners and scholars alike (Mallard and François, 2013; Igondova et al., 2016; Enríquez-de-Salamanca, 2018). These are in keeping with previous observations (Howes et al., 2017). Given the strong interplay between each, these can be broadly synthesised into two themes: conflicts that constrain institutional processes (i.e., factors that influence the transposition and influence of established policy), and conflicts that constrain institutional thinking (i.e., factors that influence information uptake by transport planners and policy actors).
The EU serves as a useful backdrop to the analysis of environmental policy barriers in transport planning as such policies, in particular FSRD, have received widespread legislative support: the Birds Directive, Habitats Directive and EIA Directive. By law, EU Member States are obliged to adopt and implement supra-national (EU) level legislation and policy within their legal systems. However, transposition has been highly heterogeneous, made difficult by the multitude of national and administrative systems that occur between each of the fifteen Member States (Ledoux et al., 2000; Diaz, 2001; Morris, 2011; Papp et al., 2022). Policy transfer restrictions were observed to occur where the language, terminology, and/or ideology behind transport planning policy were not entirely clear, and the language and terminology used within several of the EU Directives have enabled numerous interpretations of each, affecting their passing into law and their efficiency (Ledoux et al., 2000; Marsden et al., 2011; Morris, 2011). Indeed, the multiple interpretations of the term ‘biodiversity’; that is the property of an area, the biota of an area, and a preferred end-state (a value), can confuse stakeholders, and incorrect assignment (i.e., “category mistake”) may have considerable ramifications on its management (Wallace and Jago, 2017; Papp et al., 2022).
More than half of the Member States failed to achieve the transposition of environmental policy within the 2-year deadline (Diaz, 2001; Morris, 2011), despite the stated policy goal of minimum compliance by several countries (Mallard and François, 2013). For example, a recent investigation into rapid LTI development in Carpathian countries found inconsistent and disjoint national legislation that, in practice, limited the designation, funding, implementation, and enforcement of ecological corridors in road transport projects (Papp et al., 2022). Similarly, non-binding designations that ‘protect’ natural areas from the influence of transport infrastructure projects are present in both France and Turkey, but their boundaries can be modified or decommissioned to circumvent this (Mallard and François, 2013). Additionally, the United Kingdom (UK), before its exit from the EU in early 2020, adopted a restricted and static interpretation of the EU legal requirements, specifically to not go beyond the minimum requirements of the EU Directives “unless necessary” (Ledoux et al., 2000; Morris, 2011). Conversely, where transposition was successful, multiple conflicts and high-cost ecosystem management become apparent, especially in instances where member states seek to exceed EU requirements. For example, Germany experienced significant impediments to the implementation of a habitat framework (to comply with Natura2000 requirements), in part due to the absence of an overarching national landscape plan (von Haaren and Reich, 2006). As a consequence, this led each of Germany’s 16 federal states to develop plans/concepts independently of one another (with some ignoring EU requirements entirely) (von Haaren and Reich, 2006).
Nature conservation about the development of the road network is regarded to be largely inadequate at the supra-national (EU) level. This is because of the inherent association of conservation laws with habitat fragmentation–i.e., the EU’s laws indirectly permitted the continuation of fragmentation (Selva et al., 2011; Apostolopoulou and Adams, 2017). Evidence of this can be seen through the designation of Natura2000 sites; the EU’s network of protected sites established under the Habitats Directive and Birds Directive (Diaz, 2001). The network safeguards ≤2% of national species populations of ‘community interest’ and birds, but is highly fragmented (Zisenis, 2017). In Germany for example, despite covering 16% of the country, a significant proportion (75%) of low-traffic areas remain unprotected (Selva et al., 2011).
Even in areas where conservation laws do apply, disturbance to these may not necessarily be compensated for through environmental offsets. In many infrastructure projects, it is considered standard practice to deliver environmental offsets where impacts cannot be avoided (Roberts and Sjölund, 2015; Schulp et al., 2016; Weissgerber et al., 2019). Environmental compensation for road and railway projects, however, are reported to be neither well-developed nor widespread (Persson et al., 2015; Apostolopoulou and Adams, 2017). In Sweden, compensation was observed in only 37 projects between 1999 and 2014; these were situations where projects encroached on habitats addressed in the Swedish Environmental Code (Persson et al., 2015).
At the project level, transport planners use the mitigation hierarchy, typified through the application of Benefit-Cost-Analysis (BCA), Environment Impact Assessment (EIA), and Strategic Environmental Assessment (SEA), to carefully and systematically evaluate the social, economic and environmental aspects of a project (von Haaren and Reich, 2006; Pettersson, 2013; Wu et al., 2017; Andersson et al., 2018). These tools can be susceptible to manipulation. For example, BCA in Sweden was prone to the ‘optimism bias’ of transport planners and resulted in substantial underestimation of investment costs and benefits, and environmental consequences, across multiple transport projects in a deliberate attempt to make the project “look good on paper” (Andersson et al., 2018). EIA and SEA are also susceptible to manipulation through the provision of false or exaggerated information, withheld information, incorrect valuation of impacts (i.e., exemption from assessment), and administrative manipulation (Gibson, 2012; Bond et al., 2014; Enríquez-de-Salamanca, 2018; Rega et al., 2018) and administrative disintegration between different institutional sectors (Russel et al., 2018). Moreover, reforms introduced into law in Greece, Canada, Australia, the United Kingdom and South Africa have eroded the practice of these further through the introduction of poor screening and monitoring processes and/or greater discretionary power of assessors (Gibson, 2012; Bond et al., 2014).
This may be in part due to overriding economic interests often associated with transport infrastructure projects (Pettersson, 2013; Akgün et al., 2019). Given that transport accounts for between 10 and 15 per cent of the cost of finished products by European companies (EU, 2021b), there has been a considerable economic imperative to expand the network (Emberger, 2017; Andersson et al., 2018; EU, 2021a). Indeed, expenditure within the transport sector accounted for 2% of the EU GDP in 2019, or €278 billion (Eurostat, 2021). This position, however, is in stark contrast to the established environmental impacts that result from transport network construction (Forman and Deblinger, 2000; Trocmé, 2005; van der Ree et al., 2015b; Roberts and Sjölund, 2015).
Alternatively, environmental policy failure in transport planning can also occur where a formal procedure(s) is long-established within an institution, giving rise to a disproportionate emphasis on the operation of a particular piece of policy rather than its’ outcome. The development of path dependency (i.e., embedded procedural/professional norms) within institutions is well documented in the literature and is linked to several failed attempts to adopt and implement a new policy. For example, the integration of Natura2000 sites into protected area management in central Europe, the role of public participation in environmental knowledge co-production in the United States, and, more recently, improper assessment of transport projects in Sweden due to overreliance on previous experience, and flawed landscape assessment procedures (Antonson and Åkerskog, 2015; Löfgren et al., 2018; Ulibarri et al., 2019).
Additionally, the involvement of multiple stakeholders with different interests, expertise, and viewpoints, and the way these are framed by each, can also have a profound impact on the planning discourse (Marsden and May 2006; Enríquez-de-Salamanca, 2018). This can create extra transactional barriers towards effective policy implementation, especially in the absence of clear and effective communication (Marsden and May 2006; Howes et al., 2017; Akgün et al., 2019). Pettersson (2013), for example, observed a strong focus and prioritisation on the growth paradigm within the Swedish Transport Agency (STA), exemplified through the pre-existing rationality that “curbing mobility is not an option”, which restricted the consideration of alternative policy options. Similarly, Wu et al. (2017) reported the different interests and conceptualisations of the landscape between three central agencies in Sweden, combined with their unwillingness to negotiate with the others, impeded cross-sector cooperation and resulted in substantial delays to project planning of a major highway (the controversial E6 motorway that passed through the Tanum World Heritage Site).
Political interests play a crucial role in the planning and development of transport infrastructure (Gudmundsson and Sørensen, 2013; Rau et al., 2016). Considerable research effort has been directed towards the direct and transparent dissemination of scientific research, information, and practices into the policy and decision-making processes (Geerlings and Stead, 2003; May 2015; Löfgren et al., 2018; Saarikoski et al., 2018; Tornberg and Odhage, 2018). The availability of information does not necessarily translate into, nor ensure better integration with, policy and decision-making (May 2015; Saarikoski et al., 2018). Transport planners continue to experience low levels of interest and poor engagement with environmental issues from politicians (Löfgren et al., 2018). This is likely due to the strong and overriding ambitions of many politicians to maintain office and power, given the short-term election cycles typical of most democratic systems (Gudmundsson and Sørensen, 2013; Király et al., 2017). Many political actors become susceptible to the “rules of the political game” (see Király et al., 2017, pg. 136). According to Király et al. (2017, pg. 137), the rules comprise three filters that encapsulate several mechanisms through which incoming information is filtered and translated before policymaking:
1) Individual–political leaders face cognitive limitations on information processing (e.g., Giddens paradox), as well as issues of accountability in individual decision-making (e.g., blame avoidance and path dependence);
2) Institutional–the political leader is assisted by political institutions and groups; these face challenges of information selection/institutional denial (inaction and denial promote self-justification), and conformity/groupthink (beliefs of leadership are adopted by those lower down in the hierarchy); and,
3) Political–the political sphere is characterised by its rules and incentive structures; the political leader’s motivation influences the relative importance of information (group representation), how it is processed, and salience (issue attention cycles), and thus resultant action and policy-making.
Political leaders may be unable to implement more and better sustainable policies, even if they possess all the relevant information (Király et al., 2017). There are two key reasons. The first is that political leaders act on an institutionalised logic of the political arena that restrains their genuine interest to develop sustainable policies. Second, they are actively involved in, and rewarded for, shaping the political arena to maintain political power in the short and medium-term. As such, the dominance of prevailing political interests may have become further entrenched in the European system of governance through a strong emphasis on the institution at an individual level, perpetuated by narrow perspectives, weak/perverse incentives, poor management mechanisms, and competitive professional/departmental cultures within (Geerlings and Stead, 2003).
Finally, strong social perceptions and perspectives are also known to influence decision-makers, especially where transport infrastructure, and their environmental compensation measures, intersect with private property and ownership rights (von Haaren and Reich, 2006; Roberts and Sjölund, 2015). Typically, the general populace will look for certain interests in transport projects and respond more favourably towards land expropriation than conservation (Enríquez-de-Salamanca, 2018; Akgün et al., 2019). Population density and socioeconomic background further influence this: support for LTI projects is limited within high density and socioeconomic level areas, even though these areas may be of less natural value (Enríquez-de-Salamanca, 2018). This was observed in two LTI projects in Spain, where the proposed infrastructures: a high-speed railway and a highway; were re-routed through more environmentally sensitive areas after strong opposition from residents on the grounds of human visual landscape amenity (Enríquez-de-Salamanca, 2018).
Towards FSRD - ecological support tools to achieve improved project outcomes
LTI fragment and degrade landscapes, disrupt natural habitats over considerable distances (the ‘road effect zone’) and pose a significant threat to wildlife populations, in particular wildlife movement (Forman and Deblinger, 2000; Benítez-López et al., 2010; van der Ree et al., 2015b; Johnson et al., 2017). At least some of these impacts may be alleviated through the enactment of FSRD (van der Ree et al., 2015b). However, few papers in the present SQLR that discussed environmental policies in relation to transportation planning highlighted fauna movement as a concern (see ‘Public Institutions’ category). Encouragingly, several papers that referred to strategic planning of transportation infrastructure projects in some way highlighted fauna movement as a concern (see “Strategic Planning” category).
There are numerous support tools available to planners that facilitate enhanced capture and integration of environmental aspects, especially FSRD, in project decision-making. Multi-Criteria Decision Making/Multi-Criteria Decision Analysis (MCDM/MCDA) techniques have been used by urban planners to help solve complex decision-making problems, particularly in situations of data uncertainty and ambiguity (Langemeyer et al., 2016; Guaita Martínez et al., 2019). MCDM/MCDA methods have assisted transport planners to make a correct assessment of project environmental impacts (Broniewicz and Ogrodnik, 2020). This is achieved through the five steps critical to the process:
1) Definition of goals and objectives;
2) Identification of decision options;
3. Selection of criteria suitable to monitor goals and objectives (Step 1);
4) Determination of weights for individual criteria; and,
5) Application of procedures and mathematical models to rank options.
 (Lammerant et al., 2014)
Several different methods are available, the most popular of which are AHP, TOPSIS, DEMATEL, ELECTRE III/IV, and PROMETHEE (Guaita Martínez et al., 2019; Broniewicz and Ogrodnik, 2020). In particular, MCDM/MCDA has been used to reduce conflicts and increase stakeholder participation in protected area planning and management (Sánchez-Lozano and Bernal-Conesa, 2017; Guaita Martínez et al., 2019), validate project closure planning (Langemeyer et al., 2016), and enhance urban green zone management (Guneroglu et al., 2019).
These, however, are not without their limitations. MCDM/MCDA methods are susceptible to qualitative biases, in particular the subjective process of criteria selection and valuation by stakeholders with divergent interests (Langemeyer et al., 2016; Sánchez-Lozano and Bernal-Conesa, 2017; Guaita Martínez et al., 2019). MCDM/MCDA are also limited in their ability to account for multiple scales of ecosystem services (Langemeyer et al., 2016).
Hybrid or “fuzzy” approaches that combine several methods, or their selected algorithms, may be able to overcome some, but not all model limitations (Guaita Martínez et al., 2019; Broniewicz and Ogrodnik, 2020). This approach, however, typically produces a more complex algorithm that may further limit model usefulness (Broniewicz and Ogrodnik, 2020). Integration of other models may further compound this issue through the introduction of additional limitations. For example, the inclusion of species distribution models (SDMs) may improve the representation of biodiversity features in decision-making (Di Febbraro et al., 2018). SDMs are, however, prone to sampling bias, poor representation of niches and species associations, scale mismatches and insufficient species data (Di Febbraro et al., 2018). Indeed, conservation planners have generally avoided SDMs in favour of simple maps of processes and habitats as proxies for conservation features, even though they may facilitate less robust conservation decisions (Tulloch et al., 2016).
Model outputs may also be improved through the integration of Geographic Information System (GIS) techniques (Antognelli and Vizzari, 2017; Sánchez-Lozano and Bernal-Conesa, 2017). This, however, requires precise quantitative data and the involvement of multiple specialists and specialised software (Broniewicz and Ogrodnik, 2020). Even if resources are to be mobilised, the application of MCDM/MCDA is more than likely to be restricted to large-scale infrastructure projects as smaller-scale projects are less likely to receive the same level of support (McTigue et al., 2018).
The importance of landscape metrics and their calculation
One approach that has started to make a significant real-world impact is the application of various mathematical models of coupled settlement and habitat networks that have gained increased traction (van Strien et al., 2018). Landscape metrics, in particular, may assist transport planners to better visualise the environmental impacts of the transport network (Marucci et al., 2019), develop priorities that inform road function and design (Friedrich, 2017; Psaralexi et al., 2017), and conservation measures that facilitate wildlife movement (Carlier and Moran, 2019a; 2019b). These models are generally user-friendly, do not require complex datasets or species-specific information, and can be adjusted to incorporate new data based on user requirements (van Strien et al., 2018).
The City Biodiversity Index (CBI), or Singapore Index, is one of the better-known tools used to evaluate and monitor biodiversity within cities (as a proxy for sustainability) (Deslauriers et al., 2018; Sahani and Raghavaswamy, 2018). The index is comprised of 23 indicators (Table 1) proposed for adoption by the National Parks Board of Singapore at the 2012 meeting of the Committee of Parties (COP) in Hyderabad, India (Lammerant et al., 2014; Sahani and Raghavaswamy, 2018). Each indicator is given a score out of four (0–4), where 0 corresponds to poor performance and four to excellent performance. These scores can be summed to provide an overall score of the city’s biodiversity performance (Lammerant et al., 2014). Indicator two of the CBI relates to the connectivity of natural areas in cities, and can be used to develop and evaluate the effectiveness of green infrastructure (e.g., vegetated corridors) that link habitat fragments (Deslauriers et al., 2018). This is calculated through the equation:
[image: image]
TABLE 1 | List of indicators used in the computation of the City Biodiversity Index.
[image: Table 1]Source: Deslauriers et al., 2018, pg. 101.
Although simple to calculate, the strength of the CBI is dependent on the appropriate designation of “natural” landscape features (i.e., where natural processes dominate); incorrect assignment may have considerable impact results (Deslauriers et al., 2018). Some examples of “natural” landscapes that are easy to assign include mangroves, forests, wetlands, grasslands, and rivers. Harder to assign are artificial landscapes, such as parks, golf courses and vegetated roadside verges, which do not necessarily constitute ‘natural areas’ unless natural ecosystems dominated by native species are present (Deslauriers et al., 2018). The CBI, however, does not adequately address overall connectivity as it does not account for small barriers (<100 m width) or the presence of structures that impede movements inside fragments (i.e., within-patch connectivity) (Deslauriers et al., 2018). Indeed, Freeman-Cole and Jaeger (2020) have observed greater connectivity in more highly fragmented patches.
Landscape connectivity may be more reliably measured with effective mesh size (meff). This metric measures the probability that any two randomly chosen points within a landscape are connected, and represents the average amount of habitat that is accessible to an individual when placed at random on a landscape (Torres et al., 2016; De Montis et al., 2018; Deslauriers et al., 2018; Spanowicz and Jaeger, 2019; Freeman-Cole and Jaeger, 2020). This is represented by:
[image: image]
Source: Chailloux et al. (2020), pg. 3
This divides the landscape up into n patches. Patch areas are denoted by Ai, with 1 ≤ i ≤ n (Chailloux et al., 2020). At represents the total area of a region. S represents the splitting index; this is the number of patches that result from the division of the landscape into meshes of equal size:
[image: image]
Source: Chailloux et al. (2020), pg. 3
The metric is highly versatile and has been modified by several authors to address a range of scenarios, such as: measuring road and noise impacts on birds populations (Cuervo and Moller, 2020; Konstantopoulos et al., 2020), landscape connectivity (Deslauriers et al., 2018; Spanowicz and Jaeger, 2019), the impact of conservation measures (De Montis et al., 2018), urban sprawl (Torres et al., 2016; Canedoli et al., 2018), and regional planning (Girvetz et al., 2008; Jaeger et al., 2008). Importantly, effective mesh-size accounts for within-patch connectivity and is, therefore, a more reliable indicator of connectivity compared to the previous IND2CBI (Deslauriers et al., 2018).
Other landscape metrics have been developed for use in urban and transport planning: Infrastructural Fragmentation Index (IFI) (De Montis et al., 2018); Area Weighted Metric and Integral Index of Connectivity (Ascensão et al., 2019); Road Permeability Index (RPI) (Assis et al., 2019); Roadless Fragmentation Indicator (RFI) (Kati et al., 2020); Spatial Road Disturbance Index (SPROADI) (Nematollahi et al., 2017); Probability of Connectivity Index (PC) (Furberg et al., 2020); Incidence Function Model (IFM) (Graham et al., 2018); and Least Cost Paths (LCP) (Balbi et al., 2019). Several of these, especially the Connectance Index (CONNECT) and Number of Links (NL), however, are unreliable as measures of landscape connectivity (Spanowicz and Jaeger, 2019; Freeman-Cole and Jaeger, 2020).
IMPLICATIONS AND FUTURE DIRECTIONS
LTI planning is a transdisciplinary field that requires cross-sectional dialogue and cooperation. Road ecology is the embodiment of this, bringing together research insights from a range of disciplines from which new methodologies, techniques and approaches emerge. This study, to the knowledge of the authors, is one of only two studies that explore the science-policy interface between FSRD and transport infrastructure planning. A recent article found ecological corridors were generally not well represented in national legislation or planning practice in the Carpathian Mountains (Papp et al., 2022). The authors made a series of recommendations to improve the long-term harmonisation of grey and green infrastructure, including enhanced and sustained stakeholder dialogue, participation and cooperation, legislative harmonisation of biodiversity terminology, especially ecological corridor/network and sustainable transport development, and development of improved project assessment techniques (e.g., EIA and SEA) (Papp et al., 2022).
The primary focus of their study, however, was to examine LTI development within the Carpathian ecoregion. The present study builds on the findings of Papp et al. (2022) through a broader spatial and temporal analysis of the available transport planning and policy research. A key finding was the lack of reference made within this literature to the detrimental impacts that LTI have on wildlife, especially wildlife movement, nor the solutions required to mitigate these (i.e., fauna-sensitive road design). Both are already widely acknowledged in road ecology research (Kociolek et al., 2011; Pell and Jones, 2015; Johnson et al., 2017; Johnson et al., 2022; Papp et al., 2022).
Moreover, there was limited research available to indicate meaningful integration of FSRD measures in road projects by transport policy- and decision-makers (but see Papp et al., 2022). A broader analysis of the integration of environmental policies into transport planning, however, suggests this to be highly unlikely given the multitude of competing sector interests, different political objectives and incorrect policy interpretations that continue to dominate these sectors.
Encouragingly, aspects of FSRD, in particular fauna movement, were more frequently referred to in papers that discussed strategic planning within transport infrastructure planning. Importantly, numerous support tools are available to transport planners that facilitate enhanced capture and integration of environmental aspects, especially FSRD, in project decision-making. Of promise are the mathematical models, such as effective mesh size (meff), that can assist transport planners to visualise wildlife settlement and habitat networks for targeted management.
Several limitations, however, are acknowledged in the present study. First, this SQLR sought to synthesise and articulate gaps within the available scholarly literature. Its purpose was not to critically examine and evaluate the translation of FSRD measures from research into practice by government institutions. Second, this SQLR was limited to the studies identified by search terms, databases and language (English) established in the search protocol. Peer-reviewed papers retained in this review were further limited to literature published within Anglo-European countries (Europe, Australia, United Kingdom and Canada). Undoubtedly, there were studies excluded and or missed from this process, especially those in grey literature and non-English languages. These may have provided greater illumination of the contemporary and applied experiences of transport planners and decision-makers. Nonetheless, we do contend that most of this knowledge has already been captured in English peer-reviewed literature, as is the case for literature on road ecology (Fahrig and Rytwinski, 2009; Benítez-López et al., 2010; Johnson et al., 2022). We are therefore confident that the quantity and variety of papers included in this review are reflective of current and emerging practices in Anglo-European transport infrastructure planning. Despite these, the findings of this SQLR have a considerable bearing not only on the design and management of road corridors but also on land management practices more broadly.
Importantly, two key recommendations have emerged. First, transport researchers and practitioners need to recognise and acknowledge that LTIs have considerable long-term, cumulative negative impacts on wildlife. This is necessary if meaningful adoption and implementation of FSRD measures in road transportation planning are to occur. Second, there is a clear gap in our understanding that surrounds the uptake and adoption of road ecology research by both transport planning and policy researchers and transport practitioners. While the results of the present study were insufficient to determine how well defragmentation policies, such as FSRD, had been integrated into transportation infrastructure policy, there was some evidence (through reference to supra-national EU legislation and policy) to suggest this has not led to substantive change in institutional planning practices.
As such, there is an opportunity for ‘action-oriented’ research that will improve the transfer of scientific knowledge into policy outcomes. This research should seek to apply dual methodological approaches that:
A) examine and critically appraise defragmentation and or FSRD policy documents; and,
B) make a direct inquiry about the individual experiences of transport practitioners, either through surveys or interviews.
Such an approach would not only assist in the identification of overall familiarity with the topic of road ecology and FSRD, but also the illumination of professional and political pressures that influence practitioners and decision-makers involved in transportation infrastructure projects. Without this level of understanding, the continued push to develop a sustainable transport network, where environmental concerns are balanced against economic and social outcomes, may as well be a road to nowhere.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
Conceived the SQLR: CJ, TM, and DJ. Performed the SQLR: CJ. Analysed the data: CJ. Contributed materials/critique/analysis tools: CJ, TM, MB, and DJ. Wrote, formatted, and edited the paper: CJ, TM, MB, and DJ.
FUNDING
This work was supported by the Queensland Government Department of 657 Transport and Main Roads under the Transport Academic Partnership agreement.
ACKNOWLEDGMENTS
Special thanks go to Daryl Evans for his valuable insight and contributions toward data analysis and comments. Thanks also to Dan Pagotto, Alexandra White, and Maree Hume for their assistance in reviewing the SQLR database search methodology. I am also grateful to the academic reviewers whose valuable comments helped improve the quality of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.959918/full#supplementary-material
REFERENCES
 Akgün, E. Z., Monios, J., Rye, T., and Fonzone, A. (2019). Influences on urban freight transport policy choice by local authorities. Transp. Policy 75, 88–98. doi:10.1016/j.tranpol.2019.01.009
 Andersson, H., Hultkrantz, L., Lindberg, G., and Nilsson, J. E. (2018). Economic analysis and investment priorities in Sweden's transport sector. J. Benefit. Cost. Anal. 9 (1), 120–146. doi:10.1017/bca.2018.3
 Antognelli, S., and Vizzari, M. (2017). Landscape liveability spatial assessment integrating ecosystem and urban services with their perceived importance by stakeholders. Ecol. Indic. 72, 703–725. doi:10.1016/j.ecolind.2016.08.015
 Antonson, H., and Åkerskog, A. (2015). This is what we did last time”. Uncertainty over landscape analysis and its procurement in the Swedish road planning process. Land Use Policy 42, 48–57. doi:10.1016/j.landusepol.2014.07.001
 Apostolopoulou, E., and Adams, W. M. (2017). Biodiversity offsetting and conservation: reframing nature to save it. ORYX 51 (1), 23–31. doi:10.1017/s0030605315000782
 Ascensão, F., Mestre, F., and Barbosa, A. M. (2019). Prioritizing road defragmentation using graph-based tools. Landsc. Urban Plan. 192, 103653. doi:10.1016/j.landurbplan.2019.103653
 Assis, J. C., Giacomini, H. C., and Ribeiro, M. C. (2019). Road Permeability Index: Evaluating the heterogeneous permeability of roads for wildlife crossing. Ecol. Indic. 99, 365–374. doi:10.1016/j.ecolind.2018.12.012
 Balbi, M., Petit, E. J., Croci, S., Nabucet, J., Georges, R., Madec, L., et al. (2019). Title: Ecological relevance of least cost path analysis: An easy implementation method for landscape urban planning. J. Environ. Manag. 244, 61–68. doi:10.1016/j.jenvman.2019.04.124
 Benítez-López, A., Alkemade, R., and Verweij, P. A. (2010). The impacts of roads and other infrastructure on mammal and bird populations: A meta-analysis. Biol. Conserv. 143 (6), 1307–1316. Urn:Nbn:Nl:Ui:10-1874-203524. doi:10.1016/j.biocon.2010.02.009
 Bergès, L., Avon, C., Bezombes, L., Clauzel, C., Duflot, R., Foltête, J.-C., et al. (2020). Environmental mitigation hierarchy and biodiversity offsets revisited through habitat connectivity modelling. J. Environ. Manag. 256, 109950. doi:10.1016/j.jenvman.2019.109950
 Bond, A., Pope, J., Fundingsland, M., Morrison-Saunders, A., Retief, F., and Hauptfleisch, M. (2020). Explaining the political nature of environmental impact assessment (EIA): A neo-gramscian perspective. J. Clean. Prod. 244, 118694. doi:10.1016/j.jclepro.2019.118694
 Bond, A., Pope, J., Morrison-Saunders, A., Retief, F., and Gunn, J. A. E. (2014). Impact assessment: Eroding benefits through streamlining?Environ. Impact Assess. Rev. 45, 46–53. doi:10.1016/j.eiar.2013.12.002
 Broniewicz, E., and Ogrodnik, K. (2020). Multi-criteria analysis of transport infrastructure projects. Transp. Res. Part D Transp. Environ. 83, 102351. doi:10.1016/j.trd.2020.102351
 Cai, W., Wu, Z., and Lu, Y. (2022). The impact of high-speed rails on urban consumption --From the perspective of "Local-Adjacent" effect. Front. Environ. Sci. 10, 884965. Provisionally accepted. doi:10.3389/fenvs.2022.884965
 Canedoli, C., Crocco, F., Comolli, R., and Padoa-Schioppa, E. (2018). Landscape fragmentation and urban sprawl in the urban region of Milan. Landsc. Res. 43 (5), 632–651. doi:10.1080/01426397.2017.1336206
 Carlier, J., and Moran, J. (2019a). Hedgerow typology and condition analysis to inform greenway design in rural landscapes. J. Environ. Manag. 247, 790–803. doi:10.1016/j.jenvman.2019.06.116
 Carlier, J., and Moran, J. (2019b). Landscape typology and ecological connectivity assessment to inform Greenway design. Sci. Total Environ. 651 (2), 3241–3252. doi:10.1016/j.scitotenv.2018.10.077
 Chailloux, M., Amsallem, J., and Chéry, J.-P. (2020). FragScape v2.03 user guide. Available at: https://www.theia-land.fr/en/product/fragscape-en/. 
 Cuervo, J. J., and Moller, A. P. (2020). Demographic, ecological, and life-history traits associated with bird population response to landscape fragmentation in Europe. Landsc. Ecol. 35 (2), 469–481. doi:10.1007/s10980-019-00959-9
 Damarad, T., and Bekker, G. J. (2003). Habitat fragmentation due to transportation infrastructure: Findings of the COST action 341. Luxembourg: Retrieved from Office for official publications of the European Communities. 
 De Montis, A., Ledda, A., Ortega, E., Martín, B., and Serra, V. (2018). Landscape planning and defragmentation measures: an assessment of costs and critical issues. Land Use Policy 72, 313–324. doi:10.1016/j.landusepol.2017.12.068
 De Vos, J., and El-Geneidy, A. (2022). What is a good transport review paper?Transp. Rev. 42 (1), 1–5. doi:10.1080/01441647.2021.2001996
 Deslauriers, M. R., Asgary, A., Nazarnia, N., and Jaeger, J. A. G. (2018). Implementing the connectivity of natural areas in cities as an indicator in the City Biodiversity Index (CBI). Ecol. Indic. 94, 99–113. doi:10.1016/j.ecolind.2017.02.028
 Di Febbraro, M., Sallustio, L., Vizzarri, M., De Rosa, D., De Lisio, L., Loy, A., et al. (2018). Expert-based and correlative models to map habitat quality: Which gives better support to conservation planning?Glob. Ecol. Conservation 16, e00513. doi:10.1016/j.gecco.2018.e00513
 Diaz, C. L. (2001). The EC habitats directive approaches its tenth anniversary: An overview. Rev. Eur. Community & Int. Environ. Law 10 (3), 287–295. doi:10.1111/1467-9388.00288
 EHF (2019). The implementation of the EU 2020 biodiversity strategy and recommendations for the post 2020 biodiversity strategy. 
 Emberger, G. (2017). National transport policy in Austria - from its beginning till today. Eur. Transp. Res. Rev. 9 (1), 16. doi:10.1007/s12544-017-0223-2
 Enríquez-de-Salamanca, Á. (2018). Stakeholders' manipulation of environmental impact assessment. Environ. Impact Assess. Rev. 68, 10–18. doi:10.1016/j.eiar.2017.10.003
 EU TEN-T Regulations (2013). EU TEN-T Regulations, 1315/2013 C.F.R. 
 EU (2021a). Trans-European transport network (TEN-T). Available at: https://ec.europa.eu/transport/themes/infrastructure/ten-t_en. 
 EU (2021b). Transport sector economic analysis. Available at: https://ec.europa.eu/jrc/en/research-topic/transport-sector-economic-analysis. 
 Eurostat (2021). General government expenditure by function (COFOG). Available at: https://appsso.eurostat.ec.europa.eu/nui/show.do?query=BOOKMARK_DS-471197_QID_50F6DC4F_UID_-3F171EB0&layout=COFOG99,L,X,0;TIME,C,X,1;GEO,L,Y,0;UNIT,L,Z,0;SECTOR,L,Z,1;NA_ITEM,L,Z,2;INDICATORS,C,Z,3;&zSelection=DS-471197UNIT,PC_GDP;DS-471197SECTOR,S13;DS-471197INDICATORS,OBS_FLAG;DS-471197NA_ITEM,TE;&rankName1=UNIT_1_2_-1_2&rankName2=SECTOR_1_2_-1_2&rankName3=INDICATORS_1_2_-1_2&rankName4=NA-ITEM_1_2_1_2&rankName5=COFOG99_1_2_0_0&rankName6=TIME_1_0_1_0&rankName7=GEO_1_2_0_1&rStp=&cStp=&rDCh=&cDCh=&rDM=true&cDM=true&footnes=false&empty=false&wai=false&time_mode=ROLLING&time_most_recent=false&lang=EN&cfo=%23%23%23%2C%23%23%23.%23%23%23.
 Fahrig, L., and Rytwinski, T. (2009). Effects of roads on animal abundance: an empirical review and synthesis. Ecol. Soc. 14 (1), art21–20. doi:10.5751/ES-02815-140121
 Forman, R. T. T., and Deblinger, R. D. (2000). The Ecological Road-Effect Zone of a Massachusetts (U.S.A.) Suburban Highway. Conserv. Biol. 14 (1), 36–46. doi:10.1046/j.1523-1739.2000.99088.x
 Freeman-Cole, C., and Jaeger, J. (2020). Literature review about the relationship between landscape fragmentation and connectivity and a comparative assessment of methods for measuring landscape connectivity. 
 Friedrich, M. (2017). Functional Structuring of Road Networks. Transp. Res. Procedia 25, 568–581. doi:10.1016/j.trpro.2017.05.439
 Fu, X., Wang, X., Schock, C., and Stuckert, T. (2016). Ecological wisdom as benchmark in planning and design. Landsc. Urban Plan. 155, 79–90. doi:10.1016/j.landurbplan.2016.06.012
 Furberg, D., Ban, Y., and Mörtberg, U. (2020). Monitoring urban green infrastructure changes and impact on habitat connectivity using high-resolution satellite data. Remote Sens. 12 (18), 3072. doi:10.3390/RS12183072
 Geerlings, H., and Stead, D. (2003). The integration of land use planning, transport and environment in European policy and research. Transp. Policy 10 (3), 187–196. doi:10.1016/S0967-070X(03)00020-9
 Gibson, R. B. (2012). In full retreat: the Canadian government's new environmental assessment law undoes decades of progress. Impact Assess. Proj. Apprais. 30 (3), 179–188. doi:10.1080/14615517.2012.720417
 Girvetz, E. H., Thorne, J. H., Berry, A. M., and Jaeger, J. A. G. (2008). Integration of landscape fragmentation analysis into regional planning: A statewide multi-scale case study from California, USA. Landsc. Urban Plan. 86 (3-4), 205–218. doi:10.1016/j.landurbplan.2008.02.007
 Graham, L. J., Haines-Young, R. H., and Field, R. (2018). The incidence function model as a tool for landscape-scale ecological impact assessments. Landsc. Urban Plan. 170, 187–194. doi:10.1016/j.landurbplan.2017.10.008
 Guaita Martínez, J. M., de Castro-Pardo, M., Pérez-Rodríguez, F., and Martín Martín, J. M. (2019). Innovation and multi-level knowledge transfer using a multi-criteria decision making method for the planning of protected areas. J. Innovation Knowl. 4 (4), 256–261. doi:10.1016/j.jik.2019.01.001
 Gudmundsson, H., and Sørensen, C. H. (2013). Some use - Little influence? on the roles of indicators in European sustainable transport policy. Ecol. Indic. 35, 43–51. doi:10.1016/j.ecolind.2012.08.015
 Guneroglu, N., Bekar, M., and Kaya Sahin, E. (2019). Plant selection for roadside design: “the view of landscape architects”. Environ. Sci. Pollut. Res. 26 (33), 34430–34439. doi:10.1007/s11356-019-06562-4
 Howes, M., Wortley, L., Potts, R., Dedekorkut-Howes, A., Serrao-Neumann, S., Davidson, J., et al. (2017). Environmental Sustainability: A Case of Policy Implementation Failure?Sustainability 9 (2), 165. doi:10.3390/su9020165
 Igondova, E., Pavlickova, K., and Majzlan, O. (2016). The ecological impact assessment of a proposed road development (the Slovak approach). Environ. Impact Assess. Rev. 59, 43–54. doi:10.1016/j.eiar.2016.03.006
 Iuell, B., Bekker, G. J., Cuperus, R., Dufek, J., Fry, G., Hicks, C., et al. (2003). Wildlife and traffic: A European handbook for identifying conflicts and designing solutions. 
 Jaeger, J. A., Bertiller, R., Schwick, C., Muller, K., Steinmeier, C., Ewald, K. C., et al. (2008). Implementing landscape fragmentation as an indicator in the Swiss Monitoring System Of Sustainable Development (Monet). J. Environ. Manage. 88 (4), 737–751. doi:10.1016/j.jenvman.2007.03.043
 Jaeger, J. (2017). Improving EIA for roads at the landscape-scale. 
 Jaeger, J., Soukup, T., Madriñán, L., Schwick, C., and Kienast, F. (2011). Landscape fragmentation in Europe. Luxembourg: Publications Office of the European Union. 
 Johansson, F., Tornberg, P., and Fernstrom, A. (2018). A function-oriented approach to transport planning in Sweden: Limits and possibilities from a policy perspective. Transp. Policy 63, 30–38. doi:10.1016/j.tranpol.2017.11.006
 Johnson, C. D., Evans, D., and Jones, D. (2017). Birds and Roads: Reduced Transit for Smaller Species over Roads within an Urban Environment. Front. Ecol. Evol. 5, 10. doi:10.3389/fevo.2017.00036
 Johnson, C., Jones, D., Matthews, T., and Burke, M. (2022). Advancing avian road ecology research through systematic review. Transp. Res. Part D Transp. Environ. 109, 103375. doi:10.1016/j.trd.2022.103375
 Kati, V., Kassara, C., Psaralexi, M., Tzortzakaki, O., Petridou, M., Galani, A., et al. (2020). Conservation policy under a roadless perspective: Minimizing fragmentation in Greece. Biol. Conserv. 252, 108828. doi:10.1016/j.biocon.2020.108828
 Király, G., Köves, A., and Balázs, B. (2017). Contradictions between political leadership and systems thinking. J. Clean. Prod. 140, 134–143. doi:10.1016/j.jclepro.2015.05.131
 Kociolek, A., Clevenger, A., St. Clair, C., and Proppe, D. (2011). Effects of road networks on bird populations. Conservation Biol. 25 (2), 241–249. doi:10.1111/j.1523-1739.2010.01635.x
 Konstantopoulos, K., Moustakas, A., and Vogiatzakis, I. N. (2020). A spatially explicit impact assessment of road characteristics, road-induced fragmentation and noise on birds species in Cyprus. Biodiversity 21, 61–71. doi:10.1080/14888386.2020.1736154
 Lammerant, J., Peters, R., Snethlage, M., Delbaere, B., Dickie, I., and Whiteley, G. (2014). Implementation of 2020 EU Biodiversity Strategy: Priorities for the restoration of ecosystems and their services in the EU. Belgium: Report to the European Commission. Retrieved from Belgium. 
 Langemeyer, J., Gómez-Baggethun, E., Haase, D., Scheuer, S., and Elmqvist, T. (2016). Bridging the gap between ecosystem service assessments and land-use planning through Multi-Criteria Decision Analysis (MCDA). Environ. Sci. Policy 62, 45–56. doi:10.1016/j.envsci.2016.02.013
 Ledoux, L., Crooks, S., Jordan, A., and Kerry Turner, R. (2000). Implementing EU biodiversity policy: UK experiences. Land Use Policy 17 (4), 257–268. doi:10.1016/S0264-8377(00)00031-4
 Li, Z., Liang, Y., Zhou, J., and Sun, X. (2014). Impacts of de-icing salt pollution on urban road greenspace: a case study of Beijing. Front. Environ. Sci. Eng. 8, 747–756. doi:10.1007/s11783-014-0644-2
 Liu, J., Chen, F., Geng, H., Qui, X., and Cai, B. (2010). Range of ecological impact of highway construction in the Longitudinal Range-Gorge Region, China. Front. Environ. Sci. Eng. China 4, 349–360. doi:10.1007/s11783-010-0027-2
 Löfgren, S., Nilsson, K. L., and Johansson, C. M. (2018). Considering landscape in strategic transport planning. Transp. Res. Part D Transp. Environ. 65, 396–408. doi:10.1016/j.trd.2018.09.001
 Mallard, F., and François, D. (2013). Effectiveness of the legal framework for natural areas protection relative to French road projects. Land Use Policy 30 (1), 582–591. doi:10.1016/j.landusepol.2012.05.006
 Marsden, G., Frick, K. T., May, A. D., and Deakin, E. (2011). How do cities approach policy innovation and policy learning? A study of 30 policies in Northern Europe and North America. Transp. Policy 18 (3), 501–512. doi:10.1016/j.tranpol.2010.10.006
 Marsden, G., and May, A. D. (2006). Do Institutional Arrangements Make a Difference to Transport Policy and Implementation? Lessons for Britain. Environ. Plann. C. Gov. Policy 24 (5), 771–789. doi:10.1068/c0543
 Marsden, G., and Reardon, L. (2017). Questions of governance: Rethinking the study of transportation policy. Transp. Res. Part A Policy Pract. 101, 238–251. doi:10.1016/j.tra.2017.05.008
 Marucci, A., Zullo, F., Fiorini, L., and Romano, B. (2019). The role of infrastructural barriers and gaps on Natura 2000 functionality in Italy: a case study on Umbria region. Rend. Fis. Acc. Lincei. 30 (1), 223–235. doi:10.1007/s12210-019-00785-w
 May, A. D. (2015). Encouraging good practice in the development of Sustainable Urban Mobility Plans. Case Stud. Transp. Policy 3 (1), 3–11. doi:10.1016/j.cstp.2014.09.001
 McTigue, C., Rye, T., and Monios, J. (2018). The role of reporting mechanisms in transport policy implementation by local authorities in England. Case Stud. Transp. Policy 6 (3), 319–328. doi:10.1016/j.cstp.2017.12.002
 Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and Group, P. (2009). Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. PLoS medicine 6 (7), e1000097.
 Morris, R. K. A. (2011). The application of the Habitats Directive in the UK: Compliance or gold plating?Land Use Policy 28 (1), 361–369. doi:10.1016/j.landusepol.2010.04.005
 Nematollahi, S., Fakheran, S., and Soffianian, A. (2017). Ecological impact assessment of road networks at landscape scale using spatial road disturbance index (SPROADI). J. Environ. Eng. Landsc. Manag. 25 (3), 297–304. doi:10.3846/16486897.2016.1255218
 Pang, K., Zhang, K., Ma, S., and Meng, X. (2021). Quantification of emission variability for off-road equipment in China based on real-world measurements. Front. Environ. Sci. Eng. 16, 24. doi:10.1007/s11783-021-1455-x
 Papp, C.-R., Dostál, I., Hlaváč, V., Berchi, G. M., and Romportl, D. (2022). Rapid linear transport infrastructure development in the Carpathians: A major threat to the integrity of ecological connectivity for large carnivores. Nat. Conserv. 47, 35–63. doi:10.3897/natureconservation.47.71807
 Pell, S., and Jones, D. (2015). Are wildlife overpasses of conservation value for birds? A study in Australian sub-tropical forest, with wider implications. Biological Conservation 184, 300–309. doi:10.1016/j.biocon.2015.02.005
 Persson, J., Larsson, A., and Villarroya, A. (2015). Compensation in Swedish infrastructure projects and suggestions on policy improvements. Nat. Conserv. 11, 113–127. doi:10.3897/natureconservation.11.4367
 Pettersson, F. (2013). From words to action: Concepts, framings of problems and knowledge production practices in regional transport infrastructure planning in Sweden. Transp. Policy 29, 13–22. doi:10.1016/j.tranpol.2013.03.001
 Psaralexi, M. K., Votsi, N. E. P., Selva, N., Mazaris, A. D., and Pantis, J. D. (2017). Importance of roadless areas for the European conservation network. Front. Ecol. Evol. 5. doi:10.3389/fevo.2017.00002
 Rau, H., Hynes, M., and Heisserer, B. (2016). Transport policy and governance in turbulent times: Evidence from Ireland. Case Stud. Transp. Policy 4 (2), 45–56. doi:10.1016/j.cstp.2015.11.006
 Rega, C., Singer, J. P., and Geneletti, D. (2018). Investigating the substantive effectiveness of Strategic Environmental Assessment of urban planning: Evidence from Italy and Spain. Environ. Impact Assess. Rev. 73, 60–69. doi:10.1016/j.eiar.2018.07.004
 Roberts, K., and Sjölund, A. (2015). “Incorporating Biodiversity Issues into Road Design: The Road Agency Perspective,” in Handbook of road ecology (West Sussex: John Wiley & Sons), 27–31.
 Russel, D., Turnpenny, J., and Jordan, A. (2018). Mainstreaming the environment through appraisal: Integrative governance or logics of disintegration?Environ. Plan. C Polit. Space 36 (8), 1355–1370. doi:10.1177/2399654418767656
 Saarikoski, H., Primmer, E., Saarela, S. R., Antunes, P., Aszalos, R., Baro, F., et al. (2018). Institutional challenges in putting ecosystem service knowledge in practice. Ecosyst. Serv. 29, 579–598. doi:10.1016/j.ecoser.2017.07.019
 Sahani, S., and Raghavaswamy, V. (2018). Analyzing urban landscape with City Biodiversity Index for sustainable urban growth. Environ. Monit. Assess. 190 (8), 471–1. doi:10.1007/s10661-018-6854-5
 Sánchez-Lozano, J. M., and Bernal-Conesa, J. A. (2017). Environmental management of Natura 2000 network areas through the combination of Geographic Information Systems (GIS) with Multi-Criteria Decision Making (MCDM) methods. Case study in south-eastern Spain. Land Use Policy 63, 86–97. doi:10.1016/j.landusepol.2017.01.021
 Schulp, C. J. E., Van Teeffelen, A. J. A., Tucker, G., and Verburg, P. H. (2016). A quantitative assessment of policy options for no net loss of biodiversity and ecosystem services in the European Union. Land Use Policy 57, 151–163. doi:10.1016/j.landusepol.2016.05.018
 Selva, N., Kreft, S., Kati, V., Schluck, M., Jonsson, B. G., Mihok, B., et al. (2011). Roadless and low-traffic areas as conservation targets in Europe. Environ. Manag. 48 (5), 865–877. doi:10.1007/s00267-011-9751-z
 Simeonova, V., and van der Valk, A. (2016). Environmental policy integration: Towards a communicative approach in integrating nature conservation and urban planning in Bulgaria. Land Use Policy 57, 80–93. doi:10.1016/j.landusepol.2016.05.017
 Sobolewska–Mikulska, K. (2019). The multi-criteria of the procedure of environmental impact assessment in road investments in Poland. 
 Spanowicz, A. G., and Jaeger, J. A. G. (2019). Measuring landscape connectivity: On the importance of within-patch connectivity. Landsc. Ecol. 34 (10), 2261–2278. doi:10.1007/s10980-019-00881-0
 Tornberg, P., and Odhage, J. (2018). Making transport planning more collaborative? The case of Strategic Choice of Measures in Swedish transport planning. Transp. Res. Part A Policy Pract. 118, 416–429. doi:10.1016/j.tra.2018.09.020
 Torres, A., Jaeger, J. A. G., and Alonso, J. C. (2016). Multi-scale mismatches between urban sprawl and landscape fragmentation create windows of opportunity for conservation development. Landsc. Ecol. 31 (10), 2291–2305. doi:10.1007/s10980-016-0400-z
 Trocmé, M. (2005). “The Swiss defragmentation program–reconnecting wildlife corridors between the Alps and Jura: an overview,” in Paper presented at the ICOET conference 2005 (San Diego, California. 
 Tulloch, A. I. T., Gordon, A., Runge, C. A., and Rhodes, J. R. (2019). Integrating spatially realistic infrastructure impacts into conservation planning to inform strategic environmental assessment. Conserv. Lett. 12. doi:10.1111/conl.12648
 Tulloch, A. I. T., Sutcliffe, P., Naujokaitis-Lewis, I., Tingley, R., Brotons, L., Ferraz, K. M. P. M. B., et al. (2016). Conservation planners tend to ignore improved accuracy of modelled species distributions to focus on multiple threats and ecological processes. Biol. Conserv. 199, 157–171. doi:10.1016/j.biocon.2016.04.023
 Ulibarri, N., Scott, T. A., and Perez-Figueroa, O. (2019). How does stakeholder involvement affect environmental impact assessment?Environ. Impact Assess. Rev. 79, 106309. doi:10.1016/j.eiar.2019.106309
 van der Grift, E. (2005). Defragmentation in the Netherlands: A Success Story?GAIA - Ecol. Perspect. Sci. Soc. 14 (2), 144–147. doi:10.14512/gaia.14.2.16
 van der Ree, R., Gagnon, J. W., and Smith, D. (2015a). “Fencing: A valuable tool for reducing wildlife-vehicle collisions and funnelling fauna to crossing structures,” in Handbook of road ecology ed . Editors R. van der Ree, D. Smith, and C. Grilo. 2 ed. (West Sussex: John Wiley & Sons), 159–171.
 van der Ree, R., Smith, D., and Grilo, C. (2015b). “The Ecological Effects of Linear Infrastructure and Traffic: Challenges and Opportunities of Rapid Global Growth,” in Handbook of road ecology ed . Editors R. van der Ree, D. Smith, and C. Grilo. 2 ed. (West Sussex: John Wiley & Sons), 1–9.
 van Strien, M. J., Axhausen, K. W., Dubernet, I., Guisan, A., Grêt-Regamey, A., Khiali-Miab, A., et al. (2018). Models of Coupled Settlement and Habitat Networks for Biodiversity Conservation: Conceptual Framework, Implementation and Potential Applications. Front. Ecol. Evol. 6 (41). doi:10.3389/fevo.2018.00041
 von Haaren, C., and Reich, M. (2006). The German way to greenways and habitat networks. Landsc. Urban Plan. 76 (1), 7–22. doi:10.1016/j.landurbplan.2004.09.041
 Wallace, K. J., and Jago, M. (2017). Category mistakes: A barrier to effective environmental management. J. Environ. Manag. 199, 13–20. doi:10.1016/j.jenvman.2017.05.029
 Weissgerber, M., Roturier, S., Julliard, R., and Guillet, F. (2019). Biodiversity offsetting: Certainty of the net loss but uncertainty of the net gain. Biol. Conserv. 237, 200–208. doi:10.1016/j.biocon.2019.06.036
 Wu, C. -J., Isaksson, K., and Antonson, H. (2017). The struggle to achieve holistic landscape planning: Lessons from planning the E6 road route through Tanum World Heritage Site, Sweden. Land Use Policy 67, 167–177. doi:10.1016/j.landusepol.2017.05.036
 Yu, X., and Wan, K. (2022). High-speed rail opening and green innovation—Evidence from China. Front. Environ. Sci . 10, 901879. doi:10.3389/fenvs.2022.901879
 Zisenis, M. (2017). Is the Natura 2000 network of the European Union the key land use policy tool for preserving Europe's biodiversity heritage?Land Use Policy 69, 408–416. doi:10.1016/j.landusepol.2017.09.045
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Johnson, Matthews, Burke and Jones. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu2.gif





OPS/images/math_qu3.gif





OPS/images/fenvs-10-959918-t001.jpg
ID

18-19
20-21
22-23

Indicator

Proportion of natural areas

Connectivity measures or ecological networks to counter fragmentation
Native biodiversity in built-up areas (bird species)

Change in number of native species (optional)

Proportion of protected natural areas

Proportion of invasive alien species

Regulation of quantity of water

Climate regulation: carbon storage and cooling effect of vegetation
Recreational and educational services

Budget allocated to biodiversity

Number of biodiversity projects implemented annually

Rules, regulations, and policy—existence of local biodiversity strategy and
action plans

Institutional capacity
Participation and partnership

Education and awareness.





OPS/images/math_qu1.gif
INDécu = Totai aren of natural areasthat are conmecten

(< 100mapart) [Total areaof natural areas





OPS/xhtml/nav.xhtml
Contents

		Cover

		Planning for fauna-sensitive road design: A review		Introduction

		Literature review

		Methodology

		Results		Transport planning and policy literature

		Strategic planning literature





		Discussion		Dissemination of road ecology principles in transport planning

		Barriers to environmental policies in transportation infrastructure planning

		Towards FSRD - ecological support tools to achieve improved project outcomes

		The importance of landscape metrics and their calculation





		Implications and future directions

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Environmental Science






OPS/images/fenvs-10-959918-.gif
—ROAD DESIGN
7N )
T






OPS/images/fenvs-10-959918-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





