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ABSTRACT 

 

The overall aim of this thesis was to critically evaluate how GIS can be applied to facilitate 

large infrastructure companies to reduce their impacts on biodiversity during the planning, 

design, construction of large infrastructure projects. The research was undertaken from the 

perspective of an infrastructure contractor, precisely the sponsor company, Costain Group 

Plc. The research aim was achieved through the development of geospatial applications to 

inform infrastructure design whilst adhering to national biodiversity initiatives in a construction 

design context. The most relevant initiative is óno net lossô, which calculates biodiversity value 

in units using a metric calculation by Defra (Department for the Environment, Food and Rural 

Affairs). However, these metrics face criticism for over-simplifying the complexity of the natural 

world, in particular the neglect of the impact of fragmentation on habitats. At present, the 

stages of construction do not require an initial scoping of protected and managed land, and 

there are no statutory requirements for reducing biodiversity loss beyond the identification of 

invasive species. The relevant stages of construction development for a contractor are the 

Concept and Developed Design, which is the contextual focus of the applications developed 

using GIS, referred to as the GIS simulations in this thesis. The GIS simulations include the 

establishment of baselines for key habitats and species, which form part of the Biodiversity 

Action Plan, identified as a key environmental planning procedure within the sponsor 

company. The GIS simulations successfully visualised baseline data. The Developed Design, 

which involves the refinement of the Concept Design and associated strategies, identifies the 

geographical placement of the design. Based on this placement, spatial planning methods 

were used to calculate the changes in biodiversity unit values. The applications were 

successfully developed, but it was recommended that changes in biodiversity unit value need 

to include condition, obtained through surveying, before visualising impacts. In addition, 

specific parameters need to be justified for implementation of the approach at different sites; 

these can be established based on the project type, the size of the site, and local target 

species. The applications are considered feasible for implementation within the sponsor 

company, however, there needs to be more drive from the business and client to invest in 

more sustainable alternatives moving forward. 
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1. INTRODUCTION 

1.1. INTRODUCTION 

This chapter introduces the research domain of impacts to the environment from large 

infrastructure, simulations to mitigate impacts and their business value. The chapter identifies 

the motivation, background and problem addressed within this thesis. Despite conservation 

research, countries are failing to meet global biodiversity targets every decade. Specifically, 

within the UK, large infrastructure projects are of critical importance for economic growth, but 

this industry is not considered sustainable. There is a realisation that the costs of growth to 

the natural environment are no longer acceptable. This thesis sets out a programme of work 

to review the scale and impacts of large infrastructure projects and demonstrate how their 

impacts can be mitigated using geospatial technology. This chapter also defines the research 

aim and objectives, which focused on the development and design of geospatial solutions for 

use within the infrastructure industry to reduce losses to biodiversity. 

1.2. THE MOTIVATION 

The construction and development industry are considered the least sustainable industry 

globally (Opoku 2019). The amount of energy and materials that are needed to sustain the 

construction industry has contributed to severe impacts on the natural environment including 

loss of species, and a reduction/loss in habitats (Opoku 2019). The allocation of new space 

for growing infrastructure is problematic; for example, motorways can consume as much as 

10ha of land per kilometre of road, with local roads taking up less space than this. However, 

as local roads make up a higher percentage of the road network the collective affect is higher 

(Seiler 2003). Literature suggests that there is a growing body of evidence that infrastructure 

is major factor of biodiversity loss at both the local level and landscape level.  

An example is the rail project High Speed 2 (HS2); the route (Figure 1.1.) was announced in 

2013 in three different phases; Phase 1: London ï West Midlands, Phase 2a: West Midlands 

- Crewe, and Phase 2b: Crewe ï Manchester, and West Midlands ï Leeds. Phase 1 was due 

to open in 2026, with Phase 2 scheduled for completion in 2032-2033. Although parliament 

approved plans for Phase I in 2017, HS2 has faced a backlash from protest groups wanting 

the project to halt altogether. The impacts of HS2 are both social and environmental, including 

the demolition of homes and natural habitats across the country. The Wildlife Trusts (TWT) 

completed an assessment of impacts of HS2 on the environment based on data collected from 

their 14 estates along the route in 2020. According to the assessment report, 106 Ancient 

Woodlands are in danger of damage or loss. In addition to this, sites that have been 

designated as protected due to their importance for wildlife are at risk, ranging from local 
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wildlife areas to internationally designated wildlife sites. The report also states that mitigation 

measures have not gone far enough to avoid losses to wildlife sites.  

ñAn inconsistent approach to evaluating data was found, including the use of out-of-

date and incomplete data for Local Wildlife Sites. This, in combination with insufficient 

information on survey methodologies, results and impact assessments, leads to 

concerns that the Environmental Statements do not represent an accurate picture of 

the full impact on wildlife. In some areas, 47% of sites at risk from HS2 are understood 

not to have been surveyed.ò (TWT 2020, p4).  

The above statement suggests that there is a failure in the reporting of biodiversity impacts. 

However, it is unclear from this statement whether this is due to a lack of management 

practices, inefficient processes, or a deliberate attempt to minimise reported loss to 

biodiversity. 

 

FIGURE 1.1. THE ROUTE OF HS2. SOURCE: HS2 2010 

 

Regardless of environmental impact, the UK Government also has an investment of £37bn on 

UK-wide infrastructure. However, within the 2018 budget, the government have not produced 
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any cost or yield allocations to environmental planning for conserving habitats outside of ñTree 

Plantingò (HM Treasury 2018). Although the budget allocates Ã1.6bn to science and 

innovation, with an additional £7bn in the next 40 years, there is no link between infrastructure 

research and development, and the environment impacts increased development is causing 

(HM Treasury 2018). This trend continues with the release of the 2020 Budget on March 11th, 

2020. The policy decisions for the environment are presented as "Creating a Greener 

Economyò which includes spending themes such as air quality, low emission vehicle grants 

and plastic recycling, however, does not include environmental management for large 

infrastructure (HM Treasury 2020). 

1.3. UK CONSERVATION AND POLICY 

Conservation laws and policies within the UK are fragmented; governance is separated by 

species and habitats that are protected under European Union (EU) law, and sites such as 

nature reserves, national parks and rules for hunting and fishing. The UK Government is the 

major actor when it comes to both national and local conservation strategies (Reid 2011). 

Currently, the state determines which features of the nature (i.e. habitats and species) are 

significant enough for attention or protection (Reid 2011). In addition to this, the government 

is the primary body for identification of potential sites for designation, management 

agreements between statutory conservation bodies, and whether a species should be 

reintroduced. Although the State is the major player within conservation, the voluntary role 

that others play is crucial to environmental law (Reid 2011). Examples of this include 

landowners that enter into agreements with statutory bodies, the buying of protected land for 

private incentives, and the management of National Nature Reserves. However, most financial 

incentives within forestry and agriculture are dependent on public funds, putting the 

government in complete control of UK conservation. 

In 2018, The 25 Year Environment Plan was published by the Department for the Environment, 

Food and Rural Affairs (Defra). The plan sets out to deliver thriving plants and wildlife through 

actions for improved environmental policy (Curnow 2019). An action discussed within the plan 

is the protection and development of woodlands; £5.7m of government funding is supporting 

the planting of a forest along the corridor of the M62 Motorway in the North of England. While 

this project for developing new woodlands and protection of existing ancient woodland will 

enhance biodiversity and contribute to improve sustainability, the extent of protection is not 

discussed. The Wildlife Trusts (TWT) 2019 report introduced in Chapter 1 identified that 106 

ancient woodlands are at risk of loss or damage due to the route of High Speed 2. Thus, it 

does not appear that these actions are embedded as legally binding actions, which raises 

question of the weight The 25 Year Environment Plan holds for environmental management 

in large infrastructure.  
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There are three major assessments relevant to large infrastructure development, the 

Environmental Impact Assessment (EIA), the Ecological Impact Assessment (EcIA) and the 

Biodiversity Action Plan (BAP). Within planning, the mitigation hierarchy begins with an EIA. 

The EIA was established in the UK under the EA Directive (85/377/ECC) with various 

categories and sets of regulations.  

ñAs a planning tool, EIA serves largely to inform interested parties of the likely 

environmental impacts of a proposed project and its alternatives. It illuminates 

environmental issues to be considered in making decisionsò (Ortolano and Shepherd 

2012). 

The findings of these reports are then formed into an environmental statement which includes 

the summary of ecological impacts (Department of the Environment 1989). For projects that 

are likely to have substantial environmental effects, the EIA must be carried out before any 

development consent is given, as required by the EA Directive (CIEEM 2016). The 

assessment allows competent planning authorities to evaluate any impacts to the environment 

that could outweigh economic gains that a project may provide and increasing potential for 

sustainable development. Part of the EIA is the Phase I Habitat surveys, now called 

Preliminary Ecological Appraisal, is the method in which opportunities and constraints are first 

identified within an EIA or EcIA in the UK. The survey reports semi-natural vegetation in which 

all parcels of land are recorded and classified (Barr 2013). It is expected that a trained surveyor 

will visit and map each land parcel onto an Ordnance Survey (OS) 1: 10,000 or 1: 25,0000 

maps. There is no official method of completing a Phase I survey and a remote sensing 

approach would be more cost-effective than sending a trained surveyor into the field, however 

remotely sensed data still cannot retrieve the level of details required for a Phase I habitat 

survey (JNCC 2016).  

EcIAs are a systematic and repeatable process specific to habitats, species and ecosystems 

in their identification, quantification and evaluation of development projects or appraisals of 

any scale (CIEEM 2016). The EcIA fits into the UK EIA process or can stand alone as a method 

of ensuring planning and policy are still being adhered to by projects even when an EIA is not 

required (CIEEM 2016). The EcIA is the process of quantifying and evaluating impacts on 

ecological communities and ecosystems. There have been no reviews of the EcIA since 2000 

and the document chapters lack information, continuity, and standards regarding who can 

write these chapters (Drayson et al. 2015).  

The UK BAP summarises the most threatened or rapidly declining natural resources in the 

UK. Individual action plans were developed for habitats and species. The original publication 

encompassed action plans for 45 habitats and 391 species.  As this developed, the most 
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important species and habitats were referred to as ñpriority speciesò and ñpriority habitatsò. 

The main limitations of the BAP centre around the unknowns of the characteristics of 

ecological networks to individual species and the ecosystem (Gaston et al. 2008). Studies 

show that globally protected areas do capture a òsubstantial levelò of biodiversity but there are 

gaps in knowledge that prevent researchers from assessing their performance (Gaston et al 

2008). 

In addition to the above assessments, no let loss (NNL) initiatives are becoming a common 

theme throughout biodiversity planning, and most policy and procedures within large 

infrastructure development have this underlying concept in mind. The initiative is designed to 

rebalance any impacts on biodiversity; this is done by taking measures to minimise impacts 

and undertaking rehabilitation/restoration, or offsetting residual impacts to achieve no overall 

loss of biodiversity (Figure 1.2). This requires the quantification of biodiversity to enable post 

impact (losses) and offset (gains) to be estimated with the goal that gains should equal or 

surpass the losses. The UKôs voluntary NNL scheme, piloted by Defra, is based on a 

framework by Treweek et al. (2010), with the goals of creating a framework that is precise 

enough to encapsulate all aspects of biodiversity while being straight forward to use and 

understand. The framework is intended to complement the UK BAP system and should deliver 

compensation that is additional to any offsets that would have occurred regardless of this 

initiative. This scheme has been under scrutiny since it was piloted in 2012; the pilot lasted for 

two years with different companies and local councils. Although this initiative by Defra is 

currently voluntary, the scheme is discussed in ñA Green Future: Our 25 Year Plan to Improve 

the Environmentò as a framework that is likely to become the mainstream NNL initiative for the 

UK and could become mandatory along with a press release from the UK Green Building 

Council stating that the government are intending to make net gains a requirement on all 

development projects from Spring 2019 (UKGBC 2019). In the broader context of NNL 

initiatives, there are potential faults when using an index to summarize a landscape (Suter 

1993). For example, the combination of factors to create a single score can lead to the masking 

of lower scores by one high ranking variable, and that scores can be ambiguous if the user 

does not know if variables are ñhighò or ñlowò. In addition, environmental planning and decision 

making can become unclear with the use of ñnon-senseò units; these are units that are not 

precisely measurable unlike weights, times and distances. Biodiversity units in this case are 

ñnon-senseò units that can be affected by its biotope value or predetermined co-efficient, which 

tends to be based on scientific opinion. This is a criticism that needs to be considered within 

environmental planning and NNL initiatives, as without clear evaluation definitions (i.e. what 

specifically makes that habitat ñsuitableò) NNL loss and gain values have no real meaning 

outside of being numbers on an excel file. 
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FIGURE 1.2. CONCEPT MODEL DEFINING LOSSES IN BIODIVERSITY DUE TO DEVELOPMENT (LEFT) AND 

BIODIVERSITY GAINS FROM OFFSETS. SOURCE: GIBBONS ET AL. 2016 

 

NNL is discussed throughout biodiversity policy as a simple concept and has become a óhot 

topicô within industry with the use of buzz words such as ñnet biodiversity gainsò and ñno 

biodiversity lossò. The UK Government itself is guilty of this, stating that many local authorities, 

developers, and infrastructure companies are already implementing a ñnet environmental 

gainò principle. This mix of vague words and phrases tend to be used to appease the public 

(Rainey et al. 2015). However, the complexity that surrounds this concept, although seen 

within literature, is not always recognised within industry, and can lead to false claims of 

environmental protection. 

1.4. SUSTAINABLE DEVELOPMENT 

Sustainable development is a concept that developed in the 1970s and 1980s based on the 

long-term use of resources for future generations (Tomislav 2018). The concept was 

developed due to economic growth putting pressure on the environment that ultimately caused 

an exploitation of natural resources, along with an increase in pollution and illness (Ġimleġa, 

2003). It is widely accepted among scholars, government representatives, and industry 

professionals that innovation is a key driver in sustainable development (Silvestre and ŝ´rcŁ 

2019). Innovation-centric approaches should be used to tackle sustainability, with further calls 

for organisations, educational institutions, and governments to invest in initiatives to resolve 

sustainability challenges (Almeida et al. 2013). Achieving enhanced sustainability 

performance requires a fundamental change in processes, management approaches and 

products, and this change cannot be achieved without innovations (Silvestre 2015).  

Specifically, for environmental sustainability, innovations for mitigating or removing impacts to 

the natural environment have been discussed with the consensus that organisations need to 

align their internal processes, particularly their decision-making processes (Joyce and Paquin 
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2016; Silvestre and ŝ´rcŁ 2019). This research topic arose from the desire to understand how 

innovations within conservation can be used to improve environmental sustainability within the 

UK infrastructure industry, and to investigate the barriers and opportunities for an organisation 

to adopt these processes.     

1.5. GEOGRAPHICAL INFORMATION SYSTEMS 

There is no shortage of conservation research; universities and institutes both in the UK and 

globally undertake research to provide workable solutions that will benefit our habitats and 

species. However, with losses continuing across the UK, it is envisaged that the results of this 

research will provide a viable solution that extends from an academic research setting to 

implementation within the large infrastructure sector. As information and technology are 

already used to aid in wildlife and biodiversity management (Harrison 1995), this research is 

going to take a data-driven approach to reduce impacts to biodiversity using Geographic 

Information Systems (GIS). GIS is already prevalent within conservation; applications can be 

used to monitor species populations, ecological networks can be established through 

recording of movement, distributions can be analysed and visualised using maps, and 

ecological databases can be stored and visualised for ongoing research (Du Puy and Moat 

1998; Geneletti 2004; Michelmore 1994). Importantly for this research, GIS is a powerful 

technology for planning and land-use that has also become a present technology in 

infrastructure companies. GIS is currently used to analyse ecological constraints, collision risk 

modelling, feasibility studies and fly-through views of projects. GIS is also increasingly used 

for Environmental Impact Assessments (EIA), not only by consultancies but for large 

infrastructure and expansion projects (Sahi and Kurum 2002). This could provide clear and 

precise information to non-experts and decision-makers regarding the biological and 

socioeconomic environment while adhering to environmental regulations (ķahin and Kurum 

2002). Data can be in the form of ñtext documents, tabular databases, spatial databases 

(locations), image files (satellite images) é and will include topographic, environmental, 

species, administrative, socioeconomic and other themesò (Salem 2003 p92). GIS can 

efficiently integrate these data forms (Salem 2003) and is used for analysis and monitoring 

purposes by international agencies such as the United National Environment Programme and 

the International Union for the Conservation of Nature.  

Land-use planning using GIS has been used within research to identify landscape changes 

over time using developed indicators and indices to monitor environments (Geneletti 2002; 

Salem 2003). This study of spatial patterns, Landscape Ecology, is considered conservation 

from a different perspective; the study of spatial patterns gives the standpoint that habitats are 

part of a larger mosaic that affects ecological processes. The application of landscape science 

to natural resource management and conservation is not unknown within research. It has 
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previously been used in different regions to conserve native ecosystems through land-use 

change activities (Robinson and Carson 2013). Biologists are embracing fragmentation and 

connectivity concepts, increasing the overlap between biology and landscape ecology in 

conservation (Wiens 2007). Also, Schumaker (1996) states that as habitat loss and 

fragmentation is linked to species decline, ñConservation strategies now frequently consider 

not only amounts of habitat that must be retained, but also the spatial configurations of habitat 

across landscapes of concernò (p1201). Most of the significant environmental changes occur 

at the landscape scale, which is the spatial scale of an entire landscape, e.g., urban sprawl, 

deforestation, and loss of wetlands (Riitters et al. 1995).  

1.6. AIMS AND OBJECTIVE 

Aim: The overall project aim of this EngD, was to critically evaluate how GIS applications can 

be suitably designed to facilitate large infrastructure companies in sustainable development 

by reducing their impacts to biodiversity. The research involved in answering these questions 

are reflected in the following objectives: 

Objective 1: To design and build geospatial models that are suitable for improving 

environmental management on large infrastructure development projects, including relevant 

context in environmental management and design. 

Objective 2: To understand the limitations of environmental data, processes, and visualisation 

that can improve environmental management. 

Objective 3: To understand the barriers, feasibility, and opportunities for the implementation 

of environmental GIS applications within a general corporate context and within the sponsor 

company. 

Sponsor: This research was applied to UK engineering solutions company Costain Group 

Plc., introduced in Chapter 3. 

1.7. THESIS STRUCTURE 

To answer the research question and objectives, the thesis follows a traditional format and is 

divided into five chapters: Introduction, Literature Review, Methodology, Results, and 

Discussion and Conclusion. 

Chapter 2 Literature Review: details existing knowledge of environmental sustainability and 

management measures, cartographic modelling in a general and infrastructure context, and 

GIS tools for environmental management. 
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Chapter 3 Methodology: establishes the methodological foundations, and research 

approaches that address the research aims and objectives. The broader research project was 

developed as part of the design science research methodology, that is specific to performing 

research in information systems. The research project is then comprised of research inquiries, 

each of which have their own research paradigm, assumptions, and approaches for data 

collection and analysis that has influenced the choice of appropriate approach. 

 

Chapter 4 Results: presents the findings of the research inquiries, which includes the 

development of context within the large infrastructure industry and the sponsor company, 

outputs from simulation models, and findings from implementation within the sponsor 

company. 

Chapter 5 Discussion: presents the interpretations, implications, limitations, and 

recommendations of the results. This provides the meaning, importance, and relevance of the 

results. The discussion is structured by the three themes of the literature review and 

objectives: environmental management, cartographic modelling, and corporate 

implementation. This chapter concludes with the final remarks of the thesis. 

1.8. KEY CONTRIBUTIONS 

The contributions of this research are both practical and theoretical, as this research is 

submitted in partial fulfilment of the requirements for the degree of Doctor of Engineering 

through the University of Reading, it needs to address a real-world problem using an 

academically rigorous approach. The research attempts to contribute to theoretical knowledge 

by evaluating geospatial methodologies used in a policy and research context to create 

applications that can be used in a large infrastructure setting. The development of the 

proposed solutions will attempt to evaluate and analyse data and processes, and to assess 

the integration of landscape science within industrial applications. Theoretical deliverables of 

the research will provide the sponsor company with a framework on the efficient use of GIS to 

reduce its impact on biodiversity. The theoretical deliverables of the project will provide the 

company with full disclosure and access to the developed GIS applications for implementation 

within the business. 
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2. LITERATURE REVIEW 

2.1. INTRODUCTION 

Chapter 1 highlighted the impacts that developing infrastructure are having on natural 

environments within the UK. The amount of energy and materials that are needed to sustain 

the construction industry has contributed to severe impacts on the natural environment 

including loss of species, and a reduction/loss in habitats (Opoku 2019). Achieving enhanced 

environmental sustainability performance requires a fundamental change in processes, 

management approaches and products, and this change cannot be achieved without 

innovations. The purpose of this chapter is to examine the literature on environmental 

sustainability measures and practices within the UK, the use of GIS for environmental 

sustainability, and cartographic visualisation. This chapter sets out to achieve a better 

understanding of the theoretical and technical issues surrounding sustainable development, 

and the current practices and opportunities for implementation of innovation in the context of 

large infrastructure development. 

2.2. ENVIRONMENTAL SUSTAINABILITY 

2.2.1. INTRODUCTION 

There is extensive literature discussing sustainable development since its emergence in the 

1970s, a phrase now often used but very rarely defined (Lélé 1991). There is debate regarding 

the definition of sustainable development between individuals that support the Triple Bottom 

Line (TBL) concept and those supporting the concept of a human-nature relationship (Moreli 

2011; Robinson 2004; Toman 1992; Vos 2007). The TBL concept, coined by Elkington (1997), 

is based on the pillars of economic sustainability, social sustainability, and environmental 

sustainability, which requires a balance between the three pillars. For example, maintaining 

social and human capital, human rights and equality, and the quality of our environment 

(Tomislav 2018). The TBL concept has been used within research as an approach for 

corporate reporting to assess overall levels of sustainability (Azevedo and Barros 2017; 

Sridhar and Jones 2012). Businesses can provide transparent accounting and evidence  for 

economic, social and environmental sustainability through TBL reports (Raar 2002; Painter- 

Morland 2006; MacDonald and Norman 2007; Robins 2006). However, Sridhar and Jones 

(2012) point out three major limitations of the TBL approach based on past research: 

measurement, a non-systematic approach, and the use of TBL as a compliance mechanism. 

The lack of common unit of measurement, systematic prioritisation of requirements, or 

quantitative summary means there is a lack of aggregation across the three pillars (Robins 

2006; Sridhar and Jones 2013), making this calculation of the TBL a catalyst for confusion 

within business. Literature shows that there is a lack of empirical research on the TBL concept, 

https://link.springer.com/article/10.1007/s13520-012-0019-3#ref-CR41
https://link.springer.com/article/10.1007/s13520-012-0019-3#ref-CR36
https://link.springer.com/article/10.1007/s13520-012-0019-3#ref-CR33
https://link.springer.com/article/10.1007/s13520-012-0019-3#ref-CR42
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with the term TBL being used interchangeably with the term Sustainability and being referred 

to when only one or two of the three pillars are being studied (Alhaddi 2015). Thus, showing 

further confusion surrounding the TBL concept, therefore focusing on a single component of 

the TBL may help to organise the action required to improve real-life sustainable development 

practices (Goodland 1995).  

As introduced in Chapter 1, the concept of sustainable development emerged in the 1970ôs, 

with the term being introduced at the 1980 World Commission on Environment and 

Development (IUCN 1980). National governments agreed to adopt Agenda 21 at the 1992 Rio 

Earth Summit as a commitment to sustainable development, leading to a rise in domestic 

policies affecting national and local governments (Howes 2005). Due to disappointing 

progress in this area, many countries committed to seventeen sustainable development goals 

(SDGs) in 2015 (UN 2015). Even with the increase of policies surrounding sustainability, there 

has still been a decline in environmental quality, with no country achieving environmental 

sustainability (Howes et al. 2017). Howes et al. 2017 analysed literature surrounding policy 

initiatives for sustainable development and concluded that various policy failures are due to 

three key factors. The first is that there is no incentive for deeper consideration of the 

environment when it comes to exploitation of natural resources by public and private bodies. 

The second is the lack of political will or capacity to implement effective policies, and the third 

that key stakeholders are not aware of the seriousness of sustainability issues due to poor 

communication. However, Elder et al. (2016) state that regardless of policy failures, achieving 

environmental sustainability is not impossible. It is the responsibility of policymakers to learn 

from previous mistakes in attempts to bring about change to move forward and implement 

effective environmental policies. Therefore, the following sections discuss the management 

practices within the UK policy and infrastructure business that are designed to conserve 

natural resources and protect ecosystems.  

2.2.2. ENVIRONMENTAL SUSTAINABILITY IN INFRASTRUCTURE DESIGN 

 
2.2.2.1. INTRODUCTION 

There are many phases of a construction project; however, there is a consensus about three 

broad phases of construction development: Design, Construction and Post-construction (Al-

Rashaid 2005). The Royal Institute of British Architectôs (RIBA) Plan of Work 2013 is widely 

accepted in the UK as a standard method of operation in construction design and management 

(Cooper 2008). Whilst RIBA has not included a biodiversity impact reduction goal in this 2030 

Climate Challenge biodiversity has not been entirely ignored by the Plan of Works 2020. RIBA 

(2019) have created the RIBA Sustainable Outcomes Guide that directs the reader to specific 

desired outcomes in social, economic, environmental, and carbon whole life sustainability. For 
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ñSustainable Land Use and Ecologyò the target is ñto achieve net positive species impactò and 

references the design principle of ñCreate habitats that enhance biodiversityò. 

The Plan of Work documentation indicates that the contractor is responsible for stages 2-6 of 

the development process; concept design, developed design, technical design, construction, 

and handover and closeout. This section focuses on the specific theme of environmental 

management in infrastructure design. The Concept Design is the initial design, the Developed 

Design involves spatial placement of the design, and the Technical Design requires the design 

to be completed and signed off. As the Developed Design involves a spatial aspect, this is 

discussed in Section 2.3.2.1; the following sections will discuss the Concept and Technical 

Design. 

 

FIGURE 2.1. THE STAGES OF CONSTRUCTION DEVELOPMENT. SOURCE: RIBA 2013 
 

2.2.2.2. THE CONCEPT DESIGN 

The Concept Design is the most important stage of a project, from a design perspective, and 

must meet the initial project brief from the client (Sinclair 2014). The RIBA Plan of Works 2013 

suggests that strategies, including maintenance and operations, risk assessments, and the 

sustainability strategy, are developed here and meet any aspirations from the client in the 

project brief. The Plan of Works 2013 states ñConfirm that formal sustainability pre-

assessment and identification of key areas of design focus have been undertaken and that 

any deviation from the sustainability aspirations has been reported and agreedò (p16), thus is 

the first step in sustainable development. It is also in this phase, in which the cost of changes 

is the lowest, making it the best phase for realising aspirations, influencing costs, and adding 

value in the context of project improvement (Eastman 2008; Samset 2008; Tsai and Chang 

2012).  

Although requirements and theories are discussed frequently within the research domain of 

sustainability, there is a lack of requisite techniques and tools for achieving sustainability in 
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construction (Chong et al. 2009). Tsai and Chang (2012) developed a framework for 

developing construction sustainability items, based on requirements of the Leadership in 

Energy and Environmental Design (LEED), the Global Reporting Initiative (GRI) and relevant 

literature, that should be considered in the earliest of design stages. There is a total of 60 

items discussed by the authors (listed in Figure 2.2), categorised into 14 category types 

including ñGeometrics and Alignmentsò, ñEarthworksò, ñDrainageò and ñSlope protectionò.  

 

FIGURE 2.2. THE DEVELOPED SUSTAINABLE ITEMS FOR HIGHWAYS DESIGN. SOURCE: TSAI AND CHANG 2012 
 

The category relevant to this research is ñLandscape and Ecology", containing 12 items. The 

items listed in the paper are broad, and the authors provide little specification on the 

techniques that should be involved in that item. The most relevant item listed in this category 

are part of Item 9 of the Landscape and Ecology category is "Habitat connectivity", this shows 

that incorporating environmental sustainability concepts such as fragmentation and 

connectivity as part of a sustainability strategy in early design is not a new concept, at least in 

academic study.  

2.2.2.3. THE TECHNICAL DESIGN 
The technical design is the final stage of the design work for a project, with all aspects of the 

main design completed. Minor queries regarding the design may arise in the construction 

stage and works within this final design stage may be concurrent with the construction stages 

when specialist sub-contractors are contributing to the design (RIBA 2013). The technical 

design stage finalises the refinements of the designs and strategies developed through the 

previous two design stages. The technical design needs to be in accordance with the Design 

Responsibility Matrix (DRM). For each element of the design, the DRM sets out the 

responsibilities and level of detail (RIBA 2013) in every design stag. Of the ten responsibilities 

for Flora and Fauna Systems, the most relevant is SS_45_70 Animal Conservation Systems. 
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This responsibility is broken down into three subcategories Species Protection, Species 

Introduction and Animal Road Crossings. The NBS does not offer any further information for 

Animal Road Crossings, however, states the purpose of this responsibility for Species 

Protection and Species Introduction in development stages 2-4 (Figure 2.3). This information 

is the same for both subcategories and requires visual information as a means of support for 

construction. In Stage 2, the requirement for graphic representation of the element allows for 

dimensional inaccuracy, which is reasonable considering spatial coordination happens in 

Stage 3. However, there is no visual requirement outside of access and maintenance zones. 

In Stage 3, the requirements are in greater detail; however, the visual information is pertinent 

to refining the design of the construction element and the relationship between elements. For 

example, dimensional coordination, performance requirements and qualities of finish. Stage 4 

requires that visual information be coordinated between all professionals involved, for 

representations for general size, and relationships between elements, and installation details 

that link the models to adjacent constructions. The purposes and requirements for Animal 

Conservation Systems are vague and does not specify terms that are not commonly used 

within conversation or biodiversity planning. The use of the terms "dimensional coordinationò, 

ñperformance requirementsò and ñqualities of finish" confuses the context of the information, 

as this would be a description for a construction element rather than a conservation system. 

Also, the term "visual informationò although a positive requirement, is vague and could 

incorporate a variety of different technologies and software, thus further confusing the design 

process. This highlights the need for more in-depth requirements and descriptions for the 

DRM, including the specification of Geographical Information Systems (GIS) integrated with 

BIM for visual representation, and risk assessments for both habitats and species. 



 

15 
 

 

FIGURE 2.3. THE REQUIREMENTS AND PURPOSE OF INFORMATION FOR ANIMAL CONTROL SYSTEMS IN THE 

DESIGN RESPONSIBILITY MATRIX. SOURCE: NBS  
 

2.2.3. THE ENVIRONMENTAL IMPACT ASSESSMENT 

Environmental policy within the UK was introduced in Chapter 1, defining the Environmental 

Impact Assessment (EIA), the Ecological Impact Assessment (EcIA), and the UK Biodiversity 

Action Plan (BAP). These assessments are undertaken to inform stakeholders of the 

environment and ecology that is surrounding the site, any potential risks to threatened habitats 

and species, and to potential improve environmental sustainability.  

Ortolano and Shepherd (2012) discussed the EIA as a tool across numerous countries; they 

state that while there are few systematics studies on how a governmentôs EIA framework has 

affected decision-making procedures although there have been many case studies on how 

EIAs are used and conducted on projects. The most common positive outcomes of an EIA are 

recommendations for mitigation measures; however, other positive influences include 

improved site selection, redefinition of goals and responsibilities, and the legitimation of 

ñsoundò projects (Ortolano and Shepherd 2012).  However, the authors state that aspects of 

the EIA are too heavily reliant on the judgement of experts and professionals, this can be 

problematic when predicts of impacts are either too vague to be validated, or the basis for 

these predictions are not clear. Furthermore, the EIA is subject to further subjectivity through 

the evaluation of the predicted impacts. There have been attempts to avoid this through the 

development of algorithms which can combine predictions and subjective values of affected 

parties to relate to an overall index, however, there are no indices that are universally 

embraced. In addition to this, Ortolano and Shepherd (2012) even state that comments have 
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been made about EIAs in various countries being a bureaucratic exercise that is subsequently 

filed and ignored rather than integrated. The authors criticize this integration and state that 

EIA serves as a tool to suggest mitigation for a project that has already been selected, this 

failure to integrate has been termed ñthe integration problemò. The documentation of the EIA 

has also been criticized, in addition to the amount of in information within the EIA potentially 

overwhelming even the most tenacious reader, the authors stating a need for clearer 

formatting and a set standard for display. 

Within literature, many authors have contributed to the knowledge of effects caused by 

fragmentation on animal and plant species. Geneletti (2003) states that although there is this 

vast knowledge, it is focused on the response to fragmentation rather than how to determine 

the impacts at a risk assessment stage. There has been a call for the use of landscape spatial 

parameters within EIAs or EcIAs that can predict the disturbance caused by fragmentation 

based on ecosystem size, distribution and shape by Seiler and Eriksson in 1995. Byron also 

concluded this in 1999, stating that the effect on biodiversity from fragmentation can, and 

should, be thoroughly measured. These statements from the 1990s still hold true today, with 

Jaeger stating in 2017 that landscape scale effects of road-networks have not been studied 

very well and neglected by EIAs yet are highly important for wildlife populations. The author 

compiled points to improve EIAs when building roads based on reviews of EIAs in Europe, the 

USA, and the UK, with the take home message that wildlife crossing structures, and fences 

do not mitigate all the impacts of fragmentation from building roads.  

2.2.4. THE ECOLOGICAL IMPACT ASSESSMENT 

Although there have been changes in legislation regarding planning and biodiversity, there 

have been no reviews of UK EcIAs since 2000 (Drayson et al. 2015). Drayson et al. (2015) 

also concluded that the EcIA, broken down into chapters, lack information, continuity, and 

standards regarding who can write these chapters, thus providing a need for a more coherent 

and up to date procedure for EcIAs. 

In January 2016, the Chartered Institute of Ecology and Environmental Management (CIEEM) 

published a second edition of EcIA guidelines. These guidelines were revised by a Technical 

Review Group that was comprised of CIEEM members. As mentioned above, it has been 

suggested in literature that guidelines needed to be updated, and this second edition of 

guidelines aims to: 
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ñépromote good practice, promote a scientifically rigorous and transparent approach 

to EcIAs, provide a common framework to EcIA in order to promote better 

communication and closer cooperation between ecologists involved in EcIAs, and 

provide decision makers with relevant information about the likely ecological effects of 

a project.ò (CIEEM 2016, p5).  

The expansion and updating of the 2006 policy also consider legislation changes from 2006. 

The guidelines are split into the following sections: Introduction, Scoping, Establishing the 

Baseline, Important Ecological Features, Impact Assessment, Mitigation Compensation and 

Enhancement, and Consequences for Decision Making. Due to the recent release of these 

guidelines, there is little literature analysing the expansion and updating of the guidelines. 

However, Drayson et al. (2017) completed an evaluation of EcIA procedure over the years; 

the authors have outlined the six major published chapter reviews of EcIAs, which are from 

1988-2011 (Figure 2.4).  

 

FIGURE 2.4. THE FEATURES OF THE SIX MAIN ECIA CHAPTER REVIEWS IN COMPARISON WITH THE CURRENT 

REVIEW. SOURCE: DRAYSON ET AL 2017 
 

The authors state the following appear to be limitations within EcIAs that have provided a need 

for the published chapter reviews:  
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1. Lack of consultation 

2. Poor baseline survey 

3. Lack of quantification 

4. Inadequate cumulative impact assessment 

5. Vague mitigation measures 

6. Low-level of commitment to mitigation and follow-up 

The limitations that are relevant to this thesis are: ñthe lack of quantificationò as this is regarding 

ecological baselines and impact predictions; ñVague mitigation measuresò as strong mitigation 

measures are linked with a more effective biodiversity offsetting program and no net loss 

initiatives; and ñlow-level of commitment to mitigation and follow-upò. In terms of follow-up, the 

authors briefly mention the 2nd edition of the EcIA guidelines published by CIEEM in 2016. 

They state:  

ñA further important change has been the release of the second edition of the EcIA 

Guidelines (CIEEM, 2016), a decade after the first edition was published. One of the 

improvements in the Guidelines is a greater acknowledgement of the importance of 

follow-upò (p62). 

This is the only statement within the paper that is made on the new guidelines, despite the 

paper being published in 2017, suggesting that this is the most significant change to the 

published guidelines. The EcIA states: 

ñThe EcIA should identify where monitoring is required for mitigation, compensation 

and enhancement measures. It should set out the methods to be used, the criteria for 

determining success/failure, appropriate timing, mechanisms for implementation, 

frequency and duration of monitoring, and frequency of reportingò (p47). 

In the above quotation mention is made about the importance of follow up but there is no 

description on how this can be implemented or whether this has influenced any follow-up. This 

could be because the guidelines were only published in January 2016 and there has been no 

data on the effectiveness of the new guidelines.  

2.2.5. NO NET LOSS (NNL) 

In the broader context of NNL initiatives, Suter (1993) identified potential faults when using an 

index to summarize a landscape. For example, the combination of factors to create a single 

score can lead to the masking of lower scores by one high ranking variable, and that scores 

can be ambiguous if the user does not know if variables are ñhighò or ñlowò. The author also 
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states that environmental planning and decision making can become unclear with the use of 

ñnon-senseò units; these are units that are not precisely measurable unlike weights, times, and 

distances. Biodiversity units in this case are ñnon-senseò units that can be affected by its 

predetermined co-efficient, in this case habitat distinctiveness, which tends to be based on 

scientific opinion. This is a criticism that needs to be considered within environmental planning 

and NNL initiatives, as without clear evaluation definitions (i.e., what specifically makes that 

habitat ñsuitableò) NNL loss and gain values have no real meaning outside of being numbers 

on an excel file. 

However, there is an argument that no net loss of biodiversity can be calculated on paper in a 

detailed fashion (Gibbons et al. 2016). Another ósuccessfulô example of NNL this is taken from 

a 2016 paper by Gibbons et al. in which they provide the scenarios in which a no net loss of 

biodiversity can occur. The authors use a BVM approach and give variety of parameters and 

multipliers to quantify impacts and calculate restoration methods to reach no net loss of 

biodiversity. For example: by using cavity nests as a biotope, the authors could estimate the 

loss and compensation for a protected bird. The development predicted an impact of 50 nests 

lost over two years, which was the ñpresent value lossò. To achieve a no net loss in this 

scenario, the authors state that 300 artificial nest boxes need to be built as this protected bird 

only has an occupancy rate of 0.2. Over a three-year period, this equates to 55 nests for the 

protected bird, which is the ñpresent value gainò. This means that there is a net gain of 7.9 

nest cavities for this development project. This paper uses a ñlike for likeò for offsets, using 

specific attributes such as nesting cavities. Even using an occupancy rate, these nest boxes 

may not provide as an adequate ñgainò due to potential differences in species preference for 

nest boxes, surrounding habitat and the geographical location of the nest box placement. 

There is a grey area when it comes to establishing and defining ñgainsò in this way; for 

example, a planted vegetation can have ecosystem benefits, it will ultimately not perform the 

same as native vegetation (Salt et al. 2004). Cunningham et al. (2004) provide a more specific 

example of this when comparing habitats that are greater than 20 years old as suitable habitat 

for reptiles and mammals compared to planted vegetation and remnant native vegetation. The 

authors concluded that the planted vegetation was inferior and that restoration efforts should 

be put into improving existing remnant vegetation. Gibbons and Lindenmayer (2007) state that 

a key limitation in NNL initiatives is the ñamount of gain that can be achieved relative to the 

loss from clearing, the time lag between the loss and gain, and adequate complianceò (p28). 

Relating back to the definition of this concept, if a restoration attempt is unable to compensate 

for the loss, then NNL cannot be achieved.  

Curran et al. (2014) addressed the question of whether there is empirical support for NNL 

initiatives. The authors extracted data through an intensive literature review of quantitative 
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assessments of species diversity of old-growth and secondary growth habitats, observed 

indicators of alpha diversity, predator variables, and a simplified biome classification to 

understand the evidence base that could provide a more informed debate on NNL and offsets. 

The authors specifically assess whether conditions are met for restoration success, whether 

offsets through restoration projects are robust in preventing NNL of biodiversity. The results 

of the study support that ñspecies diversity indicators are initially impacted by disturbance and 

converge to old-growth reference values over timeò (p618). It is concluded overwhelmingly 

that there is little support to suggest that current theory in offsets practically leads to an NNL 

of biodiversity; the authors compiled results from three other studies that conclude that out of 

an 87 active restoration projects 6% fully recovered (Pimm et al. 1995), there is only an ~23% 

success rate in species composition from a review of 240 studies (Jones and Schmitz 2009), 

and that the overall success rate in replacing lost biodiversity is < 30% (Suding 2011). This is 

a bleak outlook for offsets and their ability to provide a NNL of biodiversity, although Curran et 

al. (2014) state that species can converge to old-growth references over time, establishing a 

new or restored habitat will involve a time lag to maturity; even if the developed habitat fully 

offsets the original ecosystem, the time involved for the ecosystem to reach maturity may have 

incurred some loss to biodiversity. Moreno-Mateos et al. (2015) states that this over-

simplification of habitats for NNL purposes can lead to not only a time lag in the maturity of 

that habitat but the lack of realisation that affected ecosystems may take centuries or longer 

to fully recover, which is beyond any type of planning or prediction. 

2.2.6. NO NET LOSS IN THE UK 

The limitations of the UK NNL scheme by Defra are like those mentioned above such as 

simplifying landscapes, the limitations of quantifying biodiversity, and the lack of empirical 

support for NNL initiatives. The UKôs biodiversity offsetting scheme is no different: the metric 

considered simple in terms of calculating biodiversity units. However, there are some limits 

and risks that are included with biodiversity offsetting. Currently, biodiversity offsetting does 

not consider any location parameters in its calculation, so factors such as slope, aspect, and 

bedrock are not taken into consideration. Also, varying weather, such as temperature, amount 

of sunlight and rainfall across the UK means that an improved grassland in Cornwall will grow 

and develop differently from an improved grassland in Cumbria. In addition to this, single time 

to maturity metrics is considered too simplistic, especially if the time between the negative 

impacts and the offset reaching the required maturity results in biodiversity loss during a period 

of time (Defra 2012). For example, establishing a new or restored habitat will involve a time 

lag to maturity; even if the developed habitat fully offsets the original ecosystem, the time 

involved for the ecosystem to reach maturity may have incurred some loss to biodiversity.  
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As nature is complex and can be unpredictable; with distinctive habitats responding to 

restoration and environmental factors differently, predicting the probability of success is 

somewhat challenging as restoration techniques and management need to be incorporated 

(McKenney and Kiesecker 2010). It has been discussed that current frameworks do not offer 

guidance regarding the ratio of lost, mitigated, and replaced habitats; this is mainly due to the 

absence of detailed guidance for quantifying natural and unnatural land (McKenney and 

Kiesecker 2010). This lack of documentation hinders the predictions for success and comes 

from the scheme being voluntary and therefore no policies put in place to ensure that 

developers are using the scheme correctly. Coralie et al. (2015) expresses that biodiversity 

offsetting could lead to the ócommodificationô of biodiversity; thus scientists, planners, and 

conservationists need to take care. This concern is not only discussed within academia, but 

there have also been public news headlines such as ñBiodiversity offsetting will unleash a new 

spirit of destruction on the landò from the Guardian on 7th December 2012, and ñBiodiversity 

offsetting and net gain: licence to trash natureò from Friends of the Earth on 29th November 

2018. A concept such as NNL through biodiversity offsetting or net gains is already unpopular 

within academia; negative news reports can potentially hinder the perception of the public and 

reducing support for infrastructure developers that are adopting this scheme. 

Finally, as biodiversity offsetting is based on habitats rather than sustaining a protected 

species, a developer may construct on one type of habitat, but may lean towards the 

restoration of a habitat that provides a larger number of offset biodiversity units. In practice, 

this may benefit a new set of species within the area but fail to adequately protect the original 

species of interest that are closely associated with the local complement of species.    

2.3. CARTOGRAPHIC MODELLING 

2.3.1. INTRODUCTION 

The generalisation of information is an inherent characteristic of all geographical data, with 

the derived dataset that is a less complex representation of reality (Bell 2001). This could be 

a set of geometries can be rendered with symbols and associated texts to provide a 

perspective to the viewer (Chaudhry et al. 2009). Chaudhry et al. (2009) states: 

ñéthe viewer does not see a twisty blue line but sees a meandering river as it snakes through 

the delta on its way to the sea. The viewer does not see a dense collection of small angular 

polygons, but sees a collection of buildings, performing many different but related tasks that 

all contribute to the idea of urban space and the cityò (p349). 

Generalising information allows for the data analysis at varying degrees whilst reducing 

storage requirements, however, can lead to errors and discrepancies within data 
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transformation (Bell 2001). Bell (2001) states that GIS is a sophisticated analysis tool that can 

control data transformations to avoid errors in data accuracy. 

GIS has been associated with the construction industry for decades (Palve 2013). Authors 

such as Wiley (1997) state that GIS should be used not only as an operational process to 

provide information for the userôs immediate needs but should be approached as an 

evolutionary tool that allows for the gradual organisation and workflow changes. In the 1990ôs 

more GIS based articles were being published in civil engineering and construction journals 

and conference proceedings. Palve (2013) states that in the context of construction 

management, people think of GIS as a data visualisation tool, overlooking the opportunity for 

data analysis and decision support. The authors suggest that GIS can be used for: 

¶ Progress monitoring system 

¶ 3-D data analysis 

¶ Comparison of data 

¶ Construction scheduling and progress control 

¶ Government regulations 

 Countinho-Rodrigues et al. (2011) discusses the use of GIS in decision support. The author 

states that this support is key for infrastructure investments to successfully implement changes 

in urban areas. Kouziokas and Perakis (2017) reviewed the use of decision support systems 

and stated that many studies have proposed the use of decision support systems that 

incorporate geospatial systems. This need to integrate spatial information in decision 

problems gave rise to the Spatial Decision Support System (SDSS), integrating analytical 

models with database management (Densham 1991). The following sections discussed the 

implementation of an SDSS in large infrastructure sectors, and within construction design. 

2.3.2. APPROACHES IN INFRASTRUCTURE DEVELOPMENT 

2.3.2.1. DESIGN 
The spatial coordination of a design takes place during the Developed Design stage of 

construction development. The developed design involves the refinement of the Concept 

Design and associated strategies. This will involve multiple tools and iterations of the design 

until spatial coordination exercises are complete (RIBA 2013). This stage should complete any 

research and development aspects, and the strategies developed in the Concept Design as 

developed in detail sufficiently enough for the client to sign them off. This stage aims to test 

the Concept Design and add spatial coordination, the to-scale placement of the design. The 

spatial coordination of a design is discussed within a Building Information Modelling (BIM) 

environment. BIM is a three-dimensional representation of a building or infrastructure design 

and its inherent characteristics.  
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In 2013, the UK Government released ñIndustrial Strategy: Construction 2025ò outlining its 

vision, ambition, and commitments for 2025. The Government has committed to the BIM 

Programme: 

ñGovernment will mandate BIM for all centrally procured Government contracts from 2016. 

Industry must therefore meet the challenge ï only through the implementation of BIM will we 

be able to deliver more sustainable buildings, more quickly and more efficiently.ò (p9) 

Evident by the mandate of BIM by the government, an added requirement of geospatial 

placement can also be achieved at this stage of construction as a standard of operation on all 

contracts by the government. The integration of GIS and BIM is not novel (Fosu et al. 2015). 

There have been many approaches suggested by authors to integrate the two technologies. 

For example, Seo (2005) developed a data flow diagram (Figure 2.5) that incorporates CAD 

drawings into ArcGIS and integrated with both spatial and non-spatial data. The authors 

implemented this in 2005 as part of a project to improve road construction planning. In 

addition, there are platform extensions available between the two technologies such as Geo 

BIM (Laat and Berlo 2011).  

 

FIGURE 2.5.  MODEL OF INTEGRATION OF CAD DRAWING DATA INTO GIS. SOURCE: SEO 2005 
 

This integration comes with advantages, the integration of GIS and BIM can provide a 

geographical context to highly detailed building models (Fosu et al. 2015). This can allow for 

planning questions to be addressed throughout the project stages including design, including 

construction, and operation and facility management (Kolbe et al. 2011; Kurwi et al. 2017). 

Within design, the applications of a GIS and BIM integration include traffic planning, optimal 
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number and location of tower cranes, and management of fire response (Isikdag et al. 2008; 

Izharry and Karan 2012). Izharry et al. 2013 used a GIS and BIM integration within the 

construction stage for managing the supply chain. Finally, applications in operation and facility 

management include flood damage assessments, the evaluation of construction performance 

and detection of pipe networks (Amirebrahimi et al. 2015; Elbeltago and Dawood 2011; Lui 

and Issa 2012). Panday and Shahbodaghlou (2016) developed a model to measure the 

contribution BIM brings when developing sustainability goals in construction. As part of their 

conclusions, the authors state that ñFurther research needs to be done on integration of land, 

landscape and building ecology into BIM capabilitiesò (p382). This may be because a 

collaborative delivery method of this nature requires a change in processes, structures, and 

attitudes (Eriksson and Pesämaa 2007). 

2.3.2.2. LINEAR ASSETS: RAIL AND HIGHWAYS 
The demand for more efficient construction has increased over the last few decades, with GIS 

being considered an approach to meet the needs of ñdoing more with lessò (Kurwi et al. 2017 

p47). In many countries, the rail sector is struggling to be efficient despite being considered a 

mature industry in the developed world (Bank 2015; Kurwi et al. 2017). GIS has been used in 

the rail sector route optimisation, rail track design, and identification of rail infrastructure 

improvements (Ebright-McKeehan and Murtha 2009; Kang et al. 2014; De Luca et al. 2012). 

Guler et al. concluded that GIS can be used to analyse relationships between assets or events 

that ultimately improve decision making. A framework by Wei (1996) showed that using a GIS 

system in the selection of a railway line was more efficient than the traditional manual method 

with an insufficient difference in results. Specifically, within the UK, the value of GIS has been 

highlighted within industry standards (Boyes et al. 2017). In the context of High Speed 2 (HS2), 

it is suggested that GIS can streamline information produced to meet the requirement of 

ñdelivering the right piece of information to the right person at the right timeò (Floros et al. 

2020). 

The use of GIS in the highways sector is widespread and has made it possible to solve 

problems that were previously difficult to tackle (Daneshgar et al. 2018). Example tools and 

applications include short-path analysis, vehicle routing, trip investigation and accident 

analysis (Aultman-Hall 1998; Despande et al. 2011; Kim et al. 2011; Pons and Perez 2003; 

Xu 2005). Daneshgar et al. (2018) discusses the use of GIS for roadway networks, using a 

spatial join and linear referencing approach to combine roadway datasets. The authors were 

successful in their methodologies, but state that there are imperfections within GIS datasets 

that need to be considered when integrating different types of geospatial information and 

stresses the importance of data pre-processing. In addition to the technical limitations of 

implementing GIS in highways network management, Ye et al. (2014) has highlighted five 
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general limitations in the uptake of GIS into the highways sector. These are the lack of 

communication between highways engineers and GIS professionals, a lack of standards for 

data consistency, insufficient data availability, a lack of knowledge of GIS and a lack of 

awareness of benefits to using GIS. Understanding these barriers will allow further research 

into how these can be addressed at the organisational level, and ultimately improve uptake of 

GIS to improve operations and decision making. 

The collaboration of GIS and BIM (Section 2.3.2.1.) is also discussed in the context of the rail 

sector. While the opportunities of GIS and BIM integration discussed within literature are 

positive, there are limitations. Kenley et al. (2016) studies BIM interoperability issues in the 

context of the rail sector. The authors concluded that digital data collection and transformation 

does not always provide a sufficient reduction in effort and time. This is due to CAD data being 

referenced with local markers such as street names, whereas GIS location identifiers tend to 

be based on a global or national reference system. A manual translation between the two data 

types may be needed due to the difference in scale, thus creating a complex and time-

consuming task. Floros et al. 2020 state that the integration and interoperability of GIS and 

BIM is not simple. Noardo et al. (2019) documented and analysed existing software to facilitate 

the integration of the dominant standards with GIS and BIM; CityGML and Industry Foundation 

Classes (IFC). The results of the study show that there were errors in height and volumes 

calculations, missing or misshaped geometries, and a lack of customisation of the export 

(Noardo et al. 2019). These limitations, and the importance of the collaboration of GIS and 

BIM, more research needs to be completed both within and beyond the rail sector for improved 

decision-making (Kurwi et al. 2017).   

2.3.2.3. ENERGY SECTOR 
Energy infrastructure manages and directs energy flow, enabling the transportation of energy 

from the producer to the consumer. Within the energy sector, authors have developed 

frameworks to integrate GIS for data visualisation and decision support. Using geospatial data 

on elevation, buildings, infrastructure and land-use, GIS has been used within the energy 

sector as a tool to identify areas suitable for wind and solar farm development (Aydin et al. 

2013; Connolly et al. 2010; Janke 2010) as well as the mapping of current energy resources 

(Kaundinya et al. 2013; Ramachandra and Shruthi 2007; Van Hoesen 2010; Zambelli et al 

2012). A framework developed Kucuksari et al. (2014) used Light Detection and Ranging 

(LiDAR) data to find the optimal location and size of solar photovoltaic plants within a campus 

environment. However, this framework should only be considered as a basis for a more 

comprehensive study that can integrate non-static data, such as weather, solar radiation, and 

wind (Resch et al. 2014). Another example of GIS integration within energy infrastructure is 

related to heat-network planning by (Nielsen and Möller 2012). This integration used economic 



 

26 
 

and administrative data to assess the feasible expansion of the heating network. However, 

Resch et al. 2014 states that the authors did not identify the most effective use of GIS in this 

case, which would be to assess the location of energy storage from individual houses, which 

would influence the overall cost of the supply. Other authors, including Aydin et al. (2013), 

Omitaomu et al. (2012) also use GIS as an SDSS for site selection for renewable energy 

systems.  

Standard user interfaces and data exchange makes GIS a key component of energy 

infrastructure planning (Medrano et al. 2008). However, Resch et al. 2014 states that the most 

essential limitation in the integration of GIS with energy systems is that topographical 

parameters are considered within research but not within real-world planning activities. In 

addition to this, Oldewurtel (2012) states that combining geospatial models and energy system 

models with numerous parameters to represent the real-world is highly complex and could 

require too much simplification. The authors state this is due to fine-grained results requiring 

an increase in the modelôs complexity and number of datasets necessary. However, 

advancements in this area include approaches that use a small area of interest, or a regional 

resolution (Resch et al. 2014). Other limitations within this area include a lack of relevant or 

detailed data. Datasets such as types of home-heating systems, energy production, heat 

demands, and heat-grid topologies do not contain a geospatial reference or are owned by 

private energy providers that are not willing to provide these datasets (Resch et al. 2014). In 

addition, data that is crucial to energy calculations may not be available, such as number of 

floors in a dataset of buildings within a study area (Medrano et al.2008). Medrano et al. 2008 

states that this be more complex when a study site involves different public institutions 

expanding across different administrative boundaries.   

2.3.2.4. WATER SECTOR 
The management of water resources is complex, the growing public awareness of 

environmental issues has led to more rigorous legislation, which poses a challenge to water 

utilities when addressing chemicals and pollutants in the waste stream (Romero et al. 2017). 

The pressure is on to establish water conservation strategies whilst meeting our water 

requirements, this includes turning storm water or urban wastewater into a sustainable water 

supply (Garrido-Baserba et al. 2020). The application of Big Data and Artificial Intelligence (AI) 

is emerging within the water sector, with an estimated 80% of utilities in developed countries 

undergoing digital transition, and 50% of utilities in developing countries by 2025 (Jones et al. 

2014). Garrido-Baserba et al. (2020) states this transformation of strategy and decision-

making is due to the advancements in communication technologies, social media, and 

affordable high-resolution remote sensing. There are many applications in water resource 

management and flood mitigation, in which GIS plays a crucial role (Wang and Xie 2018). 
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Wang and Xie (2018) states that within the water sector, GIS is used in conjunction with other 

tools and data such as Landsat satellite imagery, ground-penetrating radar, and frequency 

domain reflectometry for cutting edge hydrologic models. Specifically, GIS is used in this area 

for data processing, spatial analysis, and results maps. Applications include water resources 

mapping, rainfall measurements, rainfall runoff prediction for flood forecasting, and water body 

and flood mapping (Li et al. 2017; Sharif et al. 2017; Tekeli 2017; Wang et al. 2017,). 

2.3.3. BARRIERS TO IMPLEMENTATION 

The previous sections have shown the integration of GIS for both operational and decision-

making tasks within different sectors within infrastructure. Due to the multidisciplinary nature 

of GIS technology, many domains have not adopted this integration of GIS, addressed the 

need for the technology, or have not yet delivered it to its full potential (Ventura 1995; Ye et 

al. 2014). However, understanding the barriers to implementation is the first stage in promoting 

further use of GIS for advanced applications (Göçmen and Ventura 2010). Over the years 

researchers have investigated the direct and indirect barriers that hinder the adoption rate of 

GIS and have distinguished them into two groups: Organisation Barriers and Technical 

Barriers (Brown 1996, Esnard 2007, Göçmen and Ventura 2010). Ye et al. 2014 define 

organisation barriers as ñdepartment factors, such as lack of staff (e.g., constraints by size of 

the team or funding), lack of purpose or mission to promote GIS application and lack of 

collaborators and networkingò (p19) and technical barriers as ñlack of context, insufficient 

software and tools, lack of reliable data and lack of technical knowledgeò (p19).  Skidmore 

(2017) states that the key books and papers regarding GIS implementation (Figure 2.6) show 

that the trend of barriers in the 1980s appears to be technical (e.g., software, hardware etc.), 

whereas the barriers tend to be more organisational from the 1990ôs, with current barriers 

being data availability, data quality, and suitable applications. 
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FIGURE 2.6. THE KEY BOOKS AND PAPERS THAT IDENTIFY BARRIERS TO IMPLEMENTING GIS FROM 1986 ï 

2001. SOURCE: SKIDMORE 2017 

 

Ye et al. 2014 compiled a literature review and survey questionnaires to identify the barriers 

within government, transportation, commercial and public domains (summarised in Figure 

2.7). The barriers range from awareness of the tools and understanding of the technology, to 

insufficient resources and costs, showing there are still a range of organisational and technical 

barriers among the different domains that were prevalent in the 1980s. Göçmen and Ventura 

(2010) state that the most significant barriers for GIS implementation in planning are 

organisational, although planning departments are faced with a range of organisational and 

technical barriers. The authors suggest the major organisational barriers are training, funding, 

and data issues. The study concludes with suggestions of improving implantation barriers, 

including training in internet GIS-based tools to enhance public participation, accessibility to 

workshops, and increased networking opportunities such as conferences and user group 

meetings. 
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FIGURE 2.7. SUMMARY OF IDENTIFIED BARRIERS AND APPLICATION DOMAIN. SOURCE: YE ET AL. 2014 
 

2.3.4. DATA VISUALISATION 

2.3.4.1. THE POWER OF MAPS 
In this age of computer progress, in both power and storage capacity, the amount of data 

created is continually growing. Although select software tools are used to analyse and 

organise data, it can sometimes be messy and inconsistent, and hinders decision makers from 

selecting the relevant and essential information they need. There is an opportunity to turn an 

overload of information into an opportunity to enable decision makers to make informed 

decisions through data visualisation (Keim et al. 2006). Harris and Hazen (2006) use the term 

ñpower of mapsò about early literature from the 1980ôs and 1990ôs and state that the power of 

maps is rooted in knowledge. The literature poses questions as to how what is not only 

represented on a map affects interpretation, but the implications of the absence of that map 

(Edney 1997; Harley 1989). Harris and Hazen (2006) applied the findings of this literature to 

also look to understand:  

ñHow does mapping suggest that certain spaces can, or should be protected for conservation? 

How does the relative ñmappabilityò of different areas or landscapes encourage the protection 

of certain features of others? How do maps allow readers to imagine certain spaces as 

uninhabited and appropriate protection, or successfully óprotected?ôò (p101) 
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2.3.4.2. DATA VISUALISATION: MAP READABILITY 
There are three types of information that are relevant to visualisation, these are: 

1. Syntactic ï this refers to the relationship among symbols 

2. Semantic ï this refers to the meaning of the symbols 

3. Pragmatic ï this refers to the application of symbols 

The semantic and pragmatic types of information are specific to the individual reader and 

could be influenced by opinions, preferences, social/cultures factors, or previous knowledge 

(Harrie and Stigmar 2010).  The readability, defined as the ability to discern map symbols and 

the ease of reading and interpreting a map, is a major issue within cartography (Harrie et al. 

2015; Harrie and Stigmar 2010). The term was originally introduced in the 1920ôs in which 

user tests were used to validate formulas that could predict the difficulty of a text based on its 

contents. These tests focused on readership, reader persistence, and reading efficiency. It 

has been suggested that the digital revolution and the internet has allowed more freedom to 

cartographers to adapt to specific usability requirements but has also been suggested that 

cartographers have a decreasing amount of control of map readability (Harrie et al. 2011; 

Harrie and Stigmar 2010). The measures used to understand map readability have two main 

purposes, the first is to set specific dataset provisions, including minimum and maximum 

sizes/lengths for objects appearing on the maps. Cartographers have aimed to reduce visual 

complexity by eliminating excess items (distractors) that lead to the decrease in user 

performance (Harrie and Stigmar 2010). Map readability is related to these visual distractors. 

He et al. (1996) concluded that the distractors increase the visual complexity, especially when 

there are multiple distractors, however having no distractors could limit perception of objects 

by the visual resolution. Wolfe and Horowitz (2004) suggest that distractors should be different 

from the target objects by differences in size, orientation, or colour. Harrie et al. (2015) 

identified that certain factors influence and determine the level of readability in a map, they 

are as follows:  

1. Amount of information: The number of objects of a particular type, the number of     vertices, 

the number of nodes, links and areas, the total length of links, and occupied space 

2. Spatial distribution: the distribution of objects, object symmetry and organisation, entropy 

measures for objects and points, homogeneity and number of neighbours, density of object 

and congestion measures 

3. Object complexity: sinuosity, total angularity, and line connectivity 

4. Graphical resolution: minimum size of points (on paper and on screens); minimum width 

of lines; and minimum separation of objects.  
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5. Additional measures include aspects of colours (e.g., contrast) of the visualised objects. 

The readability measures discussed are mainly used with vector data rather than raster. 

Fairbairn (2006) identified that there have been more studies on the use of measures on vector 

maps, and it is more advantageous to do so. Spiess et al. (2005) and Alfredsson et al. (2014) 

state that there are few rules regarding specifications, especially with raster maps. Harrie et 

al. 2015 also claim that there are no map specifications that include the use of a combination 

of readability measures, thus providing no rules or justifications when selecting readability 

measures, or a composite of measures. There have been many studies that have aimed to 

define readability measurements; however, these studies do not target the applicability or 

usability of these measurements. It is stated that determining which readability measures to 

include in a composite is useful for the map generalisation process. (Harrie et al. 2015).  

Trends within cartographic research show that most readability measures are geometrically 

oriented (Harrie et al. 2015). Brewer et al. (1994) states the significance of symbol style; the 

use of symbol style changes could not only improve the quality of a map but could decrease 

the work involved in maintaining multiple scale databases. An example of this could be 

increasing the transparency of an object that lies adjacent or on top of another object, which 

reduces the need to move the objects away from each other to allow the user to see both 

objects.  

With that being said, Harrie et al. (2015) states that literature has placed an emphasis on 

syntactic measures rather than semantic. The semantic measures are harder to measure as 

they relate to the perception of the individual user. Because of this, it has been debated that 

full readability of a map cannot be measured due to the unmeasurable semantic factors 

(MacEachren 2004). Factors that affect perception could be pieces of information that are not 

viewed on the map, such as intelligence or previous knowledge. Roth et al. (2011) claims that 

cartography needs readability measures that focus on symbol styles that include semantic 

factors. This includes the adjustment of patterns, iconicity and colours that adhere to semantic 

rules, such as related themes having similar colours. This could specifically include water 

being shown as blue, grasslands as green, and roads as grey. 

The second use of measures of map readability is the control of the generalisation process. 

Relating back to the question of how much information to put on a map, Biderman (1986) 

stated that when reading or interpreting a map, the human brain puts significance on the object 

points. Thus, providing the need to understand what constitutes an object point and applying 

the correct readability factors. Harrie and Stigmar (2010) concluded from a study that object 

points, line lengths and number of objects influenced the judgement of the reader rather than 

the area of an object itself.  
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Landscape planners have relied on two dimensional visualisations, however non-experts can 

be confused by abstract and graphically sparse, presenting a need for coherent yet still 

stimulating data visualisations (Lange 1999; Paar 2006). The field of computer graphics has 

grown and has provided opportunities for landscape visualisations but just in a two-

dimensional form, with predictions that more people will use 3D landscape simulations (Orland 

et al. 2001; Sheppard 2001). Appleton et al. 2002 concluded that there is no ñuniversal 

landscape solutionò in the visualisation of landscapes, however Steintiz (1992) and Ervin 

(2001) state that environmental research should concentrate on the specifications of their 

required technology and efficient representation of data, rather than specific software, tools 

and technology.  

The authors identified that even though there has been progression to overcome limitations 

such as incorporating local people into conservation management and the reduction of sharp 

edges in conservation boundaries, there is no comprehensive answer to these questions, 

however it is possible to engage experts to help identify these issues.  

2.4. GIS IN ENVIRONMENTAL MANAGEMENT 

2.4.1. INTRODUCTION 

There are three key components for successful environmental and natural resource 

management: policy, participation, and information (Skidmore 2017). Policy within the UK has 

been introduced in Chapter 1 and discussed in Section 2.2. Skidmore (2017) states that 

ñBetter spatial information and maps leads to improved planning and decision making at all 

levels and scales, and hopefully generates harmony between production and conservation 

across a landscapeò (p1). The following sections discusses information, particularly spatial 

information, and its use within the fields of land-use change, risk assessments, NNL and 

fragmentation. 

2.4.2. PATTERNS IN LAND-USE CHANGE 

Frequent monitoring of land use and land cover patterns are useful for the sustainable use of 

land (Singh Bijender et al. 2014). Datasets such as aerial and satellite imagery in conjunction 

with GIS plays an important role in the detection of land-use changes and ultimately in the 

protection and maintenance of natural resources (Prashad et al. 2014). Landscape metrics, 

patch mosaic models that quantify the structure and configuration of a landscape, are a widely 

understood quantitative technique that are suited for landscapes that are frequently disturbed 

(i.e., fire disturbances, felling, etc.) or undergo anthropomorphic change or are within a built 

environment (McGarigal et al. (2009). Landscape metrics have also been used to analyse 

changes in urban land-use over time; Seto and Fragkias (2005) completed the first 

comparative analysis of land-use change through spatial and temporal patterns. The authors 
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used landscape metrics to analyse changes through 10 maps created from RS satellite 

imagery spanning 10 years for four cities in China. The conclusions state that the use of 

metrics was successful in the analysis (Seto and Fragkias 2005). In addition to this, Liu and 

Yang (2015) used the integration of satellite imagery, GIS and landscape metrics as part of 

an urban mapping and land cover change study. The authors concluded that the integration 

of these tools: GIS, satellite imagery, and landscape metrics were useful for landscape 

mapping and change understanding over time. Other authors over time have established the 

use of landscape metrics, also known as spatial metrics outside the field of landscape ecology 

in mapping and modelling land-use change (Herold et al. 2005). For example, Parker et al. 

(2001) stated the usefulness of spatial metrics is assess urban landscape patterns by linking 

them to economic processes. In addition, Alberti and Waddell (2000) also stated the 

importance of spatial metrics in complex spatial patterns as they provide a representation of 

heterogeneous characters of land-use cover and potential impacts on ecological impacts. 

Finally, Geoghegan et al. (1997) implied that people care about landscape patterns and spatial 

metrics by linking these patterns to house prices. The mapping and modelling of spatial 

metrics already has a variety of applications, but the research of these applications is only 

beginning (Herold et al. 2005). Most of the case studies point out that applications of spatial 

metrics need further systematic investigations (Herold et al. 2005). 

In 1998, Hargis et al. stated that landscape metrics can provide useful interpretation of the 

landscape if the limitation of using metrics is understood. Firstly, Gustafson (1998) stated that 

applying numerous metrics without a clear hypothesis could result in a ófishing tripô, which 

could confirm a desired outcome by just selecting certain metrics. Although Liu and Yang 

(2015) stated above that the integrated use of landscape metrics was useful in landscape 

mapping and analysis, they discussed some limitations. Firstly, the authors stated that the 

quantification of changes does not address or explain the causality behind these changes, 

and that studies should include ancillary data and qualitative methods to fully understand the 

underlying processes associated with the consequences of landscape changes. In addition, 

the authors state that quantifying changes at different scales may lead the way to a need for 

specific measures, and more specific metrics for habitat fragmentation rather than vague 

indicators, such as ñtotal edgeò. 

2.4.3. ENVIRONMENTAL RISK ASSESSMENTS 

The use of GIS for assessing habitats for EIAôs is considered highly relevant, and a versatile 

platform for efficient data collection, enhanced system requirements and smoother operations 

(Gontier et al. 2010; Yadav and Mishra 2014). The concept of integrating GIS to assess 

environmental risk is not recent, with both Erickson (1994) and Eedy (1994) identifying 

applications and benefits for this integration. Erickson (1994) identified the following ways in 
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which GIS can be used for the EIA: the overlaying of different layers over the study site, the 

categorisation of environmental components and attributes, the reporting of specific types of 

impacts that are related to specific project activities and identifying project activities and the 

network of possible impacts. Eedy (1995) describes the benefits of the integration of GIS and 

EIA. The author states that this integration allows for the evaluation of changes over time, can 

be updated and used for multiple projects, can store large multidisciplinary datasets, and can 

used to analysed relationships between environmental characteristics. In addition, the author 

also claims that the use of GIS and the EIA serves the interests of the public through more 

accurate reporting of impact assessments whilst aiding processes for technical analysts. In 

more recent research, Yadav and Mishra (2014) state that using GIS for impact assessments 

allows for a more realistic approach for habitat descriptors and opportunity to analyse their 

interrelationships. The authors also detail the specific actions a user can complete when GIS 

is used to visualise environmental data from an impact assessment. This includes the querying 

of a specific location, the selecting of a point which allows the user to see the corresponding 

attributes and any supporting photographs or documents, the suer can also search and query 

the data and export results and perform data management and configuration (Yadav et al. 

2014).  

The use of GIS is not as simple and developing applications without methodological structure. 

Gontier et al. 2010 discusses criteria for the selection of modelling method for impact 

assessments. These include technical reliability and user-friendliness of the platform, the 

types of outputs/results required, the possibility to test alternative scenarios, and data 

requirements and data format. A key component is environmental data as this is the subject 

of GIS analysis and visualisation (Gharehbaghi and Scott-Young 2018). There has been an 

increase in the amount of relevant digital environmental data published and being made 

available by governments, and private companies via remote sensing or environmental 

monitoring (Kogan et al. 2010). However, data heterogeneity can be a challenge in 

environmental data integration with varying accuracy and precision depending on the data 

source and subsequent processing (McAfee and Brynjolfsson 2012). Examples of 

environmental data that has been integrated with GIS for environmental assessments within 

research include weather patterns, topography, land-cover, and species 

distributions/presence data (Gontier et al. 2010; Vitolo et al. 2015). However, Vitolo et al. 

(2015) state that limitations, particularly with large environmental datasets, are a lack of 

structure which increases the complexity, few standardised definitions of domain variables, 

and metadata that has not been integrated with the dataset. Therefore, it is important to 

understand data restrictions and limitations when integrating environmental data into decision-

making, ensuring that data requirements should be identified early as data availability and 
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accessibility may be influenced if further data collection is needed (Glasson and Therivel 2013; 

Gontier et al. 2010; Johnson and Gillingham 2005)   

2.4.4. GIS TO IMPLEMENT NO NET LOSS 

There is no shortage of literature surrounding NNL and biodiversity offsetting, zu Ermgassen 

et al. (2019) reviewed NNL literature capturing over 15,000 articles, 32 of which observe 

ecological outcomes from NNL policies. The authors highlight the key themes of policy 

relevance, achieving NNL, and compliance with NNL policies, however there is no mention of 

techniques or technologies to aid NNL implementation. In addition, GIS is not mentioned within 

the entire global NNL review. It appears that research within this field is either based within 

policy, or physical management for NNL. Yu et al. (2018) used GIS spatial analysis methods 

to aid in identifying offsetting areas in the Yellow River Delta due to increased land reclamation 

on the coast. Spatial analyst tools such as interpolation of habitat attributes across the study 

area, natural breaks classifications for ranking suitability, and Euclidean Distance allowed the 

researchers to locate offsetting sites. Although the methodology and use of GIS was 

successful, ultimately the results are that NNL in this case is unachievable as too much land 

reclamation has taken place and there is not enough area within the Delta to offset like-for-

like. The authors conclude by stating that the focus of NNL policies should be placed on 

minimising of land-use change for development.  

According to Bull et al. (2018) there are no ñpeer-reviewed multi-national assessments 

concerning the implementation of no net loss policies to dateò (p64). The authors state that 

barriers to transparency in this area are the lack of regulatory requirements and clarity 

surrounding the requirements, lack of political will, no protocol for combining sub-national 

datasets, and heterogeneous data formats. An increase in the transparency of assessments 

would further inform the debate regarding the suitability of NNL policies but would also set 

standards for good practice towards evidence-based conservation, and ultimately consistent 

techniques and technology for decision-making and implementation. In conclusion to their 

global review of NNL outcomes, zu Ermgassen et al. (2019) states ñIf we are to achieve NNL 

of biodiversity, it is an urgent priority to develop the evidence base to understand what works, 

and whenò (p14), providing a gap for investigation into the use of technology and innovation 

in NNL initiatives.  

2.4.5. HABITAT FRAGMENTATION AND LANDSCAPE INDICES 

Almenar et al. (2019) use landscape metrics to analyse fragmentation and habitat loss in 

Luxembourg from 1999 to 2007 by calculating values for both years regarding specific species. 

The authors concluded these analyses can be easily replicated and would be suitable for 

coupling with least-cost path models, which would be applicable to the development of new 
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linear infrastructure (e.g., roads, pipelines, etc.). In addition, it was recommended that similar 

spatial exercises would support nature conservation and could provide a value insight into the 

impacts of future land-use change. However, actions for biodiversity in The 25 Year 

Environment Plan do not appear to be legally-binding, and there is no requirement as part of 

the Contract BAP or EIA to include analyses such as this.  

Corry and Nassauer (2005) tested the validity and reliability of metrics using small mammals 

in the corn belt of Iowa, USA. The authors measured four different indices that asked: How 

much habitat is there? How big are the patches? How many habitat types are there? And how 

clumped or dispersed are the patches. Using literature, the authors hypothesized that smaller, 

and more diverse patches were more suitable for small mammals. The analysis of landscape 

patterns gave habitats in the study a rank from 1-5 of suitability for small mammals, this was 

then compared to published values. The authors concluded that patterns within the landscape 

are not always good indicators of habitat quality. Corry and Nassauer (2005) also identified 

some other limitations and challenges faced when using this tool, along with advice to planners 

and designers. First, the authors found that from their study, applying landscape metrics on to 

fine-scale habitat patterns does not provide valid information when the landscape is already 

highly fragmented. This authors state that this may be because fine habitat patches may be 

considered as ñlinear elementsò rather than polygon patches (i.e., hedgerows). Therefore, the 

user should not rely solely on compositional metrics such as mean nearest neighbour, as this 

tool is not valid with linear elements. To avoid fine-scale habitat patterns, the habitat classes 

can be aggregated to create larger habitat parcels of a similar characterisation, if appropriate 

for the goals of the study (i.e., broadleaf wood and mixed woodland) However, this increases 

contiguity within the landscape. The authors recommend using a habitat classification 

scheme. 

Martinez and Castillo (2015) identified ten individual metrics that can be used to indicate 

fragmentation and connectivity. In another study, the degree of fragmentation was measured 

as a value between zero and one, as used by Reza and Abdullah (2011) and originally by 

Penghua et al. (2007). These studies look at fragmentation across an entire landscape to 

assess the vulnerability of that landscape to anthropogenic change. As a development site is 

composed of dynamic factors, Andreasen et al. (2001) allows for the degree of fragmentation 

to be assessed over time as proposed landscape changes emerge. There have been reviews 

of the use of landscape health and composition indices from as early as 1993. Suter (1993) 

reports that some components within environmental indices have ñnon-sense unitsò which 

have no real-world value. For example, the biodiversity units discussed by Defra (2012) are a 

compilation of determined values for habitats. The use of ñunreal propertiesò for ecological 

indices may obscure the basis for decision making (Suter 1993). This critique further supports 
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the use of landscape metrics as ñreal propertiesò that are not only measurable in the field but 

are not combined into an index of ñnon-sense unitsò. Other indices, such as Karrôs (1993) 

Index of Biotic Integrity (IBI) and Costanzaôs (1992) Health Index (HI) both use an integration 

of factors into a single index to summarize the health of an ecosystem. Suter (1993) claims 

that a single unitary response implies that there is only one type of response. For example, 

Karrôs (1993) 12 metrics of fish communities implies that there are 12 different responses to a 

disturbance; it is then compiled into a single index, which implies a simple linear scale 

response, which, due to diverse components of an ecosystem, are not generally 

comprehensible. 

Experiments in understanding the predicted impacts on landscapes by linear infrastructure is 

discussed by authors. Geneletti (2004) used spatial indicators to assess ecosystem 

fragmentation caused by roads and developed a methodology to compare changes in 

landscape configuration caused by road projects, and to encourage good practice in spatial 

planning. The author created a flow diagram for impact assessment for habitat loss and 

fragmentation (Figure 2.8). The methodology differs from previous landscape analysis is also 

applied to individual patches in addition to the wider landscape. Geneletti (2004) states that 

while landscape configuration metrics such as mean patch size and patch density are useful 

in evaluating changes at the landscape-level, highlighting the patches that are going to be 

affected by infrastructure design should be a prerequisite for an infrastructure impact 

assessment. Geneletti (2004) concludes by stating ñis an urgent need to provide reasonable 

estimates of impacts such as fragmentation, whose ecological implications cannot be ignored 

during the design of transportation infrastructureò (p13). However, outside of linear 

infrastructure, experts in this field are yet to reach an agreement regarding how to measure 

fragmentation patterns within a landscape, making findings experimental and blurring the 

translation into management guidelines (Bogaert 2003). 
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FIGURE 2.8. SCHEMATIC OF IMPACT PREDICTION. SOURCE: GENELETTI 2004 
 

2.5. CHAPTER SUMMARY 

This chapter has discussed the three themes of environmental sustainability and 

management, cartographic modelling in an infrastructure context, and geospatial solutions in 

environmental management. There have been many attempts to push sustainable 

development policies worldwide since the 1980s with little success. Current environmental 

policies within the UK are considered arduous tasks that require subjective expert opinions 

which are not always integrated throughout the entire lifecycle of a development project. These 

limitations are despite the relevant integration of GIS with the EIA in literature, including data 

collection, data analysis, and visualisation. Furthermore, procedures for impact assessments 

lack a consistent review in monitoring methodologies, and do not assess the impact of 

fragmentation. The prominent ecological initiative, no net loss, allows for the commoditisation 

of nature into biodiversity units that can be lost or gained on a site. There is currently no 

mandate for official reporting of biodiversity losses and gains or required targets. In addition, 

there is limited literature on the application of geospatial technologies to improve the process 

of NNL calculations and further inform decision making. Finally, there are no requirements for 

assessing biodiversity in the form of NNL calculations or a Contract BAP within the design 

phases of construction development despite sustainability goals needing to be set within the 

concept design. There is a clear knowledge gap that provides an opportunity for further 

research into the integration of biodiversity management tools into the concept and developed 

design. In addition, there Is an opportunity to further research and develop GIS applications 

that incorporate NNL calculations to inform the Contract BAP and the EIA. Finally, there is a 
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need to establish whether fragmentation can be included as part of the Contract BAP or the 

EIA using landscape pattern analysis to predict impacts. 

GIS applications are an established tool within the context of large infrastructure research and 

has been demonstrated across multiple sectors for asset visualisation and in decision support. 

However, there is no requirement for use of GIS at the technical design phase of construction 

development, which is the stage in which the design is given spatial coordination. Literature 

surrounding barriers to GIS implementation suggest that uptake of the technology is based 

around data quality and availability, and organisational factors. These factors include a lack of 

knowledge and awareness of the benefits, no political will to implement the technology, and a 

general lack of expertise. There is an opportunity to investigate the practical applications of 

GIS outside of research to understand how GIS is used as a decision support tool for 

environmental management, using the sponsor company as a case study. There is also an 

opportunity to assess the feasibility of implementation of GIS for environmental management 

to improve the uptake of GIS and reduce the barriers, thus improving environmental 

management and sustainability in large infrastructure development.  
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3. METHODOLOGY 

3.1. INTRODUCTION 

Chapter 2 highlighted the need for a new approach to help the infrastructure industry to 

increase their biodiversity protection and sustainability. Delivering this approach is challenging 

as methodologies discussed in the literature review, such as no-net loss, are considered over-

simplified and out-dated. This chapter explains and justifies the combination of methodologies 

to address the challenges uncovered in the literature review and to achieve the research 

objectives. 

The aim of this chapter is to establish the methodological foundations, and research 

approaches that address the research aims and objectives. The broader research project was 

developed as part of the design science research methodology, that is specific to performing 

research in information systems. The research project is then comprised of research inquiries, 

each of which have their own research paradigm, assumptions, and approaches for data 

collection and analysis that has influenced the choice of appropriate approach.   

The chapter is comprised of nine sections; the first investigates the research design and 

describes the design science research approach. The second presents the setting and 

participants of the research; this is focused on the details of the sponsor company. The third 

through seventh sections explore the specific research enquiries. The eighth discussion 

ethical considerations, and the ninth concludes the chapter. 

3.2. RESEARCH PARADIGM AND DESIGN  

3.2.1. RESEARCH PARADIGM 

This research project is concerned with the broader context of biodiversity loss due to 

infrastructure development. The research, therefore, focuses on a pragmatic approach. This 

type of approach allows the researcher to understand ñwhat worksò rather than reaching a 

conclusion that is objectively ñrealò or ñtrueò (Mackenzie and Knipe 2006). Pragmatists 

"rejected the scientific notion that social inquiry was able to access the truth about the real 

world solely by virtue of a single scientific method" (Mertens, 2005, p.26). Therefore, 

pragmatists tend to include a mixed-method approach in research design. In this case, the 

purpose is to understand if GIS can support infrastructure companies reach their biodiversity 

goals while minimising their impact on the surrounding environment, and to develop a simple 

approach to be implemented within infrastructure design and implementation. 

3.2.2. DESIGN SCIENCE RESEARCH APPROACH 

Research design is a systematic plan to "understand, describe, predict or control an 

educational or psychological phenomenon or to empower individuals in such contexts" 
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(Mertens, 2005, p.2). The objectives in this thesis used mixed methods; however, the overall 

research follows a pragmatic approach for performing research in information systems, such 

as GIS, based on the Design Science Research Method (DSRM). This proactive research 

methodology ñfocuses on creating and evaluating innovative IT artefacts that enable 

organisations to address important information-related tasksò (Hevner et al., 2004 p33). 

Design science is regarded as a problem-solving process in information systems. Knowledge 

and understanding of a design problem are a fundamental principle of design science 

research, and the solution is the development and application of an artefact (Hevner et al. 

2004). In this case, the artefact being the human/computer interface.  

The DSRM approach is comprised of three cycles, the Relevance Cycle, Rigor Cycle, and 

Design Cycle (Figure 3.1.). The Relevance Cycle is based around the understanding of the 

problem. For this research the literature review, and contextual studies provide the domain in 

which the artefacts are placed. The Rigor Cycle grounds the design of the artefact in a 

knowledge base, for this research the knowledge base is cartographic communication. In 

addition to this, spatial planning methodologies shape the artefact and are used in the 

identification of parameters within the artefact. Finally, the Design Cycle is the key research 

activity. Objective 3 is based around the design and development of the geospatial 

applications to aid in reducing biodiversity loss. The framework for the artefact is grounded by 

the knowledge base of cartographic communication, and influenced by existing UK 

biodiversity policies, construction design, and practices within the sponsor company. This 

cycle also encompasses evaluation. Supporting methods of evaluation include a technical 

discussion, business opportunity discussion, and a discussion based around the DSRM. 

  

FIGURE 3.1. THE THREE RESEARCH CYCLES WITH NUMBERS THAT LINK TO THE DSRM CHECKLIST QUESTIONS. 
ADAPTED FROM HEVNER AND CHATTERJEE (2010) 

 


























































































































































































































































































































