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[bookmark: _Toc30800974][bookmark: _Toc30801381]Abstract
Phytophthora ramorum (PR) is an invasive pathogen that spreads across the Wales territory wiping out large numbers of larch timber plantations despite many eradication efforts.
With the use of  Geographic Information System (MapInfo Pro 16.0), the Forestry Commission infected trees (2010-2014) point data set was analysed and collated with various available layer maps in order to locate sporulating hotspots, to locate the pathways and to analyse the spreading patterns.
 It was discovered that the initial disease outbreak had taken place in North and South Wales almost simultaneously. Additionally, this report informs that there are many different factors (biotic and abiotic) contributing to the rapid spread of the PR pathogen, some are not very strong (e.g. main roads or major rivers), and some are strongly correlated (e.g. large sporting events, streams, forestry dirt roads or Japanese larch plantations). The GIS System that was built with the use of MapInfo Pro 16.0 has allowed pinpointing PR favourite host locations and major spreading pathways which led to interesting conclusions and resulted in a proposal of specific mitigating actions.  Additionally, practicality and application of the GIS software as viable Environmental Impact Analysis tool were also evaluated it this report.














Contents
Abstract	2
1.0 Introduction	4
1.0.1 Phytophthora ramorum	4
1.0.2 Situation in the UK	6
1.0.3 Welsh Government Strategy for Wales (2019)	7
1.0.4 Welsh Climate	8
1.0.5 Geographic Information System (GIS)	8
1.0.5.1 What is GIS?	8
1.0.5.2 Brief History	9
1.0.5.3 GIS Data Types	10
1.0.5.4 Hypothesis	10
2.0 Brief Literature Review	11
3.0 Methodology	14
3.0.1 Data Conversion	14
3.0.2 Point-Data Spatial Allocation	15
3.0.3 Data Sources	15
3.0.4 Staged Analysis Concept Explanation	16
3.0.4 Limitations	16
4.0 Data and Spatial Analysis	17
4.0.1 Stage 1	17
4.0.2 Stage 2	19
4.0.2 Stage 3	22
5.0 Conclusion	28
5.01 Recommendations	29
6.0 Appendix	30
7.0 References	31



Note: Table of Figures is Missing Due to an Error Corrupting the File When Trying to ‘Insert Table of Figures’
[bookmark: _Toc30800975][bookmark: _Toc30801382]1.0 Introduction

[bookmark: _Hlk25689399][bookmark: _Toc30800976][bookmark: _Toc30801383]1.0.1 Phytophthora ramorum                                                                                                                  
Phytophthora ramorum (PR) (‘the plant destroyer’ from Greek) is a fungus-like microscopic organism (often called ‘water mould’) (Fig.1) (Nicholls, 2004; Pscheidt, 2017; Forest Research, 2019).  PR can produce two types of spores on infected hosts (chlamydospores-long lived, and zoospores-short lived) which can be spread from ‘leaf to leaf and plant to plant’ via mist, water irrigation (e.g. excessive waterlogging and surface water) (DEFRA, 2014; Pscheidt, 2017). Moreover, it can be dispersed on a much larger scale by wind-blown rain (up to 4 miles) (Woodland Trust, 2019). Long-lived spores can help the disease to survive in even most harsh conditions making the pathogen very difficult to control (DEFRA, 2014; Welsh Government, 2019; Woodland Trust, 2019). [bookmark: _Toc30800999][bookmark: _Hlk30801089][bookmark: _Toc30801106][bookmark: _Toc30801206]Figure 1. Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 2 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 3 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 4 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 5. Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 6 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 7 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 8 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Figure 1. Reproductive Structures of the Phytophthora (Nicholls, H., 2004)
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[bookmark: _Toc30801001][bookmark: _Toc30801108][bookmark: _Toc30801208]Figure 3 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

[bookmark: _Toc30801002][bookmark: _Toc30801109][bookmark: _Toc30801209]Figure 4 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

[bookmark: _Toc30801003][bookmark: _Toc30801110][bookmark: _Toc30801210]Figure 5. Reproductive Structures of the Phytophthora (Nicholls, H., 2004)
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[bookmark: _Toc30801005][bookmark: _Toc30801112][bookmark: _Toc30801212]Figure 7 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

[bookmark: _Toc30801006][bookmark: _Toc30801113][bookmark: _Toc30801213]Figure 8 Reproductive Structures of the Phytophthora (Nicholls, H., 2004)

Many sources address the human factor (e.g. plant trade, tourism, and various outdoor recreational activities) as largely contributing to an extensive spread of the virus in the UK (Mabbett, 2013; DEFRA, 2014; Drake and Jones, 2017; Woodland Trust, 2019).
[bookmark: _Hlk28428577][bookmark: _Hlk28428632]PR has two different types of host species (terminal hosts-unable to produce spores and spread the pathogen further, and sporulating hosts- can produce spores at different rates) (Forest Research, 2019). For example, in the UK there are many different confirmed host plants (e.g. Magnolia grandiflora, Camellia japonica or Viburnum tinus that can be found in varying habitats including heathlands, heritage gardens and woodlands. However, according to (Drake and Jones, 2017; Forest Research, 2019), the two primary sporulating hosts found in the UK are Rhododendron ponticum (rhododendron) and Larix kaempferi  (Japanese larch).
PR has been known to cause death to 150 plant species worldwide (e.g. tanoak (Notholithocarpus) and native oak (Quercus) in the USA or sweet chestnut (Castanea sativa) in Europe (Forest Research, 2019; Woodland Trust, 2019). Moreover, the disease, by producing large amounts of decaying wood creates a perfect environment for secondary pest outbreaks (e.g. the larch bark beetle) (Welsh Government, 2019).
In Europe, P. ramorum has been discovered in many countries (e.g. Slovenia, Belgium, Germany, Italy, Denmark, France, Ireland, Sweden, Norway, Spain and the Netherlands’ (Forest Research, 2019) hence it was regulated under EU emergency measures (2002/757/EC) (Welsh Government, 2019). 
In Wales, the pathogen mainly affects the conifer tree plantations (grown for timber market) (DEFRA, 2014). It penetrates through natural openings or wounds, causing leaf necrosis, branch, stem and shoot dieback. The pathogen travels from leaf’s (or needles) to branches and infiltrates the main stem infecting the entire tree (live tissue) causing characteristic bleeding cankers (or lesions) (Fig.3,4). It then proliferates inside the tree-trunk and blocks the trees water transport system (Woodland Trust, 2019), which eventually leads to the entire tree death (Fig.2). Figure 3. Infected Larch Tree -Wales (Woodlands.co.uk, 2011).

Figure 3. Infected Larch Tree -Wales (Woodlands.co.uk, 2011).
Figure 2. Phytophthora ramorum in Brecon Beacons National Park, Dead Larch Tree Stacks (M. Morga, 2019).

Figure 2. Phytophthora ramorum in Brecon Beacons National Park, Dead Larch Tree Stacks (M. Morga, 2019).
Figure 4. Cefn onn Park in Cardiff- ‘oak death’ (Clarkson, J., 2008).

Figure 9. Cefn onn Park in Cardiff- ‘oak death’ (Clarkson, J., 2008).

Figure 4. Cefn onn Park in Cardiff- ‘oak death’ (Clarkson, J., 2008).

[bookmark: _Toc30801007][bookmark: _Toc30801114][bookmark: _Toc30801214]Figure 9. Cefn onn Park in Cardiff- ‘oak death’ (Clarkson, J., 2008).


Additionally, the UK government PR surveillance programs (i.e. visual surveys) are not very effective due to a ‘cryptic phase’ (initial phase within the life cycle of the disease). It delays the onset of disease symptoms (by up to two years) and allows the imperceptible spread of the disease within the plant (Welsh Government, 2019). 
[bookmark: _Hlk28429347][bookmark: _Toc30800977][bookmark: _Toc30801384]1.0.2 Situation in the UK      
                                                                                                            
At present, PR has been located in all four UK countries (England, Scotland, Northern Ireland and Wales) (Sketchley, 2017). It was first discovered in 2002 in the UK (Sussex- England) in the ornamental nursery (non-forestry environment) on imported Viburnum Plant (possibly introduced through plant-trade pathway) from where it has vigorously spread into parks and gardens instantly infecting its favourite host plant (Rhododendron ponticum). Figure 5 P. ramorum spread status in trees (Wales) (Forestry Commission 2019).

Figure 10 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 11 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 12 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 13 P. ramorum spread status in trees (Wales) (Forestry Commission 2019).

Figure 14 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 15 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 16 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

Figure 5 P. ramorum spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801008][bookmark: _Toc30801115][bookmark: _Toc30801215]Figure 10 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801009][bookmark: _Toc30801116][bookmark: _Toc30801216]Figure 11 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801010][bookmark: _Toc30801117][bookmark: _Toc30801217]Figure 12 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801011][bookmark: _Toc30801118][bookmark: _Toc30801218]Figure 13 P. ramorum spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801012][bookmark: _Toc30801119][bookmark: _Toc30801219]Figure 14 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801013][bookmark: _Toc30801120][bookmark: _Toc30801220]Figure 15 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Toc30801014][bookmark: _Toc30801121][bookmark: _Toc30801221]Figure 16 P. ramorum disease spread status in trees (Wales) (Forestry Commission 2019).

[bookmark: _Hlk28429932][bookmark: _Hlk28430079]According to the Welsh Government ‘P, ramorum is the most severe and threatening tree disease recorded so far in Wales’ (Welsh Government, 2019). Since the first discovery (2010) in Japanese larch (in south Wales) it has rapidly spread across the entire country (Fig.5) imposing significant environmental, social and economic impact. (Drake and Jones, 2017) estimates ‘that £1.446bn of public value is at risk in England and Wales per year from an uncontrolled spread of Phytophthora ramorum’). By the year 2013, there were 6,251 infected hectares (out of total 22,400 ha of larch) infected and 1,200 hectares of larch has been felled by NRW (since 2010). Also, Statutory Plant Health Notices (SPHN) have been issued by NRW obligating woodland owners to immediate felling of infected trees (total cost of the felling and replanting operation exceeded £2,3 million) (National Assembly for Wales, 2013). Currently, the cumulative area under SPHN exceeds 11,190 ha (excluding 2019) (Table 1) (Sketchley, 2017; Welsh Government, 2019).  Table 1 Rate of Increase of Areas Under an SPHN (Notification Letter) (Welsh Government, 2019)
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Table 1 Rate of Increase of Areas Under an SPHN (Notification Letter) (Welsh Government, 2019)


[bookmark: _Toc30800978][bookmark: _Toc30801385]1.0.3 Welsh Government Strategy for Wales (2019) 

Welsh Government has mainly focused its strategy on larch timber stacks dividing the country into three Core Disease Strategy Zones (CDZ1, CDZ2- high rate of infection, DZL- limited infection) (FIG.6) Also, Phytophthora Operational Response Team (including Wales Tree and Plant Health Steering Group) management team collaboration was established. NRW has taken the role of a main coordinating and surveillance body and SPHN issuer (Welsh Government, 2019). Figure 6 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 17 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 18 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 19 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 20 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 21 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 22 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 23 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Figure 6 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801015][bookmark: _Toc30801122][bookmark: _Toc30801222]Figure 17 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801016][bookmark: _Toc30801123][bookmark: _Toc30801223]Figure 18 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801017][bookmark: _Toc30801124][bookmark: _Toc30801224]Figure 19 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801018][bookmark: _Toc30801125][bookmark: _Toc30801225]Figure 20 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801019][bookmark: _Toc30801126][bookmark: _Toc30801226]Figure 21 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801020][bookmark: _Toc30801127][bookmark: _Toc30801227]Figure 22 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

[bookmark: _Toc30801021][bookmark: _Toc30801128][bookmark: _Toc30801228]Figure 23 P. ramorum Management Zones (CDZ1, CDZ2, DLZ) Including SPHN Spatial Distribution (2010-2018) (Welsh Government, 2019)

Additionally, seven overarching aims for the Strategy for Wales (2019) were presented (Table 2):Table 2 Phytophthora ramorum Strategy for Wales Aims (Welsh Government, 2019)
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[bookmark: _Hlk28430609][bookmark: _Toc30800979][bookmark: _Toc30801386]1.0.4 Welsh Climate 

[bookmark: _Hlk30755091]According to Cambridge University and their climatic model for the UK, the Welsh Climate speeds-up the spread of P. ramorum (Fig.7) (Welsh Government, 2019). Met Office also informs that Wales is classed as ‘one of the WALES
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Figure 7 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 31 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 32 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 33 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 34 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 35 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 36 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

Figure 37 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Hlk28431317]Figure 7 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801029][bookmark: _Toc30801136][bookmark: _Toc30801236]Figure 31 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801030][bookmark: _Toc30801137][bookmark: _Toc30801237]Figure 32 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801031][bookmark: _Toc30801138][bookmark: _Toc30801238]Figure 33 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801032][bookmark: _Toc30801139][bookmark: _Toc30801239]Figure 34 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801033][bookmark: _Toc30801140][bookmark: _Toc30801240]Figure 35 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801034][bookmark: _Toc30801141][bookmark: _Toc30801241]Figure 36 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).

[bookmark: _Toc30801035][bookmark: _Toc30801142][bookmark: _Toc30801242]Figure 37 Environmental Suiatability for P. ramorum by Cambridge Epidemiology and Modelling Group (Welsh Government, 2019).
WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES


WALES

Figure 8 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 31 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 32 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 33 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 34 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 35 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 36 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

Figure 37 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Hlk28431356]Figure 8 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801022][bookmark: _Toc30801129][bookmark: _Toc30801229]Figure 31 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801023][bookmark: _Toc30801130][bookmark: _Toc30801230]Figure 32 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801024][bookmark: _Toc30801131][bookmark: _Toc30801231]Figure 33 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801025][bookmark: _Toc30801132][bookmark: _Toc30801232]Figure 34 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801026][bookmark: _Toc30801133][bookmark: _Toc30801233]Figure 35 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801027][bookmark: _Toc30801134][bookmark: _Toc30801234]Figure 36 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).

[bookmark: _Toc30801028][bookmark: _Toc30801135][bookmark: _Toc30801235]Figure 37 Rainfall Amount Over 8 Day period in November 2012 (Met Office Maps in The British Geographer).


most windy parts of the UK’ especially in the highest (mountainous) regions of the country. The prevailing wind in Wales mostly blows from a south-westerly and westerly direction. Also, the highest annual rainfall is usually recorded along with the western and south-westernmost parts of the UK (Fig.8) (The British Geographer, no date; Met Office, 2018). 

[bookmark: _Toc30800980][bookmark: _Toc30801387][bookmark: _Hlk28432283]1.0.5 Geographic Information System (GIS)

[bookmark: _Toc30800981][bookmark: _Toc30801388]1.0.5.1 What is GIS?

Geographic Information System (GIS) is a computerised system capable of assembling, storing, analysing, managing and visually displaying data (i.e. ‘geographically or spatially referenced information’s) that is assigned to specific location (e.g. through GPS coordinates or postcode) on the Earth’s surface (Grind GIS, 2015; National Geographic Society, 2017). 
Multiple kinds of data (rivers, streets, buildings, population demographics, vegetation, geology often stored in tables or as preceded maps) can be assessed individually or combined and manipulated within the software Figure 9 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 38 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 39 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 40 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 41 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 42 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 43 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 44 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

Figure 9 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

[bookmark: _Toc30801036][bookmark: _Toc30801143][bookmark: _Toc30801243]Figure 38 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

[bookmark: _Toc30801037][bookmark: _Toc30801144][bookmark: _Toc30801244]Figure 39 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).

[bookmark: _Toc30801038][bookmark: _Toc30801145][bookmark: _Toc30801245]Figure 40 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).
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[bookmark: _Toc30801042][bookmark: _Toc30801149][bookmark: _Toc30801249]Figure 44 GIS Model (Structured Layers) Diagram (Grind GIS, 2015).


(through query function) Furthermore, displayed in the form of the multi-layered interactive map (Fig.9). ‘GIS uses location as the key index variable to relate these seemingly unrelated data’ which enables the user to visualize the spatial distribution patterns and inter-relationships (National Geographic Society, 2017).

[bookmark: _Toc30800982][bookmark: _Toc30801389]1.0.5.2 Brief History

John Snow was the first man too use the term GIS (in 1854) when he invented this scientific approach method in order to resolve Cholera epidemy in London (point-locations of drinking hydrants were plotted on the London residential map which helped him to pin-point disease outbreak sources) (Grind GIS, 2015). Figure 10 First example of GIS Map (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015).

Figure 45  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 46  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 47  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 48  First example of GIS Map (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 49  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 50  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 51  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Figure 10 First example of GIS Map (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015).

[bookmark: _Toc30801043][bookmark: _Toc30801150][bookmark: _Toc30801250]Figure 45  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801044][bookmark: _Toc30801151][bookmark: _Toc30801251]Figure 46  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801045][bookmark: _Toc30801152][bookmark: _Toc30801252]Figure 47  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801046][bookmark: _Toc30801153][bookmark: _Toc30801253]Figure 48  First example of GIS Map (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801047][bookmark: _Toc30801154][bookmark: _Toc30801254]Figure 49  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801048][bookmark: _Toc30801155][bookmark: _Toc30801255]Figure 50  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

[bookmark: _Toc30801049][bookmark: _Toc30801156][bookmark: _Toc30801256]Figure 51  First Ever GIS Ma (Cholera Outbreak Map by Snow, J.) (Grind GIS, 2015)

Over 108 years later (in 1962) GIS was transformed into computerised software and the first Canadian Geographic Information System (CGIS) was created. It was able to store, process and manipulate various spatial data. Dr Roger Thomlinson who invented the system, became officially “the father of GIS”, and the software was commercialised 1980ties (Grind GIS, 2015).


[bookmark: _Toc30800983][bookmark: _Toc30801390]1.0.5.3 GIS Data Types

Three major types of data can be processed by GIS software:
Numeric data which are a type of statistical data that has been tabulated (e.g. in Excel) with a spatial component that is usually linked with Vector files (displayed as individual GIS map layers). The example is the UK regional demographic data (Census) (Syracuse University Libraries, 2019).Figure 11 Types of GIS Data (A-Vector, B-Raster, C-Both Layers Combined into GIS Map) (Syracuse University Libraries, 2019).

Figure 52 Types of GIS Data (A-Vector, B-Raster, C-Both Layers Combined Into GIS Map) (Syracuse University Libraries, 2019).

Figure 11 Types of GIS Data (A-Vector, B-Raster, C-Both Layers Combined into GIS Map) (Syracuse University Libraries, 2019).

[bookmark: _Toc30801050][bookmark: _Toc30801157][bookmark: _Toc30801257]Figure 52 Types of GIS Data (A-Vector, B-Raster, C-Both Layers Combined Into GIS Map) (Syracuse University Libraries, 2019).











[bookmark: _Hlk27938441]Vector data (example, Fig.11, A) are presented in three forms (points, lines, polygons) that are assigned to dedicated (X, Y) coordinates or other spatial components through the digitalisation of a base data file. A perfect example of vector data is roads, land parcels or country borders (data with characteristic discrete boundaries) (Grind GIS, 2015; Syracuse University Libraries, 2019).
[bookmark: _Hlk27939405]Raster data (Fig.11, B) are built of satellite images, scanned maps or even digital camera photographs (e.g. aerial topography) that have been scanned with the scanner and transformed into e.g. .GIF, .TIF, .JPG in order to be processed by the GIS software (Grind GIS, 2015; Syracuse University Libraries, 2019). 

[bookmark: _Toc30800984][bookmark: _Toc30801391]1.0.5.4 Hypothesis 

There is no one specific factor influencing the spread of the Phytophthora ramorum disease across Wales; therefore, it is assumed that a combination of factors (biotic/abiotic) is the likely cause of this problem. 
[bookmark: _Toc30800985][bookmark: _Toc30801392]2.0 Brief Literature Review

There are countless examples of how GIS software can be used especially within the environmental field. The three cases presented below are set a chronological order to present the gradual progression of the GIS software development. 
[bookmark: _Hlk28373184]First is the “Spatial Clusters and Variability Analysis of Tree Mortality” report (Meng and Cieszewski, 2006). In this journal, article researchers have presented the spatial analysis of tree mortality clusters in Georgia (data collected in years 1989 and 19197) among hardwood and softwood species groups. For the actual processing and analysis of tree mortality clusters various permanent sample plot data were captured and ‘semivariogram analysis method’ was utilised. The basic GIS mapping techniques (ArcView GIS 3.2) available in those days were somewhat limited, therefore only used to display maps of higher tree mortality concentration clusters visually. Fig.12 presents an elementary digital map of Georgia with a county-level boundary and a point coverage Figure 12 Spatial clusters of forest tree mortality in Georgia, 1989 and 1997 (Meng and Cieszewski, 2006).

Figure 53 Spatial clusters of forest tree mortality in Georgia, 1989 and 1997 (Meng and Cieszewski, 2006).

Figure 12 Spatial clusters of forest tree mortality in Georgia, 1989 and 1997 (Meng and Cieszewski, 2006).

[bookmark: _Toc30801051][bookmark: _Toc30801158][bookmark: _Toc30801258]Figure 53 Spatial clusters of forest tree mortality in Georgia, 1989 and 1997 (Meng and Cieszewski, 2006).



of plots (black and white colours). The multi-layering systems were not invented back then. Nevertheless, through the use of GIS software and the ‘spatial scan statistic methods’ the most likely clusters of tree mortality were identified with very high precision (Meng and Cieszewski, 2006).

[bookmark: _Hlk28366542]Next example is the Oregon State University scientific document called “Spatial relationship between Phytophthora ramorum and roads or streams in Oregon tanoak forests” (Peterson, Hansen and Kanaskie, 2014) where the spread of the PR (including Sudden Oak Death) between Oregon sites along its roads and streams network (with inclusion of topographic features aspect) was investigated in 2013. For the ‘regionally restricted randomisation test’ the ArcGIS software was utilised (GPS coordinates of infected trees were recorded and spatial distribution in time was mapped (Fig.13). Figure 13 Sudden Oak Detah Infestation Topography Map (Oregon 2002-2010) (Peterson, Hansen and Kanaskie, 2014). 

Figure 54 Sudden Oak Detah Infestation Topography Map (Oregon 2002-2010) (Peterson, Hansen and Kanaskie, 2014). 

Figure 13 Sudden Oak Detah Infestation Topography Map (Oregon 2002-2010) (Peterson, Hansen and Kanaskie, 2014). 

[bookmark: _Toc30801052][bookmark: _Toc30801159][bookmark: _Toc30801259]Figure 54 Sudden Oak Detah Infestation Topography Map (Oregon 2002-2010) (Peterson, Hansen and Kanaskie, 2014). 

Maps were downloaded from Port-Orford cedar-GIS regional distribution maps (USDA Forest Service SW Oregon Forest Health Service Centre, Medford Oregon) (Peterson, Hansen and Kanaskie, 2014). Thanks to the ArcMap tools, topographic descriptors (i.e. average elevation and average slope) were determined to allow for more precise study area designation (cluster boundaries). Also, ‘hypothesis that sites are no closer to roads or streams than would be expected by chance’ was also tested with the use of the GIS. Moreover, through the ArcGIS mapping and its extensive ‘layering capabilities’ careful analysis of the varying morphological factors was also conducted (Fig.14). It resulted in a conclusion that ‘environmental conditions and/or dispersal mechanisms associated with streams may contribute to the distribution of SOD in Oregon’ (Peterson, Hansen and Kanaskie, 2014).Figure 14 ArcGIS Map of Infected Sites Collation (Site Boundaries, Roads, Forest, Streams of North Chetco- ‘A’ and Borax-‘B’) (Peterson, Hansen and Kanaskie, 2014).

Figure 55 ArcGIS Map of Infected Sites Collation (Site Boundaries, Roads, Forest, Streams of North Chetco-‘A’ and Borax-‘B’) (Peterson, Hansen and Kanaskie, 2014).

Figure 14 ArcGIS Map of Infected Sites Collation (Site Boundaries, Roads, Forest, Streams of North Chetco- ‘A’ and Borax-‘B’) (Peterson, Hansen and Kanaskie, 2014).

[bookmark: _Toc30801053][bookmark: _Toc30801160][bookmark: _Toc30801260]Figure 55 ArcGIS Map of Infected Sites Collation (Site Boundaries, Roads, Forest, Streams of North Chetco-‘A’ and Borax-‘B’) (Peterson, Hansen and Kanaskie, 2014).

The final example is “GIS Environmental Information Analysis of the Darro River Basin as the Key for the Management and Hydrological Forest Restoration” carried out by (Fernandez et al., 2017) where the small river-
basin in Granada (Spain) was environmentally assessed prior to its reforestation and hydrological restoration. The sophisticated combination of the open GIS software (GvGIS) and the improved forest-restoration methods encompassing vegetation and land use, an in-depth analysis including morphological conditions as well as soil/climate characteristics were applied in this project. Each component of this innovative area-restoration Figure 15 GIS processing steps and the resulting maps of the morphological analysis conducted with GvGIS tools (Fernandez et al., 2017).

Figure 15 GIS processing steps and the resulting maps of the morphological analysis conducted with GvGIS tools (Fernandez et al., 2017).


[bookmark: _GoBack][bookmark: _Hlk28427075]equation model was calculated and sequentially analysed with the use of GIS mapping (Fig.15). Next, it was combined through the application of the USLE method which has generated a thematic (simplified) final map of ‘’soil erosion fragility units in the Darro River basin ‘‘(GvGIS) (Fig.16). According to the authors of this project ‘the conventional methods to assess soil erosion hazard are expensive and time-consuming’ and  ‘the integration of existing soil-erosion models with field data and data provided by remote-sensing technologies through the use of GIS system was found to be advantageous’ (Fernandez et al., 2017).Figure 16 Final Map of Soil Erosion Fragility Units in the Darro River Basin generated (GvGIS) (Fernandez et al., 2017).

Figure 16 Final Map of Soil Erosion Fragility Units in the Darro River Basin generated (GvGIS) (Fernandez et al., 2017).

[bookmark: _Toc30800986][bookmark: _Toc30801393]3.0 Methodology 
                                       
[bookmark: _Toc30800987][bookmark: _Toc30801394]3.0.1 Data Conversion
Secondary data used in this report were collected by Forestry Commission Wales (FCW). They consist of infected trees (924 points) recorded across the whole Wales in 2010-2014 (data sample Nr.1-17, Fig.17). The spread of Phytophthora ramorum disease was monitored by the FCW Disease Monitoring Team members in a way that individual trees showing PR symptoms (with the ‘infection confirmed’ status) were recorded into Excel spreadsheet. Additionally, the date, exact location (X, Y coordinates), grid reference and the ownership (private or Forestry Commission of Wales) were also tabulated (Fig.17).Figure 18 MapInfo Print Screen (Excel Data File Conversion).  

Figure 63 MapInfo Screen

Figure 64 MapInfo Screen

Figure 65 MapInfo Screen

Figure 66 MapInfo Screen

Figure 67 MapInfo Screen

Figure 68 MapInfo Screen

Figure 69 MapInfo Screen

Figure 18 MapInfo Print Screen (Excel Data File Conversion).  

[bookmark: _Toc30801061][bookmark: _Toc30801168][bookmark: _Toc30801268]Figure 63 MapInfo Screen

[bookmark: _Toc30801062][bookmark: _Toc30801169][bookmark: _Toc30801269]Figure 64 MapInfo Screen

[bookmark: _Toc30801063][bookmark: _Toc30801170][bookmark: _Toc30801270]Figure 65 MapInfo Screen

[bookmark: _Toc30801064][bookmark: _Toc30801171][bookmark: _Toc30801271]Figure 66 MapInfo Screen

[bookmark: _Toc30801065][bookmark: _Toc30801172][bookmark: _Toc30801272]Figure 67 MapInfo Screen

[bookmark: _Toc30801066][bookmark: _Toc30801173][bookmark: _Toc30801273]Figure 68 MapInfo Screen

[bookmark: _Toc30801067][bookmark: _Toc30801174][bookmark: _Toc30801274]Figure 69 MapInfo Screen
Converted Excel Spreadsheet File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel Spreadsheet File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File

Converted Excel File
Figure 17 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 63 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 64 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 65 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 66 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 67 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 68 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 69 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

Figure 17 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801054][bookmark: _Toc30801161][bookmark: _Toc30801261]Figure 63 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801055][bookmark: _Toc30801162][bookmark: _Toc30801262]Figure 64 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801056][bookmark: _Toc30801163][bookmark: _Toc30801263]Figure 65 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801057][bookmark: _Toc30801164][bookmark: _Toc30801264]Figure 66 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801058][bookmark: _Toc30801165][bookmark: _Toc30801265]Figure 67 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801059][bookmark: _Toc30801166][bookmark: _Toc30801266]Figure 68 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

[bookmark: _Toc30801060][bookmark: _Toc30801167][bookmark: _Toc30801267]Figure 69 Excel Spreadsheet Sample (NRW Data Points 2010-2014).

For the purpose of the analysis the MapInfo Pro 16.0 (MIP16) (GIS software) was selected. The above FC data were imported into the GIS system. To allow for the processing by MIP16 the file was converted into MapInfo (*.tab) file (Fig.18).


[bookmark: _Toc30800988][bookmark: _Toc30801395]3.0.2 Point-Data Spatial Allocation 
Next, the imported data was captured by the MapInfo Pro 16.0 (MIP16) system and allocated within the ‘base layer’ map (Fig.19), which was also downloaded as the Wales Counties ‘base map layer’ 2011 Census: Boundary Data England and Wales (Office for National Statistics, 2011), retrieved from the UK Data Service (http://census.ukdataservice.ac.uk/get-data/boundary-data.aspx.) The Explorer window in the top left corner (Fig.19) serves as the main interface for the MIP16 software (provides a full list of all currently used maps and tables). Figure 19 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the 2011 Census: boundary data (England and Wales ‘Base Map Layer’ (Office for National Statistics (2011).

Figure 70 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 71 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 72 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 73 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 74 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 75 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

Figure 76 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Hlk28438483]Figure 19 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the 2011 Census: boundary data (England and Wales ‘Base Map Layer’ (Office for National Statistics (2011).

[bookmark: _Toc30801068][bookmark: _Toc30801175][bookmark: _Toc30801275]Figure 70 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801069][bookmark: _Toc30801176][bookmark: _Toc30801276]Figure 71 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801070][bookmark: _Toc30801177][bookmark: _Toc30801277]Figure 72 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801071][bookmark: _Toc30801178][bookmark: _Toc30801278]Figure 73 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801072][bookmark: _Toc30801179][bookmark: _Toc30801279]Figure 74 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801073][bookmark: _Toc30801180][bookmark: _Toc30801280]Figure 75 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.

[bookmark: _Toc30801074][bookmark: _Toc30801181][bookmark: _Toc30801281]Figure 76 MapInfo Pro 16.0 NRW Data Points (2010-1014) Collation with the Wales Regional Base Layer Map.
EXAMPLE

EXAMPLE

 
The more in-depth process of downloading, importing, converting and analysing data points and various map layers including authors detailed observations will be elaborated on in detail within ‘Data Analysis’ chapter.

[bookmark: _Toc30800989][bookmark: _Toc30801396]3.0.3 Data Sources 
 A full list of maps providers utilised within the PR study is presented below: 

	Digimap
	MapCruzin.com

	UK Data Services
	Rally-Maps.com

	NBN Atlas
	Met Office

	Lle A Geo-Portal for Wales (NRW)
	OS Open Data

	Gov.UK (Department for Business, Energy & Industrial Strategy)
	


 

[bookmark: _Toc30800990][bookmark: _Toc30801397]3.0.4 Staged Analysis Concept Explanation
The main task of this report was to evaluate the use of GIS software as a modelling tool for environmental analysis. PR data were initially broken down into smaller subsections (e.g. thematic, spatial or time-related sub-tables) with the use of MIP16 software and its modelling functions. It should allow the user for better understanding of patterns (or pathways) and various spatial correlations of the geo-referenced data-points and the pre-installed layer maps.
Next, in order to investigate the spread of the disease, the analysis was split three stages that included some basic forms of the analytical approach presented in the Literature Review chapter.
Stages:
[bookmark: _Hlk25754674]Stage 1: Preliminary PR data processing (initial analysis)
Stage 2: Study of the data set concerning GB Rally Championship events across Wales
Stage 3: Collation of the PH data set with multiple layer maps (whole Wales)
Additionally, some positive/negative comments and authors observations regarding the GIS software practicality were also presented in chapter 4.0

[bookmark: _Toc30800991][bookmark: _Toc30801398]3.0.4 Limitations
It is essential to mention that collected data are fragmentary (the covered period is 2010-2014) which makes it five years in total (2014-2019 data were not available). 
Also, the 924 recorded point represent individual trees. Therefore, they cannot be considered as sufficiently representative (some assumptions regarding the infected sites (e.g. the extent) must be implemented. Tree disease data may not reflect on the real status of PR spread within the investigated area (e.g. accessibility could potentially play a significant role in the sampling methodology). 
Finally, each layer map (or set of layer maps) utilised in this study were selected by the author; therefore, a bias factor may have some influence on the research.


[bookmark: _Toc30800992][bookmark: _Toc30801399]4.0 Data and Spatial Analysis

[bookmark: _Toc30800993][bookmark: _Toc30801400]4.0.1 Stage 1 
The spatial analysis was initiated with the PR data points being plotted on the base map layer, as shown in Fig.20. Figure 20 FCW P.Ramorum Dataset (All 924 Points).

Positives: The MapInfo 16 software allows us to import different maps (as layers), including different file shapes and convert them into the required (workable) file type. The requested base layer map ((2011 Census: Boundary Data (England and Wales)) was retrieved from (http://census.ukdataservice.ac.uk/get-data/boundary-data.aspx.). It was received as MapInfo *tab. file. Negatives: GIS software does not cope well with the larger file sizes, and it tends to freeze or even crash down when asked for processing of more extensive (detailed) maps (especially in country-wide dimensions). 
Negatives: Another common problem occurring during the analysis was the error screen popping out each time the computer was left switched on overnight ( Fig. 20). The file was usually corrupting the entire workspace, so some maps had to be preloaded back up again into the workspace every day. Figure 21 Error Pop-up Screen (Map Info Pro16)

Figure 21 Error Pop-up Screen (Map Info Pro16)


Next, in order to process such a large file (FCW 2010-2014 PR infected trees), it was dissected into two smaller sub-sections and two ‘browser tables’ were created (floating tables option, Fig.22). 
Positive:  MIP16 tools allows to infer extra information directly from the processed dataset (e.g. time and date of collection, place, status, GPS coordinates) and many more. It helps to create additional thematic maps, sub-data (sub-tables) and correlate them with different layer-maps available online.A
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Figure 22 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 77 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 78 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 79 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 80 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 81 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 82 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 83 Browser Table and Screen Division Example (MapInfo PRO 16).

Figure 22 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801075][bookmark: _Toc30801182][bookmark: _Toc30801282]Figure 77 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801076][bookmark: _Toc30801183][bookmark: _Toc30801283]Figure 78 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801077][bookmark: _Toc30801184][bookmark: _Toc30801284]Figure 79 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801078][bookmark: _Toc30801185][bookmark: _Toc30801285]Figure 80 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801079][bookmark: _Toc30801186][bookmark: _Toc30801286]Figure 81 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801080][bookmark: _Toc30801187][bookmark: _Toc30801287]Figure 82 Browser Table and Screen Division Example (MapInfo PRO 16).

[bookmark: _Toc30801081][bookmark: _Toc30801188][bookmark: _Toc30801288]Figure 83 Browser Table and Screen Division Example (MapInfo PRO 16).

 


In Fig.22, two ‘new browser tables’ were arranged, providing the user with some extra information regarding the imported layers (red rectangles). 
Positive: Usually, browser tables are grouped into named columns (likewise the imported Excel spreadsheet) which makes the processing very easy.
Positive: MIP16 software allows for better visualisation of the analysed data points through the ‘display splitting options’ (Fig.22, an example of the screen being divided into three separate screens: A, B, C). 

Next, the investigated data file was split into two sub-groups (Private and FCW ownership sub-groups). Selection by querying (SQL Select) was implemented and data was marked with two different colour markings (red and green triangles, Fig.23). 
It was inferred that there are only 127 ‘Private’ infected sites (Fig.23, bottom left corner) out of 924 in total, which represent 13.42% of the all registered points. 
Another interesting aspect observed was the enormous data cluster formation located within the South/ South-West region of Wales (Fig.23) (subject to further analysis in Stage 3).
Fig.23 also revealed that all of the infected sites recorded in 2010 were public ownership sites (purple/red triangle) points. Potentially, public accessed woodlands (and commercial activities) taking place within public areas could be responsible for the PR infection breakout in South Wales. Figure23 Private/ FCW Infected Sites (Forestry Comission Wales 2010-2014 Data Points).

[bookmark: _Toc30801082][bookmark: _Toc30801189][bookmark: _Toc30801289]Figure 84 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801083][bookmark: _Toc30801190][bookmark: _Toc30801290]Figure 85 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801084][bookmark: _Toc30801191][bookmark: _Toc30801291]Figure 86 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801085][bookmark: _Toc30801192][bookmark: _Toc30801292]Figure 87 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801086][bookmark: _Toc30801193][bookmark: _Toc30801293]Figure 88 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801087][bookmark: _Toc30801194][bookmark: _Toc30801294]Figure 89 Private/ FCW Sites Collation (2010-2014 Data Points).

[bookmark: _Toc30801088][bookmark: _Toc30801195][bookmark: _Toc30801295]Figure 90 Private/ FCW Sites Collation (2010-2014 Data Points).


Positives: The use of calculator tool (through the SQL table), ability to see clusters as the points are spatially allocated, basic map legend creation (Fig.23).


[bookmark: _Hlk30651495][bookmark: _Toc30800994][bookmark: _Toc30801401]4.0.2 Stage 2
Next task was to perform the analysis of PR yearly spread (2010-2014) across the whole of Wales. The investigation was closely linked to the GB Rally event (racing events locations) that took place in years (2009-2014). This kind of approach was inspired by the BBC News article ‘Tree disease puts brakes on Swansea Bay Rally’  which informed that ‘A motor rally due to attract thousands of spectators to south Wales has been postponed due to a tree disease’ (BBC News, 2010).
In order investigate a potential correlation with the GB Rally events and the P. ramorum disease outbreaks, an additional dataset of all GB Rally routes (2009-2014) was created (tabulated coordinates in Excel, Fig.24)  and later imported into the MIP16 workspace (numeric data converted into spatially referenced points). GB Rally stage maps were derived from Wales Rally GB (Rally-Maps.com).Figure 24 Example of Rally GB (track coordinates) presented in Excel Data Spreadsheet.


Next, FCW data were divided into four categories (SQL request) where each layer of the data collection was given a different colour on the map. Similarly the same was done with the GB Rally races in order to find potential correlations between the events and the P. ramorum introduction patterns. Figure 25 P. ramorum Data (2010-2011) Colation With GB Rally Routes (2009-2011).

Figure 25 above shows that PR outbreak (2010-2011: purple dots) has emerged in two distant locations (North and South Wales) almost simultaneously. Interestingly, PR ‘can be spread naturally in wind-blown rain only up to 4 miles’ according to (Woodland Trust, 2019). Moreover, all GB Rally stages (years 2009-2011: green car logo) were also taking place in adjacent areas and they travel across the whole wales every year. 
GB RALLY EVENTS & P.RAMORUM SITES
NORTH WALES

MID WALES

SOUTH WALES

Figure 26 P.ramorum Data (2012-2014) Collation with GB Rally Stages (2012-2014).
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	Map layers Fig. 25, 26
· [bookmark: _Hlk30735700]2011 Census: Boundary Data (England and Wales) was retrieved from the UK Data Service (http://census.ukdataservice.ac.uk/get-data/boundary-data.aspx.)
· 2019 NBN Atlas rhododendron occurrence download at (https://nbnatlas.org), [Downloaded:2019-11-15 21:03]



Positives: The MapInfo software allows for layering of the imported data and presenting it on a single map (Fig.26). Sites infested with rhododendron were displayed along with the GB Rally stages and PR outbreak zones. Although there are large clusters of rhododendron observed in the southern area near the PR sites, they are much further apart in north Wales. The rhododendron contribution to the P.ramorum outbreaks is north was not convincing.

Fig.26 illustrates the consecutive years of the spread of P. ramorum  (20012-2014) in collation with corresponding GB Rally events (2012-2014). It can be observed that the spread of the virus in the studied years (including north, mid and south Wales) was closely related with the GB Rally events. 
As ‘the spread of PR disease can occur through mud and leaf debris off peoples footwear and wheels - including cars, bicycles, mountain bikes, baby buggies and wheelchairs’ (Woodland Trust, 2019), it can be assumed, that the outbreaks of P. ramorum disease in Wales were triggered by the GB Rally championship events. It is also possible that large quantities of the racing equipment are getting delivered through ports in the north (e.g. The Port Of Mostynwhich) and in the south (Port Talbot or Swansea) which could also add to the significant spreading factors. 
Also, according to Phytophthora ramorum Strategy for Wales ‘the most important time for spore production and their spread to other trees is in late summer and early autumn’ (Welsh Government, 2019). GB Rally championships usually take place in October-November in Wales (Motorsport UK, 2018).
Positives: GIS software allows us to create map legends. Also, through the SQL Select, by the processing of numeric and vector data (GB Rally datasets) the visualisation process (the time-scale) were significantly enhanced which helped to establish some correlations between the consecutive years of the virus spread and the GB Rally events.    
Positives: ‘Save Image’ (MIP16 option) allows for clear presentation of different sections of the map in one picture. The above analysis (Figures 24, 25) are perfect examples.

[bookmark: _Toc30800995][bookmark: _Toc30801402]4.0.2 Stage 3
Fig.27 presents the collation of PR point-data with a topographical layout and woodland inventory of Wales layers. It can be observed that PR infected points are strongly associated with the coniferous trees (sometimes mixed conifer inventory) and that the preferred locations of the disease spread are predominantly mountain and upland valley territory. These findings are in line with the information derived from the literature informing that the vast majority of infected sites in Wales are larch tree stacks located in ex-mining territories. Also, being located in upland regions, the trees are exposed to intensive rainy/windy/misty conditions that can favour the spread of the pathogen (Forest Research, 2019; Welsh Government, 2019).
Additionally, it can be observed that most of the infected trees are located in the southern territory (including small sections in the north) while there are large patches of conifer trees located in mountain/upland areas (especially midsections of Wales) where the virus has not spread in vast numbers.
Figure 27 P. Ramorum Compilation With Topographic Map and the Welsh Conifer Inventory (NRW)





















	Map layers, Fig.27:
· [bookmark: _Hlk30660437]2011 Census: Boundary Data (England and Wales) was retrieved from UK Data Service (Http://census.ukdataservice.ac.uk/get-data/boundary-data.aspx.), [Downloaded: 2019-11-19 21:57]
· 2010 National Forest Inventory Woodland Wales retrieved from Forestry Commission Open Data (http://data-forestry.opendata.arcgis.com/search?tags=Wales), [Downloaded: 2019-12-19 17:07]
· [bookmark: _Hlk30660384]2010 DigMapGB-625 Offshore Geology Scale 1:625000 from EDINA Geology Digimap Service, (https://digimap.edina.ac.uk), [Downloaded: 2019-12-22 20:50]



Positives: The modelling of the layers through the  MIP16 SQL query has allowed deriving specific information regarding the topography of Wales and woodland inventory (mountains and conifer stack were highlighted and collated with the PR infected trees). It enabled for better understanding of the pathogen spread patterns and enhanced the visualisation of those areas.

Negatives: It must be mention that data sets (maps, vector or points) are not always frequently updated; therefore, it is challenging to obtain up-to-date pieces of information. It can significantly affect the results obtained through GIS modelling software.
Positives: Another interesting observation inferred due to the SQL Select (sub-data requested and displayed in regards to the registered collection year) was the fact that PR spreads over the years from west/south-west direction towards eastern parts of the country (especially in the southern mountainous areas) (Fig.28) which falls in line with the prevailing wind directions recorded in Wales (Met Office, 2018; Welsh Government, 2019). It can suggest that strong, prevailing wind could significantly contribute to the spread of the virus in higher (upland areas). Figure 28 Ramorum Infection Spread Direction (Yearly Collection Map).







Next is the analysis of PR datasets in correlation with Welsh waterways (streams and rivers) with the inclusion of rhododendron sightings (Fig.29). It can be observed that P.ramorum abundance (red triangles) are almost entirely associated with the occurrence of waterways (in particular streams rather than main rivers). (Peterson, Hansen and Kanaskie, 2014) have discovered that Phytophthora ramorum infected sites ‘occurred significantly closer to waterways than expected by chance’. Moreover, looking at the zoomed-in map section, even with a high abundance of rhododendron occurring near conifer plantations, when streams are absent (red circled zones) (Fig.29), the P. ramorum infection was not recorded.
Figure 29 P. Ramorum Collation With Welsh Waterways and Rhododendron Invasive Plant.



















	Map layers, Fig.29:
· 2011 Census: Boundary Data (England and Wales) was retrieved from UK Data Service (http://census.ukdataservice.ac.uk/get-data/boundary-data.aspx.), [Downloaded: 2019-11-19 21:57]
· 2010 National Forest Inventory Woodland Wales retrieved from Forestry Commission Open Data (http://data-forestry.opendata.arcgis.com/search?tags=Wales), [Downloaded: 2019-12-19 17:07]
· 2020 Wales Waterways derived from OpenStreetMap.org (http://.mapcruzin.com), [Downloaded: 2020-01-23 11:07] 
· 2019 NBN Atlas rhododendron occurrence download at (https://nbnatlas.org), [Downloaded:2019-11-15 21:03]



Positives: The ability to collate multiple maps (layers) and to display different types of data at once (Fig.29) is a handy tool for better modelling and its visualisation of data. Therefore the analysis can be achieved in a faster and less time-consuming fashion.
Positives: Thanks to the SQL query waterways (vector data) were separated into two sub-categories (main rivers and streams) which revealed strong links between the streams and the PR infected sites (another potential major spreading factor). 
Negatives: One of the difficulties associated with the analysis of such a comprehensive data sets (or maps) is the need of a large display unit (presumably above 21”) for being able actually to see the maps in great detail. Small, portable laptops are not very useful here.

Additionally, the map of the Welsh lake was also investigated. A relatively high abundance of the infected trees in conifer stacks adjacent to lakes have been observed in north, middle and south Wales) (Fig.30). 
(Nechwatal and Mendgen, 2006) states that ‘semiterrestrial sites, in particular in riparian areas of lakes and streams, are likely to harbour Phytophthora spp.’.


	[bookmark: _Hlk30747737]Lakes Map Layer, Fig.30:
· 2020 Lakes Inventory (NRW) derived from Lle A Geo-Portal for Wales (http://lle.gov.wales/services/wfs?version=2.0.0&request=GetFeature&typeName=inspire-nrw:GBLakesInventoryEnglandWales&outputFormat=SHAPE-ZIP), [Downloaded: 2019-12-17 20:01]


Figure 30 P.ramorum Collation With Welsh Lakes Map Including Conifer Tree Plantations.


Positive: ‘Zoom-in’ ono the specific details is a convenient feature of the MIP16 as it allows for precise (in great detail) environmental investigation and better spatial visualisation of patterns or pathways.
Lastly, variable road map layers were investigated in order to establish potential contributions to PR spread.  Through a closer study of the entire Welsh road system (including motorways, A, B and residential roads) no significant connection to the virus spread was detected (Fig.31). 
Figure 31 P. Ramorum Infected Sites Collation with Welsh Road Network.

























	Map layers, Fig.31
· 2020 Wales Roadways derived from OpenStreetMap.org (http://.mapcruzin.com), [Downloaded: 2020-1-24 09:45] 




The final step was to investigate the forestry, fire and recreation roads (unsurfaced roads that are a frequent choice for all human recreational activities). Unlike the previous result (with the Welsh road network), in the case of a forest, recreational roads form a visually strong correlation. It can be observed in Figure 32 below. Many forest roads are common fire reads that are only being accessible on foot (or mountain bike) so they are full of mountain bikers, hikers, dog walkers and joggers. Majority of them are located in upland territories cutting through Japanese larch timber plantations (Fig.32). The study of forest roads proves them to be very closely associated with the PR infestations, especially within the conifer plantations territory. 



Figure 32 P. ramorum Infected Sites Collation with Forest Road Networks in Wales




















	Map layers, Fig.32
· 2020 NRW Forest Roads derived from Lle A Geo-Portal for Wales (http://lle.gov.wales/services/wfs?version=2.0.0&request=GetFeature&typeName=inspire-nrw:GBLakesInventoryEnglandWales&outputFormat=SHAPE-ZIP), [Downloaded: 2019-12-10 19:01]
· 2020 NRW Recreation Roads derived from Lle A Geo-Portal for Wales (http://lle.gov.wales/services/wfs?version=2.0.0&request=GetFeature&typeName=inspire-nrw:GBLakesInventoryEnglandWales&outputFormat=SHAPE-ZIP), [Downloaded: 2019-12-10 19:20]






[bookmark: _Toc30800996][bookmark: _Toc30801403]5.0 Conclusion 
It can be concluded that the majority of the results do fall in line with the hypothesis. Many factors are contributing to the spread of the Phytophthora ramorum disease across Wales, especially on the local level e.g. streams, lakes, forestry roads, conifer plantations (Fig. 29-32) and some areas (or certain conditions) favour the virus (e.g. mountainous, upland locations, prevailing wind, high rainfall, waterlogging) (Fig.27, 28). Nevertheless, some more in-depth statistical tests are required to measure the correlation coefficient of the individual factors. 
Moreover, national road systems or main rivers do not seem to be significantly contributing to the spread of the virus (especially in greater distances). Perhaps the GB Rally events taking place in those vulnerable areas are the ones to be blamed for the long-distance, rapid disease spreading (Fig.25, 26). Also, the reliability and accuracy of imported maps are never guaranteed; therefore, frequent monitoring of the disease is essential.  
GIS software proves to be a useful tool for environmental management as invasions of non-native viruses (e.g. P. ramorum) are inherently spatial processes that happen within a specific timescale. MapInfo 16.0 software, although having some minor inconveniencies it is a perfect system to built a GIS database and to visualise the scale and impact of the spreading viruses, to analyse spatial patterns, to test environmental hypotheses and finally to suggest solutions or mitigations. 
‘The relationship between an invasive species and distinct landscape features can help to identify areas at risk of introduction, at spatial scales which are difficult to assess by other means’ (Peterson, Hansen and Kanaskie, 2014)

[bookmark: _Toc30800997][bookmark: _Toc30801404]5.01 Recommendations	
It must be concluded that the presented analysis, although very strong in its GIS geospatial data modelling tool aspect, it may simultaneously represent authors subjective opinion regarding the P. ramorum pathogen pathways indication. Therefore, it should only be used as an example of the GIS spatial software application as an environmental analysis platform.
It is recommended to approach the GB Rally Championships organisers in order to educate them about the PR issue and to make sure that each vehicle is thoroughly washed before entering and after each competition located in Welsh mountains. Also, Japanese larch plantations located in mid-Wales that have not been yet infected, but are located in upland areas, near waterways and in close proximities to fire roads (or MTB parks) should make sure that car/bike washing stations are provided for the public and the appropriate signage (e.g. information boards) are erected. 
In highly vulnerable areas (Fig.33, Appendix) were a combination of factors that significantly favour P. ramorum spread (upland areas, conifer plantations, waterways and forestry roads) is recorded and the virus has not been yet introduced, it is proposed that GB Rally racing is relocated to the more distant, coastal locations. 








[bookmark: _Toc30800998][bookmark: _Toc30801405]6.0 AppendixFigure 33. P. Ramorum Collation with Upland Areas and Conifer Stacks Including the Forestry Roads and GB Rally Events.
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Table 1. Rate of Increase of Areas Under an SPHN or Notification Letter*

Year Areas under SPHN  Cumulative area
per year (ha) under SPHN (ha)

2010 836 836

2011 476 1311

2012 1478 2788

2013 5285 8074

2014 508 8581

2015 109 8690

2016 199 8888

2017 1273 10162

2018 1028 11190

*Data compiled from NRW Situation Reports, 2010-2018
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Figure 27 P. Ramorum Compilation With Type of Terrain and Welsh Conifer Inventory.





image62.png
UPLANDS | - CONIFER

Mountain_and_upland_valley
Regon

wakes._lad_2011_gen
[y

Figure 27 P. Ramorum Compilation With Type of Terrain and Welsh Conifer Inventory.
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