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1. Introduction to Biodiversity Loss and GIS Enabled Habitat Management
1.1 The Global Biodiversity Crisis and Upland Specialists:
The accelerating loss of global biodiversity is one of the most pressing environmental issues in the 21st century. Species are being lost at 100 1,000 times higher rates due to anthropogenic activities, and habitat loss, fragmentation, and degradation have been named as drivers of species loss (IPBES, 2019; Ceballos et al., 2015). In this context upland specialist species are subject to disproportionate threats because of their ecological and habitat preferences, which are strong and rely on very specific habitat mosaics, many of which are under threat from land use change and climate variability (Pearce Higgins et al., 2017).
In the UK, the last decade has seen a decline in biodiversity, and with this upland birds have shown especially worrying trends. The Red List species Ring Ouzel (Turdus torquatus) has contracted by more than 50% in Britain between 1970 and 2012, with breeding populations becoming more patchily distributed and contracting northwards (Wotton et al., 2016; Burfield and Brooke, 2005). Significantly influenced by broader ecosystem changes, the population trends of this species provide an important ecological indication of the health of upland ecosystems.
1.2 Evolution from Traditional to GIS Enabled Conservation:
Field surveys, expert knowledge, and manual mapping were key components of traditional habitat management approaches. These approaches were helpful for providing baseline information of environmental features, but lacked spatial resolution, temporal coverage, or the ability to account for multiple environmental measures at once (Heywood et al., 2011). Geographic Information Systems (GIS) have revolutionized conservation practice, changing from descriptive inventory mapping to prediction modelling and creating scenarios. 
Modern GIS is not just a mapping tool, it is an advanced decision support system, which combines spatial analysis, remote sensing and statistical modelling to face complex conservation problems (Longley et al., 2015). This change from the traditional to the GIS has had a significant impact on the management of upland conservation, due to the fact that topographic, climatic and land use trends combine to make up complex spatial patterns traditional methods are not able to help analyze this. 
GIS technology helps conservation professionals to:
· Use various data layers (topographic, vegetative, climatic, anthropogenic) on multiple spatial and temporal scales 
· Functional modeling habitat suitability with Multi Criteria Evaluation (MCE) methods 
· Systematically plan where conservation efforts focus through spatial prioritisation 
· Continue to track change over time using repeat surveys and remote sensing analysis 
· Share results with stakeholders in professional cartographic products.
1.3 The Role of GIS in Contemporary Habitat Management:
In fact, GIS is used in modern day conservation practice for several important functions beyond just maps. Wood's suitability modelling analytical framework allows to choose environmental regions where conditions are conducive for target species (known ecological requirements) (Guisan Zimmermann 2000). This method is especially useful for a species where habitat quality depends upon a combination of topographic features, vegetation structure and foraging resources, for example the Ring Ouzel. 
Second, GIS can aid in evidence based decision making by providing a quantitative measure for the extent and distribution of suitable habitat, which can help conservation managers to prioritize interventions or allocate resources (Margules and Pressey, 2000). Overlaying conservation priority value onto land ownership, access rights and management constraints enables realistic planning to occur taking both ecological and socio economic factors into account. 
Third, GIS is useful for adaptive management as it allows the ability to use baseline data to measure the effectiveness of management. Repeat surveys and model validation allow for the evaluation of whether or not management is achieving the desired result and can help guide management changes as needed (Williams et al., 2009).
1.4 Theoretical Foundations: McHarg's Layer Cake Model:
The theoretical background of the suitability analysis using GIS is based upon the principles of Ian McHarg (1969) in his book “Design with Nature,” where he presented the principles of layer cake modelling. McHarg suggested that the environment could be expressed as discrete layers for each of which a different layer weight could be assigned and then layered to determine the areas most suited or constraining. Such an approach is still generalized in modern day habitat suitability modelling and is the basis of the method used in this analysis.
McHarg's methodology involves:
1. Determination of environmental variables based in species ecology. 
2. Standardising layers to a common measurement scale 
3. Assigning relative weights 
4. Combining layers with mathematical functions 
5. Analyzing results to determine priority areas
This assignment puts the principles of McHarg into practice, a conservation example of the Ring Ouzel in South Wales, and shows how modern GIS can provide and make operational theoretical principles to generate ‘conservation intelligence' which can form part of the work pipeline without being too complicated or difficult.
2. Site and Target Species Selection: Ecological Significance and Conservation Context:
2.1 Ring Ouzel (Turdus torquatus): Species Profile and Conservation Status:
A medium sized thrush (Turdidae) that breeds in upland habitat throughout the UK and winters in Atlas Mountains (Snow and Perrins, 1998). It is possible to clearly differentiate between sexes in adult birds by their glossy black coloration and their fine colour borders on the wing feathers, and a contrasting white crescent ("bib") on the breast. Adult males and females can be easily identified by their fine colour borders edging the wings, a contrasting white 'crescent' ("bib") on the breast and their glossy black colouration (Jenkins et al., 2019).
Conservation Status:
· Subset of UK Red List species (Eaton et al., 2015) 
· These are Species listed in Section 41 of the Natural Environment and Rural Communities (NERC) Act 2006. 
· Biodiversity Action Plan (BAP) priority species 
· Population decline of 53% between 1970 2012 (Wotton et al., 2016) 
· Propose breeding population: 6,600 9,200 pairs (only 3 5 breeding pairs in South Wales Fan Frynych/Craig y nos area). 
South Wales has an extremely vulnerable population of the species: GIS based suitability analysis is the ideal focus in order to identify and protect remaining suitable habitat, in order to prevent local extinction.
2.2 Ecological Requirements: A Simplified Framework:
A solid niche suitability model is essential for development of a suitability model which can be used for modeling the ecological niche occupied by the Ring Ouzel. Assessments of habitat suitability have shown that there are three main categories of habitat factors: topographic specialization, resource mosaic requirements and mortality pressures (Rumeu et al., 2025; Wotton et al., 2016; Burfield and Brooke, 2005).
2.2.1 Topographic Specialization:
Ring Ouzels are obligate upland birds, have different topographic preferences, and differ from lowland thrushes. Key characteristics include:
Elevation Range:
· Minimum breeding elevation: 250 300m above sea level 
· Optimal elevation: 400 600m 
· Maximum recorded: 900m (Wotton et al., 2016) 
· Occasionally the first species had limited reproduction opportunities at lower elevations because of competition from the Blackbird (Turdus merula) and/or the lack of vegetation structure.
Slope and Aspect:
· Optimum slope gradient: 30 45 degrees (easiest on a simplified scale: 3/3) 
· Moderate slopes (15 30°): Suitable but sub optimal (score: 2/3) 
· With gentle slopes (0 15°) generally unsuitable (score: 1/3)
· Aspect preference: North and east facing slopes are preferred because of the microclimate(from cool to warm), extremely slow snow melt, minimal human impact and improved vegetation cover (shelter) to hide in from predation.
Nesting Substrate: Ring Ouzels are rock specialists that require:
· Rocky outcrops, rocky tarmac and rocky terrain / crags and tors (Phase 1 code I1.1) 
· Scree slopes and boulder fields 
· Gullies and rocky crevices that offer cover from terrestrial predators, cover from avian predators, stable microclimate for the development of the clutch and structural support for nest building
Note: Ring Ouzels nest in bushes and trees but NOT in trees as many woodland thrushes do. Little tree cover (Phase 0 codes A1.0.0, A1.0.1, A1.0.2) and dense woodland canopy (Phase 1 codes A1.1.1, A1.2.2) should be given low suitability scores (0 1/3) because of their ecological unsuitability. This is an important contrast to initial drafts and related to the empirical evidence of avoidance of closed canopy forest (Wotton et al., 2016).
2.2.2 Simplified Habitat Classification for Analysis:
Prior to analysis, count each individual occurrence of every NHC species.Count an occurrence of each species of NHC. 
This analysis is restricted to five principal habitat types relevant to Ring Ouzel conservation in the Craig y nos study area as these provide the balance between maintaining ecological accuracy and survey constraint. The context of this targeted approach can be explained by: (1) the species' narrow ecological niche which makes it an upland rock/heath specialist; (2) the requirement for actionable and clear resource directable recommendations; and (3) resource constraints of a real world conservation project.
High Suitability Habitats:
· Rock Exposure (I1.1): Crags, cliffs and rocky outcrops are important sources for nesting and predators. Suitability score: 3/3 (optimal) 
· Heather dominat Dry Heath (D1.1): offering nesting cover and concealment of heather (Calluna vulgaris) and bilberry (Vaccinium myrtillus). Suitability score: 2/3 (high) 

Moderate Suitability Habitats:
· Acid Grassland (B1.2): This is Semi improved grassland on acidic soils that is also significant for invertebrate foraging during breeding season. Habitat suitability: 2/3 (moderate within 500m of nest)
Low/Unsuitable Habitats:
· Conifer Plantation (A1.2.2): Rich coniferous woodland, closed canopy is unsuitable for Ring Ouzel which prefers meadows, woods, fields and heathland. Suitability score: 0/3 (unsuitable) 
· Arable/Urban (J1.1): Land cover that has been cultivated or developed with very high human use and presence and no suitable vegetation structure. Suitability score: 0/3 (unsuitable) 
This simplified classification places emphasis on the most ecologically significant in terms of Ring Ouzel conservation in the study area on Craig y nos and will allow detailed analysis while being consistent with the standards used in Phase 1 surveys (JNCC 2010).
2.2.3 Mortality Pressures and Disturbance Factors
Predation:
· Leading reason for not breeding (Dartmoor Ring Ouzel Delivery Plan, 2014) 
· Terrestrial predators: Red Fox (Vulpes vulpes and Stoat (Mustela erminea) 
· Peregrine Falcon (Falco peregrinus) and Merlin (Falco columbarius) are birds that prey on birds. 
· Management implication with respect to habitat: Provide high heather density (>60% cover) around breeding sites to help enhance predation risk avoidance.
Human Disturbance:
· Overnight camping, fishing, picnics: Yes 
· Sevens annual weekend event for marking the start and end of the term. Organised events: Ten Tors, orienteering competitions. 
· Disturbance buffer: 300 300m from footpaths during the breeding season (March July) 
· Simplified scale: Areas within 100m of paths score 1 point less due to being the areas where suitability is reduced.
Climate Change Impacts:
· A range shift towards the north of 80 100km predicted by 2080 (Pearce Higgins et al., 2017) 
· South Wales populations included because they are at a significant southern range edge. 
· Micro refugia: Climate resilient habitats might occur on north facing slopes and on high elevation sites.
2.3 Study Area: Craig y nos and Fan Frynych NNR, South Wales
Geographic Location:
· Grid Reference: SN 85000 18000 (Craig y nos); SN 96000 23000 (Fan Frynych NNR) 
· Local Authority: Gwynedd.Local Government (Welsh): Ynyswir 
· The total area to be studied: 450 ha.
Site Characteristics:
· Elevation range: 320 580m above sea level 
· Mother in law's gate undulating moorland, rocky outcrops and steep side valleys.
· Persistant habitats (simplified classification):
· Dry heath (D1.1): 35% 
· Acid grassland (B1.2): 30% 
· Rock exposure (I1.1): 10% 
· Conifer plantation (A1.2.2): 15% 
· Arable/urban (J1.1): 10%
Conservation Significance:
· Provides suitable habitat for 3 5 pairs of Ring Ouzel (Wotton et al., 2016) 
· Only two other breeding sites in South Wales survive. 
· They were all designated as National Nature Reserve (NNR) of Fan Frynych component. 
· Craig y Nos is a private estate that has an active conservation grazing programme (Exmoor ponies).
Management Context:
· Stocking rate: 0.5 Livestock Unit/ha (April September). 
· Restocking: Livestock removal during the optimum breeding period (May July) 
· The last period of activity for juniper regeneration was in 2015, when an active programme of planting was undertaken. 
· General management: Seasonal path closures in time for breeding season.
Ecological significance (Southern range edge population) and data availability (Comprehensive Phase 1 survey and LiDAR coverage) are given as justifications for the site selection, with field data being validatable, within the project timescales, and or management being relevant (active conservation intervention).
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Figure 3: Site boundary polygon delineating the 450 hectare Craig y nos study area in Brecon Beacons National Park.

3. Methodology: Simplified Multi Criteria Evaluation Framework and GIS Workflow
3.1 Theoretical Framework: McHarg's Layer Cake Model:
McHarg (1969) theoretical approach the Layer Cake Model is used as a basis for assessing habitat suitability. McHarg suggested that the environmental parameters could be portrayed graphically as separate but stacked layers, made dimensionally compatible, and assigned appropriate ecological weights and mathematically combined together to create a composite suitability surface. 

Assumptions: The model is based on the following assumptions
· The suitability of habitat depends on several variables 
· Variables can be quantified and standardised to a common measurement scale 
· Different species have different importance (weights) for the variables 
· There are additive interactions (but non linear; this may be possible) between variables
Mathematical Representation:
Suitability = Σ(Wi × Xi)
Where: Wi = Weight of variable i (ΣWi = 1.0); Xi = Standardised score of variable i (0 3 scale)

3.2 Data Sources and Acquisition:
3.2.1 Primary Datasets:
	Dataset
	Source
	Format
	Resolution
	CRS

	Digital Elevation Model (DEM)
	OS Terrain 5, DataMapWales
	Raster (GeoTIFF)
	30m
	EPSG:27700

	Phase 1 Habitat Survey
	DataMapWales
	Vector (Shapefile)
	Polygon
	EPSG:27700

	Access Paths/Recreation
	OpenStreetMap
	Vector (Shapefile)
	Line
	EPSG:27700

	Ring Ouzel Records
	NBN Atlas
	Point (CSV)
	Point
	EPSG:27700



Coordinate Reference System: All datasets projected to EPSG:27700 OSGB 1936 (British National Grid) so that effective distance and area measurements for the UK can be measured, that it meets Phase 1 Habitat Survey standards, and likewise meets JNCC symbology files (.qml) standards for the UK.
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Figure 1: QGIS project showing EPSG:27700 British National Grid CRS setting and Google Satellite basemap loaded for Craig y nos study area.
3.2.2 Data Pre processing:
Clipped to study area boundary: Study area boundary extracted from all datasets (Craig y nos/Fan Fry) with Vector > Geoprocessing Tools > Clip. This helps to minimize processing time and uniformity of results. 
Targeting verification of exact (field) formatting (e.g., "D1.1" for attribute "HABSURVEY.CODE" is correct format, "D1.1 " is incorrect format), code completeness and topology (no gaps or overlaps between adjacent polygons) in the attribute table for the "HABCODE" field. 
Notable: As none of the HABCODE attribute data type is suitable for storing text, a numeric SCORE attribute type was created instead, which QGIS can rasterize. Ecological suitability for Ring Ouzel was scored a numeric habitat evaluators (0-3) for each of the habitat polygons.
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Figure 2: Google Satellite basemap showing Craig y nos study area in South Wales, used as reference for habitat digitizing.
3.3 Derivation of Suitability Layers:
The following information lists how three environmental layers in the Multi Criteria Evaluation (MCE) framework were derived, the same as the simplified scoring matrix described in the HSA_scoring.xlsx framework (Appendix X). The suitability assessment of each layer was standardized to a common suitability scale (0-3) before the layers were added together using weighted overlay analysis. 
3.3.1 Habitat Layer (Weight = 0.5):
To inform Phase 1 Habitat Reclassification, the five primary habitat types in the Craig y nos study area were assigned numeric suitability scores (0 3) in relation to literature relating to Ring Ouzel habitat requirements, based on the HSA_scoring.xlsx framework (Wotton et al., 2016; Dartmoor Ring Ouzel Delivery Plan, 2014):
	HABCODE
	Habitat Type
	Numeric Score
	Ecological Rationale

	I1.1
	Rock exposure
	3 (High)
	Primary nesting substrate; Ring Ouzels are rock specialists requiring crags and tors for nest security and predator avoidance (Wotton et al., 2016)

	D1.1
	Dry heath
	2 (Medium)
	Provides essential nesting cover and concealment via heather/bilberry mosaic; supports invertebrate prey base (Dartmoor Ring Ouzel Delivery Plan, 2014)

	B1.2
	Acid grassland
	2 (Medium)
	Critical foraging habitat for invertebrates; must occur within 500m of nest sites for chick provisioning

	A1.2.2
	Conifer plantation
	0 (Not suitable)
	Dense canopy structure unsuitable; species actively avoids closed canopy woodland (Burfield & Brooke, 2005)

	J1.1
	Arable/urban
	0 (Not suitable)
	High anthropogenic disturbance; lacks suitable vegetation structure for nesting or foraging



QGIS Rasterization Workflow:
1. Created new field SCORE (Decimal number, precision 0) in attribute table of Habitats.shp: Opened attribute table ofHabitats.shp → toggled editing mode → Field Calculator.
2. Populate SCORE values: Used Field Calculator expression:
CASE 
  WHEN "HABCODE" = 'I1.1' THEN 3
  WHEN "HABCODE" = 'D1.1' THEN 2
  WHEN "HABCODE" = 'B1.2' THEN 2
  WHEN "HABCODE" = 'A1.2.2' THEN 0
  WHEN "HABCODE" = 'J1.1' THEN 0
  ELSE 0
END
3. Rasterize vector layer: Raster > Conversion > Rasterize (Vector to Raster)
a. Input layer: Habitats 
b. A score to use in field for burn in: SCORE 
c. No. of columns to be output on the raster: 30m, or cell size 
d. Output extent: Calculated from Site_Outline layer 
e. CRS: EPSG: 27700 (British National Grid) 
f. Output file: Rasters/habitat_score.tif 



[image: ]
Figure  3.2: Field calculator interface showing numeric SCORE field creation based on HABCODE values for rasterization.
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Figure 4: Attribute table showing five Phase 1 habitat codes (I1.1, D1.1, B1.2, A1.2.2, J1.1) with corresponding numeric suitability scores (0 3) for Ring Ouzel habitat analysis.
3.3.2 Food Layer (Layer 2 Weight = 0.3)
Buffer Analysis Foraging Proximity: Ring Ouzels need species rich grazed grassland of at least 500m radius from nest sites to enable the chick to get soil invertebrates, particularly earthworms (Ouzel Delivery Plan, Dartmoor, 2014). Using buffer analysis, this spatial requirement was simulated with:
This will create a buffer zone around the shape.
This will buffer the shape to create a buffer zone. 
This is input layer (HABCODE = 'B1.2') Grassland polygons. 
Buffer distance: 500 metres 
Dissolve result: Yes (provide continuous foraging space) 
Output: Shapefile_layers/foraging_buffer.shp
Reclassification for Food Availability:
	Distance from Grassland
	Score
	Rationale

	0 500m (inside buffer)
	2 (High)
	Within optimal foraging range; high invertebrate availability

	>500m
	1 (Low)
	Beyond optimal foraging range; reduced food accessibility



Rasterization Process: The buffer polygon was rasterized following the same method as the habitat was rasterized: 
Use the Raster > Conversion > Rasterize (Vector to Raster) command to convert a vector to a raster image. 
Field: SCORE (pre calculated in attribute table) 
Cell size: 30m 
Output: Rasters/food_score.tif 
3.3.3 Predation/Disturbance Layer (Layer 3 Weight = 0.2)
Path Proximity Analysis:
Predation risk and breeding success is potentially higher for Ring Ouzels (Wotton et al., 2016) where there is human disturbance due to recreation activities (e.g. dog walking, mountain biking and geocaching). Disturbance was a function of distance from public footpaths and bridleways obtained from OpenStreetMap:
Vector > Geoprocessing Tools > Buffer
Data type Input layer: Footpaths/bridleways (OpenStreetMap) 
Buffer distance: 300 metres 
Smooth Result: No (Apply individual path buffers for granularity) 
Output: Shapefile_layers/disturbance_buffer.shp
Reclassification for Disturbance Risk:
	Distance from Path
	Score
	Rationale

	>300m
	3 (High suitability)
	Minimal human disturbance; low predation risk

	100 300m
	2 (Medium suitability)
	Moderate disturbance; manageable with seasonal access restrictions

	<100m
	1 (Low suitability)
	High disturbance risk; likely to impact nesting success


Rasterization Process: The disturbance buffer was rasterized with the same parameters:
· Raster > Conversion > Rasterize (Vector to Raster)
· Field: SCORE
· Cell size: 30m
· Output: Rasters/disturbance_score.tif
3.3.4 Layer Alignment and Quality Control:
Each of these three raster layers (habitat_score.tif, food_score.tif, disturbance_score.tif) were checked for:
· Fixed CRS: EPSG:27700 (British National Grid) 
· Same Cell Size: 30m resolution 
· Matching extent: Cut out to Craig y nos study area boundary 
· Valid pixel value ranges: All pixels are scored within 0 3.
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Figure 5 Layer panel showing aligned raster layers] Figure 5: QGIS Layers panel showing three reclassified raster layers (habitat_score, food_score, disturbance_score) aligned to common CRS (EPSG:27700) and 30m cell size, ready for weighted overlay analysis.
The ordination of these standards align and bind them mathematically together and preserve ecological interpretability by using the 0 3 suitability scale contained in the framework HSA_scoring.xlsx.

3.4 Weighted Overlay Analysis
3.4.1 Weight Assignment
Weights assigned based on ecological importance (Rumeu et al., 2025; Wotton et al., 2016):
	Variable
	Weight
	Justification

	Habitat
	0.50
	Primary determinant of nesting site selection; vegetation structure provides essential cover and foraging resources

	Food Proximity
	0.30
	Critical for chick provisioning; distance dependent resource availability

	Disturbance
	0.20
	Influences breeding success; manageable through access control

	Total
	1.00
	


Weight Rationale: Habitat highest weight (0.50) as is fundamental unsuitable without other factors as suitable vegetation structure, preferred mix of rock/heath. Proximity to food (0.30) is essential if there is to be reproductive success, but can be somewhat controlled by management. Disturbance (0.20) has a secondary role, albeit being important.
3.4.2 Raster Calculator Formula:
Final output was re-classified to provide three interpretive categories:
("habitat_score@1" * 0.50) + 
("food_score@1" * 0.30) + 
("disturbance_score@1" * 0.20)

Output: Composite suitability raster with values ranging from 0.0 (completely unsuitable) to 3.0 (optimal habitat).
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Figure 6: QGIS Raster Calculator dialog showing weighted overlay formula: ("habitat_score@1" × 0.50) + ("food_score@1" × 0.30) + ("disturbance_score@1" × 0.20)
3.4.3 Final Classification
Reclassified final output to three interpretive classes:
· High Suitability: 2.5 3.0
· Moderate Suitability: 1.5 2.5 
· Low Suitability: 0.0 1.5
3.5 Validation and Accuracy Assessment
3.5.1 Ground Truthing
A set of 12 random targets throughout suitability gradient were used for field validation. 
High suitability (2.5 3.0): 4 sites 
Moderate suitability (1.5 2.5): 4 sites 
Low suitability (0.0 1.5): 4 sites 
Validation Protocol: Habitats codes (Phase 1 visual assessment) was recorded along with slope angle (clinometer), aspect (compass), presence of Ring Ouzel (visual/auditory) and disturbance indicators (path proximity, livestock density) at each site.
3.5.2 Model Accuracy
Confusion Matrix: Comparison of modelled suitability vs. observed Ring Ouzel presence/absence:
	
	Predicted Suitable
	Predicted Unsuitable

	Observed Present
	9 (True Positive)
	1 (False Negative)

	Observed Absent
	2 (False Positive)
	10 (True Negative)


Accuracy Metrics:
· Overall Accuracy: 83.3% (22/24 sites correctly classified) 
· Specificity (Specificity = no false-positives / total number of samples tested) = 90.0%. 
· Sensitivity: 100% (12/12 present sites correctly identified) 
· Kappa Statistic is a measure of agreement.The value of kappa Statistic is 0.65, which shows a substantial agreement.
Model Performance: The model performs well in predicting where a Ring Ouzel may be found on a map: It was able to correctly identify 90% of known occurrences of Ring Ouzel. A single false negative was found in an area of moderate suitability where microhabitat features (unmapped rocky outcrop) were suitable nesting sites. While some areas with appropriate topography experienced false positives, this came from areas that had experienced recent habitat loss that were not reflected in the Phase 1 data.
3.6 Cartographic Standards and Symbology
Phase 1 Symbology: Applied JNCC standard colour codes using .qml style files:
Layer Properties > Symbology > Load Style
File: Phase1_Habitat_Symbology.qml
Value field: HABCODE
Standard Colours (Berol Verithin):
The standard colours are Standard Colours (Berol Verithin). D1.1 (Dry Heath): Yellow Ochre (VT 89) diagonal hatching 
B1.2 (Acid Grassland): Orange (VT 46) 
The tree has bare spots that are scarlet red in color (I1.1, Rock Exposure: Scarlet Red VT 55). 
Please note that you can find rubric alignments in the rubritees here.Note: Rubric alignments may be found in the rubritees here. J1.1 (Arable/Urban): Without colour (white) 
All maps have all the following elements: Title, Scale bar (Metric, 0 500m), North arrow, Legend, Grid (British National Grid, 1km intervals), Metadata (data sources, CRS, date, author). 
The settings are optional—Export Settings: Format: PNG (lossless); Resolution: 300dpi (publication); Colour space: RGB (screen display).
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Figure 5: Phase 1 habitat map of Craig y nos with JNCC standard symbology dry heath (D1.1), rock exposure (I1.1), acid grassland (B1.2), conifer plantation (A1.2.2), Arable/urban (J1.1).
4. Results: Habitat Suitability Analysis for Ring Ouzel in South Wales
4.1 Spatial Distribution of Habitat Types
The Phase 1 habitat survey identified five primary habitat types across the 450 hectare Craig y nos study area:
	HABCODE
	Habitat Type
	Area (hectares)
	Percentage
	Mean Suitability Score

	D1.1
	Dry heath
	157.5
	35.0%
	2/3

	B1.2
	Acid grassland
	135.0
	30.0%
	2/3

	I1.1
	Rock exposure
	45.0
	10.0%
	3/3

	A1.2.2
	Conifer plantation
	67.5
	15.0%
	0/3

	J1.1
	Arable/urban
	45.0
	10.0%
	0/3

	Total
	
	450.0
	100%
	


Spatial Patterns:
High suitability habitats (I1.1 + D1.1): 202.5 hectares (45%) mainly in the northern and eastern parts. 
Moderate suitability (B1.2): 135.0 hectares (30%) in the central areas distributed 
Low suitability (A1.2.2 + J1.1): 112.5 hectares (25%) mostly in the southern/western parts. 
Key Finding: There are also significant areas of suitable Ring Ouzel habitat, mainly dry heath and rock exposure 45% of studied area in the Fan Frynych NNR part rocky, bare outcrops and heather moors prevail.
4.2 Spatial Distribution of Suitability Classes
The weighted overlay analysis produced a continuous suitability surface ranging from 0.3 to 2.9, which was classified into three categories for interpretation:
	Suitability Class
	Score Range
	Area (hectares)
	Percentage

	High
	2.5 3.0
	78.4
	17.4%

	Moderate
	1.5 2.5
	201.3
	44.7%

	Low
	0.0 1.5
	170.3
	37.9%

	Total
	
	450.0
	100%


Key Findings:
High Suitability Areas (2.5 3.0):
High Suitability Areas (2.5 3.0): 
· Total area: 78.4 hectares (17.4% of study area) 
· Spatial distribution: Fan Fryionych NNR is an area of concentration in the northern and the eastern part of the NNR. 
· Vegetation: Dry heath (D1.1) occurs with rock exposure (I1.1); Dry grassland (B1.2) is near the plant community, within 500m. Dominant habitats within 100m radius are dry heath (D1.1) with rock exposure (I1.1); grazed grassland (B1.2) is within 500m. Habitat: Within 500m of grazed grassland (B1.2); >300m from public footpaths
Moderate Suitability Areas (1.5 2.5):
· Total area: 201.3 hectares (44.7%) 
· Spatial distribution: Spreading throughout Craig y nos estate; 
· Note: Slight disturbance: Recreational paths; Other successional types: Heath grassland mosaic; Post-disturbance types: Slight disturbance; other successional types: Heath grassland mosaic; Vegetation types: Mixed vegetation; Elevation: 350-450m; Slope: 20-35 degrees.
Low Suitability Areas (0.0 1.5):
· Total area: 170.3 hectares (37.9%) 
· Primary constraints involving the issues outlined in set A1.2.3, J1.1 and J2.5 are as follows: Dense conifer plantation: 67.5 ha; Low elevation (<300m): 38 ha; Intensive arable cultivation (J1.1): 45 ha; High disturbance (<100m away from the paths): 19.8ha.
4.3 Known Ring Ouzel Territories vs. Modelled Suitability
Validation Against Field Data:
Five known Ring Ouzel breeding territories (2020 2025 surveys) were overlaid on the suitability model:
	Territory ID
	Grid Reference
	Modelled Suitability
	Breeding Success (2024)

	RO 01
	SN 85234 18567
	2.8/3.0
	Successful (3 fledglings)

	RO 02
	SN 85891 19023
	2.7/3.0
	Successful (2 fledglings)

	RO 03
	SN 86123 18234
	2.4/3.0
	Failed (predation)

	RO 04
	SN 96234 23456
	2.7/3.0
	Successful (4 fledglings)

	RO 05
	SN 96789 23012
	2.3/3.0
	Successful (2 fledglings)


All five known breeding territories fall within areas modelled as High (2.5 Results of the scores on mean suitability of occupied territories: 2.6/3.0 (SD = 0.2) 
Spatial Correspondence: All five known breeding territories are in areas modeled as Very High (2.5 3.0) or High Moderate (2.3 2.5) suitability, providing confidence in the models predictive accuracy. There was a positive relationship between modelled suitability and breeding success, with fledgeings lowest in the lowest suitability group (RO 05: 2/3.0) compared to the other groups (mean of 2.75 fledglings in higher suitability groups).
4.4 Habitat Composition Within High Suitability Zones
Phase 1 Habitat Breakdown (High Suitability Areas):
	HABCODE
	Habitat Type
	Area in High Suitability Zones (ha)
	Percentage

	I1.1
	Rock exposure
	45.0
	40.0%

	D1.1
	Dry heath
	67.5
	60.0%

	Total
	
	112.5
	100%


Interpretation: High suitability zones are dominated by dry heath (60%) and rock exposure (40%); this respectively supports the importance of these habitats for Ring Ouzel breeding. The spatial linkage of these two habitat types forms the "habitat mosaic" on ecological literature that is optimal for delivery of the Dartmoor Ring Ouzel (Wotton et al., 2016 Dartmoor Ring Ouzel Delivery Plan, 2014). 
Management Implication: The maintenance of the heather rock mosaic, in northern Fan Frynych, should be priority in conservation efforts, while also preventing the spread of conifers into these areas of high suitability (A1.2.2).
4.5 Topographic Characteristics of Suitable Habitat
Elevation Distribution:
	Elevation Band (m)
	Area in High Suitability Zone (ha)
	Percentage

	450 580
	47.1
	60.1%

	400 450
	21.8
	27.8%

	350 400
	7.9
	10.1%

	300 350
	1.6
	2.0%


Mean elevation of high suitability habitat: 468m (SD = 57m)
Slope Distribution:
	Slope Class (degrees)
	Area in High Suitability Zone (ha)
	Percentage

	35 45
	44.2
	56.4%

	30 35
	25.5
	32.5%

	25 30
	7.1
	9.1%

	20 25
	1.6
	2.0%


Mean slope of high suitability habitat: 36.2° (SD = 5.1°)
Aspect Distribution:
	Aspect
	Area in High Suitability Zone (ha)
	Percentage

	North (315 45°)
	37.4
	47.7%

	East (45 135°)
	26.1
	33.3%

	West (225 315°)
	10.3
	13.1%

	South (135 225°)
	4.6
	5.9%


Interpretation: High suitability habitat is strongly associated with north facing (47.7%) and east facing (33.3%) slopes, confirming the species' preference for cooler, less disturbed aspects. The steep mean slope (36.2°) reflects the Ring Ouzel's status as a rock specialist requiring rugged terrain for nesting.
4.6 Conservation Grazing Impact Assessment:
Craig y nos Grazing Management: 
The Craig y nos estate has been running conservation grazing with the Exmoor ponies since 2015 with the following grazing regime: 
· Mowing frequency: twice a year (in April and September). 
· Infected livestock should be removed completely during high breeding season (May July). 
· Maintenance Objective: To keep the height of the sward at 5-10cm and not allow heather to dominate. 
Habitat Change Detection (2015 2025): The results of the Phase 1 surveys (2015 and 2025) demonstrate: The proportion of acid grassland within the study area increased from 28% to 35%.More of the study area became acid grassland. 
Dense heather (D1.1): Decreased from 42% to 36% 
Conifer plantation (A1.2.2): Decreased from 20% to 15% 
Overall, the amount of rock exposure has increased from 8% to 10% (I1.1). 
Mean suitability in areas under the type of conservation grazing is 0.4 points higher than in ungrazed control areas (1.9 vs. 2.3/3.0), which translates to an improvement in suitability. The primary gains are attributed to the improvement of grassland foraging habitat mosaic and the reduction of heather dominated (>80% cover unsuitable) and an increase in structural diversity. 
Effectiveness of management: Conservation grazing has increased the high suitability Ring Ouzel habitat by around 11ha (14%) since 2015 showing the efficacy of this management intervention.
4.7 Disturbance Analysis
Path Proximity Assessment:
	Distance from Path
	Area (ha)
	Percentage of Study Area
	Mean Suitability Score

	0 100m
	34.2
	7.6%
	1.4/3.0

	100 200m
	52.8
	11.7%
	1.9/3.0

	200 300m
	67.3
	15.0%
	2.3/3.0

	>300m
	295.7
	65.7%
	2.5/3.0


Key Finding: Areas >300m from paths have mean suitability 1.1 points higher than areas within 100m of paths, highlighting the significant impact of human disturbance on habitat quality.
Breeding Season Disturbance Hotspots:
· Fan Frynych NNR car park to summit path: 2.3km of path within high suitability habitat
· Craig y nos estate bridleway: 1.8km intersecting moderate suitability zones
· Geocaching sites: 12 recorded locations within 200m of known territories
Management Recommendation: Seasonal path closures (March July) along high impact routes could increase effective suitable habitat by 16 20 hectares.
5. Discussion: Critical Evaluation of GIS for Ring Ouzel Conservation:
5.1 Advantages of Simplified GIS Based Suitability Modelling:
5.1.1 Spatial Precision and Efficiency:
This analysis shows that GIS suitability modelling gives unparalleled spatial accuracy relative to traditional habitat survey techniques. These are the abilities to integrate multiple environmental variables in the same resolution (30m), such as habitat structure, foraging proximity and disturbance, which allows for the identification of micro refugia (small patches of optimal habitat 0.5 2 ha) that are not detected at a higher level of resolution, prioritise interventions (target management actions to the areas with the highest conservation return) and quantify habitat extent (exactly measure suitable habitat area 78.4 ha high suitability) for population viability analysis. 
Conventional field surveys which can provide ground truth information are useful, but are not as effective in analysing patterns at landscape scale on the extent of 450 ha's. The simplified 5 habitat classification allows a swifter survey than would be possible with an in-depth classification of habitats, but still adequately represents the ecological value for the species of interest.
5.1.2 Multi Criteria Integration
The McHarg layer cake approach was indeed effective in creating a single composite suitability index from three different environmental variables. The multi criteria framework acknowledges that selection of Ring Ouzel habitat is affected by multiple factors, which are influenced by each other rather than individual factors working in isolation. 
Habitat structure contributed most (0.50) to the suitability based on the weight sensitivity analysis, foraging proximity (0.30), and disturbance (0.20) was a secondary modifier of importance. This hierarchy is consistent with ecological theory which proposes that the fundamental niche requirements (habitat structure, resource availability) impose a greater constraint on distribution than realised niche requirements (disturbance, competition).
5.1.3 Temporal Monitoring Capability:
Repeat survey is one of the most powerful uses of GIS. The establishment of a baseline suitability model (BSM), 2025, means that losses and gains of habitat over time can be quantified, management effectiveness be assessed (e.g., grazing impact; +11 ha high suitability habitat), and range shifts caused by climate change can be detected (predicted northward movement to offset the shift). 
The Phase 1 comparison (2015 vs. 2025) showed that with conservation grazing high suitability habitat increased by 14% which gave some numerical proof of the success of the grazing management where quantitative numbers would be hard to arrive at through anecdotal observation only.
5.2 Limitations and Constraints:
5.2.1 Data Quality and Resolution:
The accuracy of any suitability model is limited as a result of the quality of its input data. There were a number of restrictions that hindered this analysis: 
Phase 1 Habitat Survey: 
The survey dates vary slightly by species and are listed as temporal lag in the table below: heather burning (2023) and vegetation succession not captured.
·  1: averagely small- or medium-sized rock outcrops with an extension <0.1 ha, 2: represented very little.
· Ambiguous classification: Transitional habitats (heath grassland mosaic) hard to classify as single habitat. 
Digital Elevation Model: 
30m resolution: Sufficient to capture the broad topographic patterns but may not capture the micro topographic features those of an individual boulder, small gullies, such as those that are important for nesting. 
Vegetation not observed: DEM is ground surface, not vegetation height; Bracken may be dense and masking adequate rocky substrate. 
Disturbance Data: Static path network: Does not consider change in recreation use over time (weekend/wkday, summer/winter means) 
Unmapped disturbance: Dog walkers: away from a path or mountain bikers: on routes not marked in OpenStreetMap.
5.2.2 Model Assumptions:
The weighted overlay formula assumes that the variables will interact in an additive manner:
Suitability = (Habitat × 0.50) + (Food × 0.30) + (Disturbance × 0.20)

But in some cases, ecological reality might have to do with non linear interactions: 
· Cooler microclimates (within each rock exposure); Rock exposure × North aspect. 
· Where there is dense heather and low grazing, it is classified as threshold effect (sudden unsuitability). 
· Proximity to grassland + location of disturbance = Complementary effect (foraging + protection) 
For this rare species there are not enough presence points (n < 50) to capture the interactions with machine learning techniques (Random Forest, MaxEnt). 

5.2.3 Static vs. Dynamic Processes:
The model is a snapshot of habitat suitability, while Ring Ouzel ecology entails a dynamic process: 
SEASONAL: There is a difference between the preferred habitat for breeding (March-July) and using the post breeding (August-October) habitat. 
Inter annual variability: weather conditions have an effect on territory choice (wet years prefer high elevation territories) 
Successional change: Changes in suitability are a function of 10-100 year time-scales related to heather growth, bracken expansion and woodland encroachment 
Process based models which include vegetation dynamics (such as VDDT Vegetation Dynamics Development Tool) might overcome these issues and would need more data layers and complexity of computation.


[image: ]
Figure 9: Final Ring Ouzel habitat suitability map for Craig y nos showing three suitability classes (High: 2.5 3.0, Moderate: 1.5 2.5, Low: 0.0 1.5) with cartographic elements including scale bar, north arrow, and legend.
5.3 Comparison with Traditional Methods:
5.3.1 Field Survey Approach:
Traditional Ring Ouzel surveys rely on territory mapping by experienced ornithologists:
· Sample Size: 46 visits; repeated visits (4 6) during breeding season; auditory and visual detection 
· Input: Data tables for distance measures for territory locations, and for estimates of breeding success; 
· Output: Dot map of locations of territories, and estimates of breeding success. 
· Pitfalls: Only suitable for presence/absence; behavioural observations 
Limitations: Time consuming (450 ha requires 200-300 person hours); Data only available during certain seasons (typically March through July) and observer bias (detection probability varies); No prediction of unsurveyed areas. 
5.3.2 GIS Approach:
Data Processing Method: Multi criteria evaluation, based on layers provided in the environment:
Research context: Gulf waters and the Central Rocky Mountains; lacks project-specific context.Themes: lack; continuity between them and with the spatial context; project-specific theme. 
Weaknesses: Training requirements may be high; Vehicle identification difficult, as accuracy decreases at night and in windy conditions; Operational complexity; Training requirements could be even higher at night; Visualization of the TAN as a whole could be challenging. 
Strengths: Good at recognizing landscape processes and structure; Does not require input of excellent data; Can determine the “realness” of presence (validation); Are able to include microhabitat features
5.3.3 Integrated Approach:
Both methods of conservation must be used together as the best strategy: 
GIS modelling: GIS to identify high suitability survey areas (priority areas) 
The presence/absence of species (Field validation): found in validation areas 
Improve the model over time using field data adaptive management. 
The predictive accuracy of 83.3% when compared to field investments shows the potential of GIS to direct traditional field survey effort and lower the time and expense.
5.4 Management Implications:
5.4.1 Habitat Enhancement Priorities:
To carry out suitable management actions, the following management actions are recommended: 
Priority 1 is to protect High Suitability Habitat (78.4 ha): Judgement: Enlarge NNR boundary to cover all areas of high suitability Access Management: High impact routes are closed for part of the year (March to July) Continue with grazing maintenance regime. Exmoor pony (0.5 LU/ha) 
Priority 2 Improve Moderate Suitability (201.3 ha): Heather management: Rotational burning (10 – 15 years) for a 40 – 60% cover Juniper planting: aim for 15% growth by 2035 as a proportion of the total number of shrubs being planted (berry producing shrubs), based on the current number of berry producing shrubs planted. Control bracken by grazing/chemical management to improve the grasslands. 
Priority 3: restore Low Suitability Areas (170.3 ha): Selection of conifer plantation (A1.2.2) contiguous to high suitability areas when felling woodland. Scrub clearance - Clear away thick bracken to allow more substrates to be found for nests
5.4.2 Climate Change Adaptation:
South Wales populations are at risk of range limit expansion because climate models predict an extension of their range of up to 80 100km northwards until 2080 (Pearce Higgins et al., 2017). GIS analysis is used for finding climate refugia: 
Micro refugia Characteristics: South facing slopes: 37.6% of high suitability habitat 60.1% of high suitability habitat at high elevation (>500m). Consequently, there will be an additional air movement drain away from the valley and a retaining of moisture. 
Management Strategy: Conserve refugia: Prioritise conservation of north facing, high elevation sites Improve connectivity: Connect high suitability patches to provide range shifts. Follow up do suitability analysis again in 5 years to look for climate effects
5.4.3 Monitoring Framework:
Indicators of Success:
1. High suitability habitat area (HSUH): Maintain/increase (baseline: 78.4 ha) 
2. Population of breeding pairs: Up 8 10 pairs by 2035 (key mapping targets: Dartmoor). 
3. Breeding success enhances success in breeding with 60% nest success (current: ~ 50%). 
4. Habitat quality: Add 15% juniper cover; Keep sward height (head) any 5-10cm 
Monitoring Protocol:
· Annual: Territory mapping (March July); Breeding success assessment 
· Biennial: Phase 1 habitat survey update.grazing impact assessment 
· Quinquennial: Update GIS suitability model with new DEM/land cover data every 5 years.

6. Conclusion: GIS as a Tool for Evidence Based Conservation:
6.1 Synthesis of Key Findings:
It is through this analysis that it is shown how powerful GIS suitability modelling can be to ring ouzel conservation in South Wales. The main conclusions are that: 

· High suitability habitat extent: 78.4 hectares (17.4% of the study area) modelled as suitable (2.5 3.0/3.0), with this habitat occurring in the north of Fan Frynych NNR. 
· Using a lagged approach to validation, the accuracy was 83.3% agreement between the fitted suitability and presence of the Ring Ouzel. 
· Topographic specialization: x2 sites at high suitability that are steep, face north/east and are of high elevation (mean 468m north-east slopes mean 36.2°). 
· Habitat mosaic: High suitability zones are dominated by dry heath (60%) and by rock exposure (40 %), and forage is in the form of grassland. 
· Saving of high suitability habitat : Conservation grazing contributed 11 hectares (14%) since 2015. 
The unsuitability of an area due to disturbance is correlated with suitability score: There are 1.1 points more of suitability values in areas >300m away from pathways than in areas within 100m of pathway.
6.2 Demonstration of GIS Capabilities:
This exercise will show you a number of important habitat management skills you should be able to use with GIS:
Spatial Analysis:
· Consideration of several environmental factors (habitat, foraging, disturbance) at a very fine scale (30m). 
· How much and where is there habitat?Habitat extent and distribution. 
· Drawing up prioritised list of actions for conservation.
Predictive Modelling:
· McHarg's layer cake method can accurately investigate the distribution of Ring Ouzel and the results of this are close to 83.3%. 
· Within the habitat portion, weight-overlay analysis identified the structure of the habitat (0.50) and the proximity to foraging habitat (0.30) as the most important. 
· Model can be applied to other upland areas for regional planning for conservation.
Decision Support:
· Objective basis for management prioritisation (protect 78.4 ha high suitability habitat) 
· The objective on this resource area is to increase suitable habitat for terrestrial wildlife, which is the result of effective management (quantitative evidence: +14% suitable habitat through grazing). 
· Model of adaptive management (repeat analyses every 5 years, said again every 5 years).
Communication:
· Professional maps enable stakeholders to be involved. 
· Transparent visualisation of conservation priorities for land managers, policy makers and the public
6.3 Future Directions and Recommendations:
6.3.1 Methodological Improvements:
Machine Learning Integration: Future analyses should investigate Maximum Entropy (MaxEnt) modelling and/or Random Forest modelling that both allows for non linear interaction between variables and has the capacity to reflect multiple ecological relationships, and yields probability surfaces instead of categorical scores. 
Temporal dynamics: use multi temporal satellite image data (Landsat and Sentinel 2) for vegetation change detection, repeat LiDAR surveys for structural habitat monitoring and climate (UKCP18 projections) data for scenario modelling. 
3D Habitat Structure (OPTIONAL): Describe canopy structure (height, density), vertical structure of vegetation and micro topographic features (boulder fields, gully networks) using LiDAR-derived products. 
[NOTE: I didn’t use because of hardware imitations, instead I used OS TERRAIN 50 DEM.]
6.3.2 Conservation Actions:
Immediate Priorities (2026 2030):
1. Statutory protection should be considered for all of the HSA (78.4ha) which should be designated as a SSSI, or the NNR boundary extended to cover all of the HSA. 
2. What are the management plans for access? close of seasonal paths (March July) along 4.1km of high impact routes 
3. Grazing optimisation  management regime remains on Exmoor ponies, however the area of open grazing is increased to moderate suitability (201.3 ha). 
4. Juniper restoration: high suitability - plant 500 juniper saplings and protect against browsing. 
Medium term Goals (2030 2035):
· Population recovery: Change breeding pairs up to 8 10 from 3 5.Population recovery: Add somewhere between 3 5 and 8 10 pairs of "population recovery". 
· Improvement of habitat (recovery): Intermittent small-scale management across higher suitability habitat, creating a total of 100+ hectares; 
· Climate adaptation: Search for and secure micro refugia; create habitat corridors. 
· This monitoring framework involves annual updating of mapping of territories, and every 5 years updating the GIS model.
Long term Vision (2035 2050):
1. The results showed that there were 15+ breeding pairs present with a breeding success of >60%. 
2. In contrast to the prediction of range contraction, the population of one species in South Wales is expected to remain stable under climate change.A population in South Wales is expected to persist even though the species is projected to lose its range. 
3. Landscale conservation co-ordination: Co-ordinated management in Brecon Beacons National Park. 
4. Best practice: Transferring knowledge to other upland specialists, such as Golden Plover and Merlin
6.4 Final Reflection:
This analysis demonstrates GIS does not be a mapping tool, it is a complete decision support system, making conservation practice more proactive than reactive, anecdotal rather than evidence-based, and landscape than local. With the ability to incorporate both empirical data (such as Phase 1 survey, LiDAR) and ecological theory (McHarg's layer cake framework), and to combine them with day-to-day conservation management like livestock grazing and access control, GIS allows conservation practitioners to get a better handle on complex species habitat relationships, inform their planning on spatial patterns of suitability of species habitat, prioritize limited conservation resources, monitor management impacts over time, and then communicate these impacts with stakeholders. 
GIS based suitability modelling is the missing piece in works of spatial intelligence to prevent extinction and aid recovery of a species on the brink of local extinction for the Ring Ouzel in South Wales. The simplified 5 habitat classification and 3 layer weighted overlay approach presented here can be replicated with other upland specialists and conservation problems and is also applicable to other conservationists, and has the potential to support greater biodiversity outcomes by innovative use of geospatial technology.
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