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Technical Appendix A – Woodland Creation 
 

Localised yield estimates and data collection 

 

 

Figure 1: Hex grid overlaid across the WRF study area. Digital boundry and reference maps source: Office 

for National Statistics licensed under the Open Government Licence v.3.0. Contains OS data © Crown 

copyright and database right 2021. 

Tree growth rates were estimated using the Forest Research Ecological Site Classification (ESC) 

tool1. This is a “PC-based system to help guide forest managers and planners to select ecologically 

suited species to sites” 2. It combines modelled and empirical data on climate, soil type, altitude 

and other site-specific factors to generate an estimate of the suitability of a location for a selected 

species, and an expected growth rate.  

The ESC tool was originally designed to be used on single locations or small woodland areas, to 

support management decision making by foresters when planning new woodland planting. With 

the support of Forest Research, the data collection bypassed the web-based interface and 

gathered data directly from the Application Programming Interface (API) of the server. This is the 

largest such data collection exercise undertaken on the ESC servers to date, and produced a much 

higher resolution dataset than would otherwise have been possible. To determine a representative 

 

1 Forest Research Ecological Site Classification (ESC) tool: http://www.forestdss.org.uk/geoforestdss/esc4.jsp 

2 https://www.forestresearch.gov.uk/tools-and-resources/fthr/ecological-site-classification/  
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sample of sites for data collection, a 1 km hex grid was drawn using GIS software to cover the 

study area (Figure 1).  

A short program was written using the Python general purpose programming language, to upload 

each of the centre-points (geometric centroids) of these cells to the ESC server and save the 

returned data. For each point request, the server returned information for 59 different species.  

The process was carried out three times to download data under different climate scenarios: the 

mean climate from 1960-1990, the projected climate for 2050, and the projected climate for 2080. 

This data was then integrated back into the GIS file and attached to the hex-grid file to produce 

a single spatially explicit layer including all relevant data including species, and three climate 

scenarios.  

At this stage, a number of species were eliminated from the process due to the presence of known 

pests, pathogens, and environmental factors which would cause uncertain establishment in the 

study area (Table 1). 

Table 1: Species eliminated from the woodland mixtures and reason for removal. 

Species Reason 

Ash (Fraxinus excelsior) Hymenoscyphus fraxineus (Chalara ash dieback) 

Wych elm (Ulmus glabra) Ascomycota (Dutch elm disease) 

Larches (Larix spp.) Phytophthora ramorum 

Corsican and lodgepole pines 
Dothistroma septosporum (red-band needle blight) 

(Pinus nigra, and P. contorta) 

Eucalyptus spp. 
Removed due to threat of frost, and concern over hydrological 

impacts. 

 

Some species of the same genus were assumed to be so similar in terms of ecological niche as to 

be interchangeable in terms of planting schemes. For example, a planting scheme might specify 

birch (Betula spp.) but not whether downy birch (Betula pubescens) or silver birch (Betula pendula) 

is most appropriate for the site. Therefore, in the cases of alder (Alnus spp.), birch, and the native 

oaks (Quercus robur, and Q. petrea) the individual species layers were combined to incorporate 

the most appropriate species for each point. In each cell all the species in the group were 

compared with one another as shown in Figure 2. If the comparison did not result in any one 

species which was more appropriate than the others, the algorithm was progressed to the next 



5 

 

step. The comparison depends on three separate values provided by the ESC data: species 

suitability, yield class, and timber suitability which are described in Table 23.  

 

Figure 2: Species choice flow chart.  

 

 

3 Further descriptions of the suitability score metrics are available in the ESC manual, available at 

http://www.forestdss.org.uk/geoforestdss/esc4.pdf. A more detailed description of yield class is available at 

https://www.forestresearch.gov.uk/tools-and-resources/forest-yield/how-forest-yield-works 
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Table 2: Species choice metrics 

Metric Units and description 

Suitability 

An estimate of the site suitability for a given species. This is a dimensionless value 
between 0 and 1, divided into bands: 

 
> 0.75 Very suitable (no expected constraints to growth)  

0.5 - 0.75 Suitable (some impact on growth)  

0.3 - 0.5 
Marginal (significantly reduced growth, may only establish on parts of a 

site, or form scrub woodland) 
 

< 0.3 Unsuitable (species very unlikely to establish at all)  

Yield Class 
The maximum mean annual increment (MMAI) of cumulative timber volume achieved 

by a tree species growing on the site (under a standard management regime). 
Expressed in m3 ha-1 yr-1   

 

Timber 
suitability 

Similar to the suitability score, timber suitability expresses an estimate of the suitability 
of a species for productive woodland compared to national values. This is expressed as 
a dimensionless value, representing a proportion of the maximum general yield class 

for the given species in British conditions). 

 

 

This process resulted in 50 separate species yield maps for the study region, and a further 3 

combined layers for alder, birch, and native oaks. The species covered, are detailed in Table 3 and 

Table 4. 
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Table 3: Species assessed. *All Sitka spruce within the report is assumed to be from an improved seed 

source. 

Aspen (Populus tremula) Norway maple (Acer platanoides) 

Beech (Fagus sylvatica) Norway spruce (Picea abies) 

Big leaf maple (Acer macrophylum) Oriental spruce (Picea orientalis) 

Black poplar (Populus nigra) Pacific fir (Abies amabilis) 

Black walnut (Juglans nigra) Pedunculate oak (Quercus robur) 

Coast redwood (Sequoia sempervirens) Rauli beech (Nothofagus procera) 

Common alder (Alnus glutinosa) Red alder (Alnus rubra) 

Common walnut (Juglans regia) Red oak (Quercus rubra) 

Douglas fir (Pseudotsuga menziesii) Roble beech (Nothofagus obliqua) 

Downy birch (Betula pubescens) Rowan (Sorbus aucuparia) 

European silver fir (Abies alba) Scots pine (Pinus sylvestris) 

Giant redwood (Sequoiadendron giganteum) Serbian spruce (Picea omorika) 

Grand fir (Abies grandis) Sessile oak (Quercus petraea) 

Grey alder (Alnus incana) Silver birch (Betula pendula) 

Holly (Ilex aquifolium) Sitka spruce* (Picea sitchensis) 

Hornbeam (Carpinus betula) Small-leaved lime (Tilia cordata) 

Italian alder (Alnus cordata) Sweet chestnut (Castanea sativa) 

Japanese red cedar (Cryptomeria japonica) Sycamore (Acer pseudoplatanus) 

Lawsons cypress (Chamaecyparis lawsoniana) True service tree (Sorbus domestica) 

Leyland cypress (Cupressocyparis x leyandii) Western hemlock (Tsuga heterophyla) 

Macedonian pine (Pinus peuce) Western red cedar (Thuja plicata) 

Maritime pine (Pinus pinaster) Weymouth pine (Pinus strobus) 

Monterey pine (Pinus radiata) White willow (Salix alba) 

Noble Fir (Abies procera) Wild cherry (Prunus avium) 

Nordmann fir (Abies nordmanianna) Wild service tree (Sorbus torminalis) 

 

Table 3: Combined layer species. 

Combined layer Contains 

Combined alder layer Common alder, Grey alder, Italian alder, Red alder 

Combined birch layer Downy birch, Silver birch 

Combined native oak layer Pedunculate oak, Sessile oak 
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Identifying representative woodland types 

Representative woodland types were identified under four categories: “native broadleaves” 

(thinned and un-thinned), “coniferous”, and “mixed”. In each case a python script was used to 

identify the qualifying species with the best mean growth over the entire study area. This was 

calculated in two stages: 

First a “temporal mean” yield class was calculated for each species over time in each cell (Equation 

1) to give an estimate of yield between 1990 and 2080 (m3 ha-1 yr-1). This was then multiplied by 

the area of each cell (incorporating part cells which were split because of local authority / study 

area boundaries) to give a value of yield over time for each specific cell (in m3 yr-1; Equation 2).  

 

𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑚𝑒𝑎𝑛 𝑦𝑐 = (𝑦𝑐1960−1990 + 𝑦𝑐2050 + 𝑦𝑐2080)/3  
Equation 1 

 

𝑦𝑖𝑒𝑙𝑑 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 = 𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑚𝑒𝑎𝑛 𝑦𝑐 ×  𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎  
Equation 2 

 

Based on this absolute yield estimate per cell, a simple addition allowed species to be ranked 

based on their theoretical potential yield across the entire study area. For each woodland type, it 

was assumed that sites would incorporate the nine species with the highest yield regionally, each 

covering on average 10% of the woodland area, with the remaining 10% incorporating non-

woodland area, open ground, roads, lakes etc. The resulting woodland mixtures are detailed in 

Table 2 of the Main Report. 

 

Woodland yield estimates 

For each woodland, a combined dataset was built incorporating values from each of the 

constituent species. Total woodland yield figures were built using the weighted mean of all species 

which would establish on site and are expressed as a yield class (m3 ha-1 yr-1). 

Using the 2050 projected growth rates (as most representative of the timescale involved) 

minimum, mean, and maximum yield class values were identified for each woodland’s constituent 

species, both for the WRF region as a whole, and for each local authority area individually (these 

are shown in Figure 2 of the Main Report and Table 5). 
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Table 4: Variation in yield class between woodland mixtures for the total WRF area 

Woodland Minimum Mean Maximum 

Mixed native broadleaves 
3.7 8.1 11.3 

Productive native broadleaves 

Productive conifers 8.0 18.5 25.4 

Productive mixed woodland 5.9 14.2 18.8 

 

Carbon sequestration estimates 
WCC calculator assessment 

Carbon sequestration estimates were developed using the Woodland Carbon Code (WCC) 

calculation tool4 v2.3. This spreadsheet-based tool incorporates estimates of carbon emissions 

from woodland planting, site disturbance, and continued forest growth.  

The WCC calculator was run for each woodland type (listed in Table 2 of the Main Report) using 

the maximum / mean / minimum yield class values (shown in Figure 2 of the Main Report) for 

each individual local authority and for the WRF region as a whole.  

In each case, variables for each hectare of woodland were assumed to be: 

• Tree spacing of 1.5 m (or as close as possible given the restrictions in available yield tables). 

• Establishment to take place on former pasture on an organo-mineral soil. 

• Establishment activities required: 

o Ground prep 

o Tree shelters 

o Fencing 

o Herbicide application to aid tree establishment. 

• 10% woodland open space (roads, boundaries, water etc.) 

• No final-felling (assumed rotation is 100yrs+) 

In each case the WCC calculator either looks up the yield class for the species, or another species 

with a similar yield curve when data is not present. It is important to note that while a number of 

species are mapped to the same growth curve, this does not invalidate the method of using 

 

4 Available to download here: https://www.woodlandcarboncode.org.uk/landowners-apply/template-

documents 
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several species, as this curve is still utilised based on different yield classes (using the ESC data; 

see Table 6).  

Table 6: Species mapping for yield curve data used in the analysis. 

Species Growth curve used 

Alder (combined) 

Sycamore / ash / birch 

Aspen 

Birch (combined) 

Black poplar 

Small-leaved lime 

Sycamore 

Wild cherry 

Coast redwood 

Grand fir Grand fir 

Pacific fir 

Hornbeam Beech 

Japanese red cedar 

Western red cedar Lawsons cypress 

Western red cedar 

Norway spruce 
Norway spruce 

Serbian spruce  

Oak (combined) Oak 

Sitka spruce Sitka spruce (improved) 

 

Where conflicts occurred between the input data and the possible values included in the 

calculator, the nearest values were chosen. Examples of conflicts include tree spacing options 

varying from the 1.5 m as specified in the standard case, or maximum / minimum values for yield 

classes falling outside the range allowed by the calculator. The calculator has an inbuilt factor to 

account for this margin of error as well as other sources of uncertainty (all results are rounded 

down by 20% to allow for inaccuracies arising from mapping to the options within the WCC and 

scientific uncertainty around carbon accumulation rates across different species, spacings and 

management regimes). The Woodland Carbon Code is currently being revised to incorporate new 

growth models covering a wider range of species and spacing options. 

Typically, a further 20% of woodland carbon is removed by the calculator to go into a WCC shared 

scheme buffer. This is to ensure that a degree of insurance is incorporated for schemes which fail 

or drop out of the system. Estimates of carbon sequestration by woodland areas are returned in 

the WCC calculator as Pending Issuance Units (PIUs). Because of deductions for uncertainty and 

for the shared scheme buffer, real world carbon uptake could be up to 40% higher than the PIU 
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value. While uncertainty cannot be removed from the calculation, the 20% shared scheme buffer 

has been removed in the values that we report. The aim of this assessment is to calculate the total 

potential carbon sequestration as accurately as possible, rather than just the carbon eligible for 

Woodland Carbon Units. The carbon sequestered is expressed in tonnes of CO2 at a particular 

point in the future (as shown in Table 7) giving a profile of carbon sequestration which can be 

extrapolated into a cumulative total (see Table 8). 

Table 7: Carbon sequestration (based on growth per time interval for mean growth rates over total WRF 

area), determined using the Woodland Carbon Code. 

Year 

Carbon sequestered in each time period (tCO2 ha-1) 

A. Mixed native 
broadleaves  
(un-thinned) 

B. Productive native 
broadleaves 

(thinned) 

C. Productive mixed 
conifers 

D. Productive mixed 
conifers + 

broadleaves 

5 0 0 0 0 

15 93 84 31 77 

25 182 112 129 120 

35 145 75 81 88 

45 79 53 78 68 

55 51 26 61 44 

65 40 16 47 34 

75 32 10 38 24 

85 28 5 29 17 

95 23 4 21 12 

100 10 2 7 5 
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Table 8: Carbon sequestration (based on cumulative total of sequestered CO2 for mean growth rates over 

total WRF area), determined using the Woodland Carbon Code. 

Year 

Carbon sequestered in each time period (tCO2 ha-1) 

A. Mixed native 
broadleaves (un-

thinned) 

B. Productive native 
broadleaves 

(thinned) 

C. Productive mixed 
conifers 

D. Productive mixed 
conifers + 

broadleaves 

5 0 0 0 0 

15 93 84 31 77 

25 275 196 160 197 

35 420 271 241 285 

45 499 324 319 353 

55 550 350 380 397 

65 590 366 427 431 

75 622 376 465 455 

85 650 381 494 472 

95 673 385 515 484 

100 683 387 522 489 

 

 

Identifying parameterised fitted curves 

All the estimates above are presented based on woodland age (i.e. years after planting) per 

hectare at set intervals (10 years). In order to convert these into meaningful estimates of carbon 

uptake by local authorities for planning, a non-linear regression of the estimates was carried out 

using python and an equation for a five-parameter logistic curve (Equation 3; as described in 

Gottschalk & Dunn 20055). 

𝑦 = 𝑑 +
𝑎 − 𝑑

[1 + (
𝑥
𝑐

)
𝑏

]
𝑔  

Equation 3 

 

This resulted in known equations describing minimum-mean-maximum value curves for each of 

the local authority areas, and the total WRF area (as shown in Figure 3).  

 

5 Gottschalk, P. G., & Dunn, J. R. (2005). The five-parameter logistic: a characterization and comparison with 

the four-parameter logistic. Analytical biochemistry, 343(1), 54–65. https://doi.org/10.1016/j.ab.2005.04.035  
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Figure 3: Cumulative carbon sequestration curves for woodland type A (unthinned broadleaves) for each 

local authority and the total WRF area. Plotted points correspond to data from the WCC calculator. In each 

case the margin of error is <4tCO2  

 

Indicative planting strategies 

All values calculated to this point have been expressed on a per hectare basis, relative to planting 

year (year 0). To convert these values into indicative CO2 sequestration estimates, it is necessary 

to estimate the total area to be planted per year and then calculate the total CO2 sequestered for 

the entire planted area at a known time horizon. Several spatial datasets have been used to 

generate data for sequestration at different levels of afforestation (see Tables 4 – 9 in the main 
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report). The model can also be used create bespoke models of indicative areas of planting (see 

Table 1 in “Informing a carbon-based tree planting strategy for the White Rose Forest: An 

introduction to the main report and technical appendix”). 

Low risk areas for woodland creation 

The Forestry Commission has produced a spatial dataset representing the “low risk areas for 

woodland creation” within the study area (as shown in Figure 4). These sites are defined as areas 

where the potential constraints to woodland planting are low – excluding areas where regulatory 

constraints would present additional (potential) barriers to woodland creation (e.g. AONB and 

National Parks). 

 

 

Figure 4: The WRF area overlaid with the Forestry Commission’s "low risk areas for woodland creation" 

areas (green). Digital boundry and reference maps source: Office for National Statistics licensed under the 

Open Government Licence v.3.0. Contains OS data © Crown copyright and database right 2021. 

We have used this dataset to indicate plausible levels of planting and potentially achievable 

targets for Local Authorities within the study area but there are some critical limitations to keep 

in mind when interpreting this dataset: 

• The sites presented here represent those with the lowest statutory barriers to planting, but 

no attempt has been made to identify owners, or to assess the feasibility of planting; they 

therefore represent a plausible theoretical construct (and not a series of target sites). 
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• As shown in Figure 4, the lowest regulatory bar threshold effectively removes some areas 

where tree planting is very likely to be encouraged, in particular: national parks (e.g. 

Yorkshire Dales, Peak District) and AONB (e.g. Nidderdale, Forest of Bowland).  

 

Woodland for Water Areas 

 

Figure 5: The Environment Agency and Forestry Commissions’ Woodland for Water dataset (blue). 

Courtesy of White Rose Forest, digital boundry and reference maps source: Office for National Statistics 

licensed under the Open Government Licence v.3.0. Contains OS data (Ordnance Survey 100019241) © 

Crown copyright and database right 2021. 

The Environment Agency and Forestry Commissions’ “Woodlands for Water” dataset was also 

used (Figure 5). This spatial dataset collates areas that are marked as beneficial for woodland 

creation in order to reduce diffuse water pollution and to reduce flood risk.  

In addition, a joint category of areas where the “low risk areas for woodland creation” and 

“Woodlands for Water” datasets overlap. This category covers around 52,000 ha total and 

represents land for woodland creation that has both low regulatory threshold and will provide 

additional benefits to water management. 
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Planting assumptions 

Several assumptions were made about planting (see “WCC calculator assessment”) and in 

processing the data. Additional assumptions include: 

• A high level of planting commences in the winter of 2021 and continues until 2050, then 

3.45 % of the total target area will be planted per year.  

• That tree planting stops at 2050, but the woodlands created continue to grow.  

• Planting spacing is set at 1.5m intervals, which represents a higher density than many 

stands, particularly some species of conifers, would typically be planted. This assumption 

has been made to allow for standardised comparisons between woodland types. This 

assumption does not have a significant impact on the overall long-term calculations for 

carbon accumulation under the Woodland Carbon Code. A preliminary investigation into 

differences in output under wider spacing intervals using a subset of local authorities form 

the main study has shown that using 3 m spacing (i.e., a reduction from 4,444 trees per 

hectare to potentially as low as 1,111 trees per hectare) changes total carbon sequestration 

figures for 2050 by less than 10% (and carbon accumulation is broadly unchanged if 

projected as far as 2075). 

 

Future CO2 sequestration and residual emissions 
Calculating the range of CO2 sequestration in 2038 and 2050 

The model outputs annual data for CO2 sequestration across the indicative planting areas. By 

default, data for the initial 100 years following planting are generated for each planted area, but 

specific points of time can be highlighted. The data presented in the main report focuses on two 

points in the future:  

• 2038: To align with and to inform emissions reduction and net-zero strategies being 

considered locally and collectively by the  local authorities in the West Yorkshire Combined 

Authority and in the York and North Yorkshire Local Enterprise Partnership. 

• 2050: The net zero target date for the UK government. 

Minimum, mean, and maximum values for carbon sequestration for each woodland assemblage 

over each indicative planting area are generated. Separate python code compares each of the 

four woodland assemblages to select the largest and smallest of the mean assemblage values. 

These are presented as the probable range of expected carbon sequestration values in kt CO2 in 

the main tables (see Tables 4 – 9 in the main report). This process can also generate the absolute 

maximum and minimum value for each area, although the wide ranges of these values limit their 

usefulness for planning purposes. 



17 

 

Residual emissions calculations 

For context, in addition to raw figures for CO2 sequestration across the indicative planting areas, 

the sequestration as a proportion of expected residual emissions for each time period are also 

provided. The residual emissions are those sources of greenhouse gases that are likely to remain 

after substantial decarbonisation. Planned decarbonisation measures cannot remove all sources 

of greenhouse gases, and these residual emissions must therefore be tackled by land use changes 

such as the tree planting explored in this report.  

Two sets of projections form the basis for the future emissions scenarios: 

• 2038: The Emissions Reduction Pathways reports from the West Yorkshire Combined 

Authority6 and the York and North Yorkshire Local Enterprise Partnership7 provide a 

framework for reducing emissions to 2038. Both documents produce estimates for residual 

emissions based on several scenarios: 

o A “maximum ambition” scenario in which there is a large and rapid rollout of 

electric vehicles and heat pumps, and the widespread uptake of low carbon fuels. 

o A “high hydrogen” scenario in which all sectors rapidly transition from natural gas 

to hydrogen fuel by 2030. 

o A “balanced” scenario in which mixed fuel use and the electrification of heating 

and transport drive down emissions, but in a cautious and more variable way. 

The projected results of these scenarios are taken to be the range of likely residual 

emissions in local authorities covered by the two reports. In the West Yorkshire local 

authorities this is 18 – 27% and in York and North Yorkshire local authorities this is 14 – 

32% (both relative to 2018 emissions). 

In this report, we have worked with the emissions data that is available at local authority 

level which covers CO2 emissions only, and is the most significant greenhouse gas across 

the WRF region. The local authority emissions reductions pathways referenced above 

envisage reducing CO2 as the main means of lowering greenhouse gas production. It is 

however important to note that as CO2 emissions reduce in the more rural local authorities, 

particularly those covered by the York and North Yorkshire Local Enterprise Partnership, 

agricultural production of methane (CH4) will become a proportionally larger source of 

 

6 Tackling the Climate Emergency: Emissions Reduction Pathway Report, 2020, West Yorkshire Combined 

Authority: https://www.westyorks-ca.gov.uk/media/4268/emission-reduction-pathways-report.pdf 

7 North and West Yorkshire Emissions Reduction Pathways, 2021, York and North Yorkshire LEP: 

https://www.ynylep.com/Portals/0/adam/Stories/dZPBWh5Fz0mcAqqNaH1neA/Body/Y&NY%20carbon%2

0abatement%20pathways%20report%20-%20Element%20Energy.pdf 
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residual emissions and will need to be considered in plans to reach net-zero. Future 

iterations of this work will need to consider carbon sequestration levels in the context of 

the full basket of greenhouse gases.  

• 2050: The Sixth Annual Carbon Budget of the UK Climate Change Committee8 explores 

different trajectories for emission reduction using five scenarios that result in 11 – 21 % of 

2018 greenhouse gas emissions remaining in 2050. This value represents the impact of 

measures to reduce emissions before mechanisms to remove carbon from the atmosphere 

are considered. 

We provide a comparison against residual emissions to put the potential future carbon 

sequestration that could be achieved through woodland creation in proper context. The level of 

residual emissions remaining in 2038 or 2050 depends upon decarbonising multiple sectors of 

the economy and is therefore extremely uncertain.    

 

8 Sixth Annual Carbon Budget, 2020, Climate Change Committee: 

https://www.theccc.org.uk/publication/sixth-carbon-budget/ 
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Technical Appendix B – Trees Outside Woodlands  

 

Selection of datasets 

Two datasets were used for this study: Bluesky National Tree MapTM and data calculated using the 

i-Tree Canopy software (Table 9). The datasets cover trees on the University of Leeds campus. To 

overlay the datasets, coordinate systems were first converted to match. 

 

Table 9: Details of the datasets used in this study. a OSGB = ‘Ordnance Survey Great Britain 1936’ 
b WGS = ‘World Geodetic System’ 

  Bluesky National Tree MapTM i-Tree Eco 

Features 

Aerial photography Ground-based tree measurements 
combined with i-Tree Eco v6 

software 

Colour infrared datasets 

Height models 

Region White Rose Forest region University of Leeds campus 

Tree attributes 

Area of canopy cover Area of canopy cover 

Maximum height of tree Height of tree 

  Condition/missing 

  Carbon sequestration 

  Carbon storage 

Total number of trees 
on campus 

1281 1450 

Coordinate system 
(original, for this 

study) 
OSGB36a, OSGB36 WGS84b, OSGB36 
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Figure 6: Schematic of the steps taken to calculcate carbon storage and sequestration across the White 

Rose Forest, using the Bluesky and i-Tree data. 

 

Step 2: Assign carbon values 

Step 3: Define the relationship between 

Bluesky tree attributes and i-Tree carbon 

values 

Step 4: Use relationship to 

extrapolate to the whole of the WRF 

Step 1: Match Bluesky and i-Tree data 

points on University of Leeds campus 

Identify equivalent i-Tree and Bluesky data points based on: 

• Distance to each other 

• Height  

• Canopy cover 

• Pair off matched trees. 

For matching trees, assign carbon sequestration values, calculated 

with i-Tree data, to the relevant Bluesky tree attributes.  

• Plot Bluesky ‘tree volume’ (crown area x height) against 

corresponding i-Tree carbon sequestration/storage for all 

paired trees on campus. 

• Apply a line of best fit- the equation for this line is the 

relationship between tree crown area/height and carbon 

sequestration/storage. 

• Remove all woodlands from WRF so that only trees outside 

of woodlands remain. 

• Apply relationships to each tree in the Bluesky data over the 

WRF to calculate the amount of carbon stored and 

sequestered in the WRF. 

• Separate local authorities in rural and urban regions and 

calculate carbon stored and sequestered in those regions. 
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Figure 7: Spatial distribution of trees in the Bluesky National Tree MapTM data (black dots) and i-Tree data 

(red dots) over the University of Leeds campus. 

 

Matching equivalent Bluesky and i-Tree data points and assigning 
carbon values  

Bluesky and i-Tree data points were matched according to how close the trees were together in 

distance, the height of the trees and their crown areas. To ensure trees were paired accurately, 

trees that were paired based on their location but had more than 50% difference in height or 

canopy cover were eliminated from the dataset. Height and canopy cover difference was 

calculated using Equation 4: 

𝐴𝑑𝑖𝑓𝑓(%) =
𝐴𝑖𝑇 − 𝐴𝐵𝑆

𝐴𝑖𝑇
𝑥 100  

Equation 4 

Where 𝐴𝑑𝑖𝑓𝑓 is the percentage difference in tree attribute (height or canopy cover) between the 

two paired trees, 𝐴𝑖𝑇 is the value for i-Tree attribute and 𝐴𝐵𝑆 is the value for the Bluesky attribute. 

The final number of paired trees used for this study was 481 out of a possible 1281 trees in the 

original i-Tree Eco dataset. Figure 8 shows the spatial distribution of these 481 data points. Once 

the equivalent data points were paired correctly, carbon storage and sequestration values from 

the i-Tree data were assigned to the paired Bluesky data points. 
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Table 10: Tree species included in the 481 sample of trees on the University of Leeds campus, used as a 

proxy for trees outside of woodland. These trees were used to calculate the relationship between Bluesky 

tree attributes (height and canopy cover) and i-Tree carbon values (carbon storage and carbon 

sequestration). 

Tree species 
Number 
of trees 

Tree species 
Number 
of trees 

Tree species 
Number 
of trees 

Acer 1 Crataegus laevigata 2 Prunus serrula 1 

Acer campestre 5 Crataegus monogyna 4 Prunus serrulata 'Kwanzan' 2 

Acer cappadocicum 2 Crataegus persimilis 1 Prunus x schmittii 1 

Acer negundo 1 Fagus sylvatica 6 Prunus yedoensis 1 

Acer opalus 1 Fagus sylvatica 'Purpurea' 3 Pyrus communis 9 

Acer palmatum 1 Fraxinus excelsior 36 Pyrus salicifolia 1 

Acer palmatum var. dissectum 2 Fraxinus excelsior 'Aurea' 1 Quercus cerris 4 

Acer platanoides 31 Fraxinus ornus 1 Quercus coccinea 2 

Acer platanoides 'Crimson King' 3 Ginkgo biloba 1 Quercus petraea 1 

Acer platanoides 'Schwedleri' 4 Gleditsia triacanthos 1 Quercus robur 9 

Acer pseudoplatanus 56 Ilex aquifolium 2 Quercus rubra 3 

Acer rubrum 2 Juglans nigra 1 Rhododendron 1 

Acer saccharinum 3 Juglans regia 3 Robinia pseudoacacia 4 

Acer saccharum 3 Laburnum anagyroides 3 Salix 1 

Aesculus hippocastanum 11 Ligustrum lucidum 1 Salix alba 1 

Aesculus x carnea 1 Liquidambar styraciflua 1 Salix alba 'Tristis' 1 

Alnus cordata 7 Liriodendron tulipifera 1 Salix caprea 1 

Alnus glutinosa 5 Magnolia stellata 2 Sambucus nigra 1 

Alnus incana 4 Malus 1 Sambucus racemosa 2 

Alnus rubra 1 Malus domestica 2 Sorbus aria 4 

Amelanchier 1 Malus sylvestris 1 Sorbus aucuparia 6 

Betula alleghaniensis 1 Metasequoia glyptostroboides 4 Sorbus domestica 1 

Betula ermanii 1 Olea europaea 1 Sorbus intermedia 4 

Betula papyrifera 9 Pinus sylvestris 1 Sorbus thuringiaca 1 

Betula pendula 7 Platanus hybrida 4 Sorbus torminalis 1 

Betula pubescens 2 Populus nigra 1 Thuja plicata 2 

Betula utilis 4 Populus nigra betulifolia 1 Tilia cordata 18 

Carpinus betulus 6 Populus x canadensis 'Aurea' 1 Tilia euchlora 3 

Carpinus betulus 'Fastigiata' 2 Prunus 1 Tilia platyphyllos 16 

Cedrus atlantica v. glauca 1 Prunus avium 23 Tilia x europaea 56 

Cercidiphyllum japonicum 1 Prunus domestica 2 Trachycarpus fortunei 1 

Chamaecyparis lawsoniana 1 Prunus laurocerasus 1 Ulmus glabra 4 

Corylus avellana 9 Prunus maackii 1 
TOTAL 481 

Corylus colurna 10 Prunus sargentii 2 
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Figure 8: Spatial distribution of the 481 paired Bluesky (blue) and i-Tree (red) data points, used as a proxy 

for trees outside of woodland. These trees were used to calculate the relationship between Bluesky tree 

attributes (height and canopy cover) and i-Tree carbon values (carbon storage and carbon sequestration), 

which was then used to determine carbon storage and sequestration throughout the WRF. 

 

Calculating the relationship between Bluesky tree attributes and 
carbon values 

To determine the relationship between Bluesky tree attributes (height and canopy cover) and i-

Tree carbon values (carbon storage and carbon sequestration), the two variables were plotted 

against each other, and lines of best fit were determined. Table 11 describes the different 

relationships explored in this analysis, and the resulting carbon storage and sequestration 

calculated for the trees on campus. 

Previously, the total carbon stored and sequestered was calculated for the i-Tree campus data as 

540 tonnes and 18 tonnes per year9 respectively. In comparison to these values, the Bluesky 

carbon values calculated using the 2D linear and 2D power relationships, respectively, were the 

closest fit. Other relationships either had lower R2 values (goodness-of-fit (Cameron & 

Windmeijer, 1997)), were less close to the i-Tree result or produced negative carbon values for 

individual trees, which is unrealistic.  ‘x’ in a 2D relationship is a proxy for the “volume” of tree 

(height × canopy area) and ‘y’ is carbon stored or sequestered. Whereas, in a 3D relationship, x 

 

9 Gugan et al., 2019, available at: https://leaf.leeds.ac.uk/news/i-tree-leeds-putting-a-value-on-the-citys-

trees/ 
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=height, y=canopy area and z=carbon stored or sequestered. Figure 9 displays graphical 

representations of the chosen 2D linear and 2D power relationships for the 481 matched Bluesky 

data points. 

 

Table 11: Relationships between Bluesky tree attributes (height and canopy cover) and i-Tree carbon values 

(carbon storage and carbon sequestration). Bluesky values in bold are closest matches to i-Tree data. 

Dataset 
Type of 

relationship 
Equation for 

carbon storage 

Total carbon 
storage for 

campus (kg C) 

Equation for 
carbon 

sequestration 

Total carbon 
sequestration 

for campus 
(kg C yr-1) 

iT  - - 538593a - 17950a 

BS  

2D linearc  

y= 0.4803x + 
39.353 531633b 

y=0.0099x +7.5574 
19600b 

R2 = 0.67 R2 = 0.60 

2D linear - 
forced through 

originc 

y=0.4973x 
498265b 

y = 0.0132x 
13225b 

R2=0.79 R2 = 0.77 

2D 
logarithmicc 

y=264.98ln(x) – 
1052.5 502997b 

y= 6.3629ln(x) – 
20.246 18518b 

R2 = 0.46 R2 = 0.56 

2D powerc 
y=0.7765x0.9205 

433802b 
y=0.6769x0.4815 

17018b 
R2 = 0.83 R2 = 0.73 

3D lineard  

z= 24.65x + 
7.363y -238.7 526140b 

z= 0.3548x + 
0.1794y +1.852 19119b 

R2 = 0.65 R2 = 0.67 
a Total carbon storage and sequestration are calculated for 1450 i-Tree data points on the university campus.  

b Total carbon storage and sequestration are calculated for 1281 Bluesky data points on the university campus. 

c In 2D relationships, x= volume of tree and y= carbon stored or sequestered. 

d In 3D relationships,  x =height, y=canopy cover and z=carbon stored or sequestered 
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Figure 9: Graphical representations of the 2D linear and 2D power relationships, used to calculate carbon 

storage and sequestration. Equations for the relationships are shown in the top left-hand corner of the 

graphs: ‘y’ is carbon storage or sequestration and x is volume (height × canopy area) of the 481 trees in 

the Bluesky data. Goodness-of-fit is shown as R2 (the higher the decimal number, the better the fit). 

 

Calculating carbon stored and sequestered in the whole of the White 
Rose Forest 

To calculate carbon stored and sequestered for only ‘trees outside of woodland’, trees inside 

woodland areas larger than 0.5 hectares were first removed from the Bluesky data. Woodland 

areas were taken from the National Forest Inventory Woodland in England10. Figure 10 outlines 

the process carried out to remove woodland trees using GIS mapping. 

The 2D linear relationships established in the previous section were then applied to each individual 

tree in the WRF to calculate carbon stored and sequestered throughout the region. In addition, 

each of the nine local authorities in the WRF region was further separated into rural and urban 

regions (Tables 12 & 13), according to the ONS and Defra rural-urban classification11. 

 

 

 

10 National Forest Inventory Woodland England 2018, Forestry Commission: http://data-

forestry.opendata.arcgis.com/datasets/295e0278dc2641e2935c411d28908be9_0 

11 ONS/Defra Rural – urban classification 2011: 

https://www.ons.gov.uk/methodology/geography/geographicalproducts/ruralurbanclassifications/2011rur

alurbanclassification 
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Figure 10: Process used in GIS software to remove trees inside woodlands from the Bluesky data, for the 

whole of the White Rose Forest. 
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Table 12: Summary statistics of carbon storage and sequestration, calculated for eight local authorities in 

York and North Yorkshire which are separated into rural, urban and entire regions of each local authority. 

 

 

 

Total 
Local 

Authority 
Craven Hambleton Harrogate Richmondshire Ryedale Scarborough Selby York 

Total 

 Number 

of trees 
496120 835000 931009 493000 752000 433000 414966 294988 

Carbon 

storage 

(tCO2) 

Sum 708000 1271000 1374000 729600 1138000 541000 569000 398000 

Mean 1.42 1.53 1.47 1.49 1.52 1.25 1.37 1.34 

Min 0.145 0.145 0.145 0.145 0.145 0.145 0.145 0.145 

Max 42.2 284.7 58.7 51.3 83.5 57.6 54.2 48.1 

STD 2.01 2.29 2.09 2.13 2.31 1.99 1.96 1.95 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 23400 40200 44800 23900 36400 18500 19200 13300 

Mean 0.0471 0.0481 0.0480 0.0484 0.0484 0.0426 0.0462 0.0451 

Min 0.00127 0.00129 0.00127 0.00126 0.00133 0 0.00125 0.00126 

Max 0.318 0.8 0.373 0.35 0.443 0.37 0.359 0.339 

STD 0.0345 0.0368 0.0352 0.035 0.0361 0.0338 0.0337 0.0342 

Rural 

 
Number 

of trees 
455689 813000 802604 472000 721000 362000 375941 159988 

Carbon 

storage 

(tCO2) 

Sum 661000 1245000 1203000 698900 1101000 460000 523000 232000 

Mean 1.45 1.54 1.50 1.49 1.53 1.28 1.39 1.44 

Min 0.145 0.145 0.145 0.145 0.145 0.145 0.145 0.145 

Max 42.2 284.7 58.7 51.3 83.5 57.6 54.2 48.1 

STD 2.03 2.3 2.11 2.14 2.33 2.06 1.99 2.01 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 21800 39300 39000 22800 35000 15500 17600 7700 

Mean 0.0477 0.0483 0.0486 0.0484 0.0487 0.0427 0.0466 0.0476 

Min 0.00127 0.00129 0.00130 0.00126 0.00133 0 0.00125 0.00126 

Max 0.318 0.8 0.373 0.35 0.443 0.37 0.359 0.339 

STD 0.0347 0.0369 0.0353 0.0351 0.0363 0.0345 0.0340 0.0347 

Urban 

 
Number 

of trees 
40431 23000 128403 21000 32000 72000 39013 134999 

Carbon 

storage 

(tCO2) 

Sum 47000 26000 171000 30700 37000 81000 46000 166000 

Mean 1.150 1.17 1.331 1.46 1.19 1.14 1.179 1.223 

Min 0.146 0.147 0.145 0.147 0.146 0.146 0.147 0.145 

Max 28.4 32.2 53.0 27.2 27.6 32.4 38.0 43.3 

STD 1.70 1.73 1.98 1.93 1.77 1.62 1.67 1.86 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 1700 1000 5800 1100 1400 3100 1700 5700 

Mean 0.0409 0.0417 0.0447 0.0487 0.0425 0.042 0.0425 0.0421 

Min 0.00231 0.00263 0.00127 0.00237 0.00206 0.00166 0.00275 0.00150 

Max 0.263 0.28 0.356 0.258 0.259 0.281 0.303 0.322 

STD 0.0320 0.032 0.0343 0.0338 0.0316 0.03 0.0312 0.0333 
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Table 13: Summary statistics of carbon storage and sequestration, calculated for five local authorities in 

West Yorkshire, which are separated into rural, urban and entire regions of each local authority 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total 
Local 

Authority 
Bradford Calderdale Kirklees Leeds Wakefield 

   Total    

 Number of 

trees 
629554 428895 730754 1091963 600139 

Carbon storage 

(tCO2) 

Sum 645000 526000 759000 1055000 578000 

Mean 1.02 1.22 1.04 0.97 0.96 

Min 0.145 0.145 0.145 0.145 0.145 

Max 39.4 70.3 30.0 44.0 33.5 

STD 1.46 1.78 1.45 1.36 1.35 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 24600 18600 28700 41400 22800 

Mean 0.0390 0.0433 0.0393 0.0378 0.0379 

Min 0.00126 0.00126 0.00126 0.00126 0.00126 

Max 0.308 0.407 0.270 0.325 0.285 

STD 0.0293 0.0320 0.0295 0.0282 0.0279 

   Rural    

 
Number of 

trees 
170682 218211 243768 279736 213703 

Carbon storage 

(tCO2) 

Sum 188000 268000 265000 297000 232000 

Mean 1.10 1.23 1.09 1.06 1.08 

Min 0.145 0.145 0.145 0.145 0.145 

Max 36.4 70.3 26.0 32.3 32.9 

STD 1.58 1.83 1.47 1.49 1.47 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 7000 9500 10000 11400 8800 

Mean 0.0408 0.0432 0.0409 0.0404 0.0410 

Min 0.00126 0.00143 0.00126 0.00128 0.00126 

Max 0.297 0.407 0.252 0.280 0.282 

STD 0.0300 0.0321 0.0295 0.0290 0.0291 

   Urban    

 
Number of 

trees 
458531 210579 486406 811852 385978 

Carbon storage 

(tCO2) 

Sum 457000 258000 494000 758000 346000 

Mean 0.996 1.223 1.014 0.933 0.895 

Min 0.145 0.145 0.145 0.145 0.145 

Max 39.4 36.1 30.0 44.0 33.5 

STD 1.41 1.74 1.44 1.31 1.27 

Carbon 

sequestration 

(tCO2yr-1) 

Sum 17600 9200 18800 30000 14000 

Mean 0.0383 0.0433 0.0385 0.0369 0.0361 

Min 0.00133 0.00126 0.00142 0.00126 0.00128 

Max 0.308 0.295 0.270 0.325 0.285 

STD 0.0289 0.0319 0.0295 0.0278 0.0271 


