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Abstract Pests and diseases pose a growing threat to woodlands from both 11 

endemic sources, and increasingly, from inter-regional transmission. Strong 12 

comparative analyses of this threat are needed in order to develop preventative 13 

measures. Such analyses should include estimates of the potential worst-case loss 14 

from all relevant pest and disease threats to key tree species. Existing approaches 15 

tend to focus on individual assessments of the risk from a single pest or disease, 16 

or assessments of overall trends. Effective risk management requires more 17 

comprehensive quantified assessments of the overall threat to woodland, that 18 

includes comparisons of the threat to individual tree species and identification of 19 

the potentially most damaging pest and diseases. Such assessments support 20 

important policy and management decisions including: species selection; 21 

preventative action; and the size of buffers against losses from forest carbon 22 

projects. Here we present a new approach that supports a systematic, risk-based 23 

assessment of the future threat to a given woodland from all known individual 24 

pest and diseases, and to constituent individual tree species, based on a risk 25 

management approach taken from the finance sector, but hitherto not applied in 26 

an ecological context. Unknown or unidentified pests and diseases can 27 

systematically be added in future as identified. We demonstrate the method 28 

through a case study evaluating the threat to projects certified under the UK’s 29 

Woodland Carbon Code. The approach can be adapted to any woodland resource 30 

worldwide. Its novelty lies in the simplification of complex threats, from 31 

numerous pests and diseases, to measures that can be used by a range of forest 32 

stakeholders. 33 

Keywords (6) Forest, Carbon, Risk, Pest and Disease, Policy, Woodland 34 

 35 
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Introduction 36 

 37 

Pest and diseases (P&D) represent a major threat to the world’s forests (Wingfield et al. 2015; 38 

Flower and Gonzalez-Meler 2015) yet there is a paucity of information on statistical trends on the 39 

impact and rate of forest loss caused by P&D (Petrokofsky et al. 2013). Furthermore, the threat is 40 

rising: increasing connectivity between markets through growth in international trade, increases the 41 

volume of shipping and air transport that can act as vectors for the transmission of P&D between 42 

countries, and is leading to increasing introductions of exotic P&D (Lovett et al. 2006; Wingfield et al. 43 

2015). P&D can also be transmitted via infected saplings or other genetic resources (Brasier 2008; 44 

Garnas et al. 2012). 45 

 46 

Ecologists, foresters, forest owners, asset managers, policymakers and investors need to assess and 47 

quantify the potential risks to woodlands, including pest and disease risk, to improve operational 48 

management of risk and to factor risk into business, investment and policy decisions (Guy 2006; 49 

Forestry Commission 2011; Defra 2014; FIM 2015). Risk management decisions are traditionally 50 

based on worst-case assessments of potential losses rather than forecasts of expected losses: for 51 

example, quantifying the level of loss that will not be exceeded to a 99% level of confidence, as 52 

opposed to quantifying the average expected loss (Hopkin 2014). Such comparable assessments of 53 

the threat to individual tree species could contribute to decisions on the risk versus return of 54 

planting different species for carbon and timber purposes. Comparisons of the threat from individual 55 

P&D could help prioritise research and target resources efficiently at preventative measures. These 56 

assessments could also help Fforest carbon standards, such as the Verified Carbon Standard and the 57 

UK’s Woodland Carbon Code (WCC), must define procedures for determining how much 58 

sequestered carbon should be set aside against future losses (Verified Carbon Standard 2012; 59 

Forestry Commission 2014). Current assessments are inadequate to provide analyses at the 60 

woodland, tree species and P&D level, to support such practices as explained below.  61 

 62 

Limitations of existing information 63 

 64 

In terms of providing the context to this threat, significant qualitative information on P&D exists at 65 

national and regional scales, but little comprehensive quantitative information is available at a global 66 

scale that does not focus on individual P&D (FAO 2009; van Lierop et al. 2015). The 2010 Global 67 

Forest Resources Assessment by the Food and Agricultural Organisation of the United Nations 68 

estimated that in 2005, 1.6% of the world’s forests were affected by insects and 0.2% were affected 69 

by diseases (FAO 2010). However, in the most recent assessment (FAO 2014), countries were asked 70 

to report on the most significant outbreaks, but only 75 countries out of 155 were able to report on 71 

the area of forest affected by P&D or severe weather (van Lierop et al. 2015). In these countries, 72 

P&D and severe weather damaged 141.6 million hectares of forest, or 5% of the total forest area 73 

(van Lierop et al. 2015). Of this, 98.0 million hectares of damage was caused by P&D (van Lierop et 74 

al. 2015).  75 
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 76 

A recent analysis found that between 1950 and 2000, living organisms accounted for 16% of the 77 

total wood damaged by natural disturbances in Europe, and 8% of this was attributed to bark 78 

beetles alone (Schelhaas et al. 2003). Whilst this was the first comprehensive quantitative 79 

assessment of the overall historic rate of loss caused by natural disturbances (including P&D) in 80 

Europe, it does not provide breakdowns of losses from individual P&D species, or the impact on 81 

individual tree species. 82 

 83 

Existing records of P&D losses in Britain are sparse. From 1987 to 2006 the Forestry Commission 84 

monitored changes in forest condition through surveys, which included damage from insect and 85 

fungi (Forestry Commission 1987-2006). The information provided related to the current state of the 86 

crown condition from cumulative attack and did not provide information on mortality. The 2010 UK 87 

submission to the FAO’s Global Forest Resources Assessment (FAO, 2010) estimated impact using a 88 

threshold of “cause mortality or such severe dieback that the forest ecosystem changes”. Using this 89 

criterion around 1,000 hectares per year was estimated to be newly affected by disturbance from 90 

insects and less for other diseases, equating to significantly less than 1% of the forest area lost per 91 

year. However, the Forestry Commission’s most recent submission for the UK did not quantify losses 92 

at all. It provided a list of recent outbreaks and insects and diseases affecting UK trees but stated 93 

that ‘estimates of areas affected are not directly available’ (FAO 2014). 94 

 95 

The UK Plant Health Risk Register (Defra 2014), launched in January 2014 on the recommendation of 96 

the independent Task Force on Tree Health and Plant Biosecurity (Tree Health and Plant Biosecurity 97 

Expert Taskforce 2013), provides a register of key threats to UK crops, trees, gardens and 98 

countryside. The pests listed are primarily regulated pests listed in the EU Plant Health Directive 99 

(European Council 2000) and threats identified by the European and Mediterranean Plant Protection 100 

Organisation (Defra 2014), or for which Pest Risk Assessments are available. It focuses on P&D 101 

threats not yet present in the UK or not yet at their full range. Existing well-established P&D such as 102 

Dutch elm disease (Ophiostoma novo-ulmi) are not included. Information listed for each P&D on the 103 

register includes a score from 1 (low) to 5 (high) for each of the following factors: the likelihood of 104 

arrival and establishment; rate of spread; and impact broken down into economic, environmental 105 

and social elements. However, no quantification is provided relating to these scores that could be 106 

used for a quantified risk assessment. For example, it is not possible to determine from the annual 107 

likelihood of arrival score, what the annual % likelihood or expected year of arrival is; how fast each 108 

of the scores for the rates of spread relate to; or what each of the impact scores represent. In 109 

addition, it does not provide summary scores or quantifications of the threat to individual tree 110 

species from all P&D that might impact it. Whilst the Register is a significant and important source of 111 

information about relative threat, it does not contain all the information required as a basis for a 112 

systematic and quantified risk assessment.  113 

 114 
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A large volume of academic research has been dedicated to the biology, management and control of 115 

individual P&D, the majority of which do not attempt to quantify the threat that they pose (Inward 116 

et al.; Mitchell et al. 2014). Many quantified assessments do exist for individual P&D (Evans, Evans, 117 

and Ikegami 2008; Taylor and MacLean 2008; Harwood et al. 2009; Brasier and Webber 2010; 118 

Chadfield and Pautasso 2012; Stadelmann et al. 2013; Straw et al. 2013; Pukkala et al. 2014; Green 119 

et al. 2015) but each study uses different methodologies and timeframes and so cannot be 120 

aggregated to tree species or woodland level analyses. A range of techniques can be used to assess 121 

losses at the woodland resource level, but do not provide breakdowns of the risks to individual tree 122 

species or identify all of the constituent individual P&D threats. These include techniques assessing 123 

crown condition (Blum et al. 2015; Morin et al. 2015) linking forest scenario models to climate and 124 

bark beetle outbreaks (Seidl et al. 2009); frameworks for modelling P&D impacts using tree 125 

ecophysiology (Dietze and Matthes 2014); and models linking net primary production, physiology 126 

and pests (Pinkard et al. 2011).  127 

 128 

It seems logical that risk assessments for P&D should be based on future threats rather than 129 

historical losses. Any risk assessment based only on historical trends will fail to take account of 130 

future threats. In Britain, for instance, such an approach would have been blind to the arrival of 131 

Dutch elm disease (Ophiostoma novo-ulmi) in the 1970s which is estimated to have killed 30 million 132 

trees, including over half of the local population in many areas of Southern Britain (Potter et al. 133 

2011), or more recently ash dieback (Hymenoscyphus pseudoalbidus/Chalara fraxinea) first reported 134 

in 2012 and detected in 639 locations across the UK by March 2014 (Heuch 2014). Historical trends 135 

would also underestimate the risk from those P&D that have not yet reached their full ranges. Here, 136 

the fungus, Phytophthora ramorum, provides a good example from the UK. The fungus has severely 137 

damaged larch (Larix spp.) and by 2010, 1,900 hectares were estimated to be showing symptoms 138 

representing about 0.5 million trees (Brasier and Webber 2010). Likewise, the threat from P&D for 139 

which historical data has not been gathered for long enough to capture cyclical outbreaks or 140 

maximum possible losses would be underestimated. 141 

 142 

A key source of information on current threats is the network of Regional Plant Protection 143 

Organisations (RPPOs), established under the International Plant Protection Convention and 144 

spanning the continents. These include for example, the European and Mediterranean, Asia and 145 

Pacific and North American Plant Protection Organisations (IPPC 2015). The regional organisations 146 

coordinate the National Plant Protection Organisations within their region and provide standardised 147 

Pest Risk Assessments of regionally relevant P&D threats. These assessments contain a wealth of 148 

information on the ecology of P&Ds, such as life cycle, dispersal ability, previous outbreak history, 149 

characteristics, pathways of establishment, susceptibility of hosts, and treatment. However, they 150 

rarely provide quantification of factors such as the likelihood of mortality or rate of dispersal, which 151 

are needed for quantified risk assessments. The PRATIQUE project, funded by the European 152 

Commission's 7th Framework Programme for Research and Technological Development, is seeking 153 

to address such known limitations in Pest Risk Assessments in future (The Food and Environment 154 

Research Agency 2015). 155 

156 
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Concept behind the P&D methodology 157 
 158 

To address these gaps, we present a novel methodology that derives a single measure of the threat 159 

to woodland resources, and to its constituent tree species, from the consolidation of standardised 160 

evaluations of individual P&Ds threats. Standardisation ensures that P&Ds are assessed over the 161 

same time period and by the same approach so that assessments can be compared and aggregated. 162 

Our approach was adapted from methods used in the finance sector for risk management and 163 

insurance purposes. The parallel drawn here is as follows: regulators in the banking sector must 164 

ensure that banks have sufficient capital set aside in reserve, to cover unexpected losses and to 165 

prevent institutional failure. All bank assets - whether mortgages, loans, trading positions or other - 166 

are risk-weighted and aggregated to determine the amount to set aside against overall losses. (Hull 167 

2012; Crouhy et al. 2014). This standardised approach provided the inspiration for us to develop our 168 

P&D methodology. 169 

 170 

Use of a standardised methodology for assessing the risk from individual assets by the finance sector 171 

allows rapid assessment in the timescales necessary for policy and business decisions to be made. It 172 

is separate from, but in addition to, the more detailed assessments made by bank employees when 173 

setting up financial transactions with customers. Similarly, the P&D methodology described here 174 

uses a standardised approach for rapid assessment of overall threats to woodland, but should be 175 

used in addition to the more detailed and nuanced assessments of individual P&D risks such as Pest 176 

Risk Assessments. 177 

 178 

Methods 179 

 180 

In this paper, Hopkin’s (2014) definition of risk is used: 181 

 182 

‘the combination of the probability of an event and its consequence. Consequences range from 183 

positive to negative’. 184 

 185 

Similarly, risk-weighted assets (the assets of a financial institution weighted by risk and used to 186 

determine the amount of capital that must be set aside against potential losses)  for financial risks 187 

are determined by summing the risk of individual positions, each of which is calculated by 188 

multiplying the probability of a risk event occurring by an estimate of its financial consequence, 189 

expressed as a proportion ofin terms of a percentage loss, which would be the worst-case loss. For 190 

example, credit risk (or the risk of default) for a mortgage position, would be calculated from the 191 

estimated likelihood of default of the counterparty multiplied by the worst-case loss that would 192 

occur if the mortgage defaulted. These risk values are then aggregated according to the level of 193 
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assessment e.g. departmental or bank level, and used to determine the amount of capital to set 194 

aside against losses. (Hull 2012; Crouhy et al. 2014).  195 

 196 

The detailed calculations for estimating probability and consequence for credit, market and 197 

operational financial risks are different. Our approach to quantifying P&D risk is described here by 198 

comparison to the calculation of credit risk. Risk weighted assets (RWA) for Credit risk are calculated 199 

for each financial exposure of the bank (such as a mortgage or loan) and aggregated as per the 200 

following Equation (1) (Crouhy et al. 2014):  201 

 202 

 

RWA = Σi EADi x LGDi x PDi 
Where 
 
EAD = exposure at default (expressed in £) 
LGD = loss given default (expressed as a proportion) 
PD = probability of default (%) 
i = the ith financial exposure 

(1)  

 203 

Our methodology adapts this calculation to the specific characteristics of P&D risk in order to 204 

address the identified gaps in P&D risk measurement. It is used to provide:  205 

 206 

 Standardised risk-weighted assessments, defined as risk factors, of the threat from each 207 

individual P&D for each tree species in a woodland; 208 

 Aggregated risk factors for each individual tree species from all P&D that threaten them; 209 

 An aggregated risk factor of the overall risk to a woodland resource. 210 

 211 

The P&D risk factors identify which P&Ds pose the biggest threats from the hundreds of known P&D 212 

threats. Risk factors at the tree species level provide a comparison of the relative threat to different 213 

tree species, and can assist in analyses of the risk versus return of planting different species. The 214 

final woodland resource risk factor provides an assessment of how much woodland is at risk. 215 

 216 

It is important to note that risk-weighting P&D for risk management purposes is fundamentally 217 

different to forecasting the expected loss from each P&D. Risk factors for individual P&D are not 218 

expected to cover the potential loss from that individual P&D, in the same way that premiums for a 219 

single household insurance policy will not cover the cost of rebuilding that house if it burns down. 220 

However, the sum of all household premiums, are intended to cover the potential claims from all 221 

insured households (Thoyts 2010). The sum of all risk factors for all P&D, taken together can help 222 

determine how much might be lost at the forest scale from all P&D. Risk factors at P&D level, do 223 

however provide a means of comparing the relative risk from different P&D, in the same way that 224 

higher premiums relate to a higher assessment of insurance risk.  225 
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 226 

Risk assessment of this type uses a worst-case loss (also termed unexpected or catastrophic loss) for 227 

potential loss as opposed to the most likely or expected one. For wind risk to trees, for example, this 228 

would be the difference between average annual windthrow and the kind of devastation caused by a 229 

severe storm. Definitions of worst-case are set according to the confidence level sought but are 230 

close to 100%. For example, in finance, the market risk assessment provides a value that should not 231 

be exceeded to a 99% degree of confidence.  232 

 233 

The adapted P&D methodology is presented below and then demonstrated by  a case study of forest 234 

carbon projects certified under the UK Woodland Carbon Code (Forestry Commission 2014), and a 235 

sample of known P&D threats to British forests. 236 

 237 

Calculation of individual P&D risk factors 238 

 239 

The P&D risk factor calculation is adapted from Equation (1). For credit risk, the ‘probability of an 240 

event’ as per Hopkin’s definition, is the probability of default (PD) in Equation (1). For P&D this 241 

relates to the likelihood of arrival and establishment. Similarly, for credit risk, Hopkin’s 242 

‘consequence’ or impact is the loss given default (LGD) in Equation (1). For P&D this is the worst-case 243 

loss that could occur within the range of the P&D. The exposure at default (EAD) in Equation (1) is 244 

not required as we express the final risk factors as a proportion of tree species or woodland at risk 245 

rather than a financial value. P&D risk factors are estimated for each P&D/tree species combination 246 

for a given time period (t) and geographical area (g). The risk factor (RiskFac) for a pest and disease: 247 

p1, affecting tree species: t1, is therefore estimated as follows: 248 

 249 

 

RiskFacp1t1 = ProbArrp1 x ProbMaxp1 x ProbLossp1t1 
Where 
 
ProbArrp1 = Annual probability of arrival and establishment of p1 in 
geographical area (g) during time period (t) expressed as a %. 
ProbMaxp1 = Maximum possible proportion of geographical area (g) that p1 
could impact expressed as a %. 
ProbLossp1t1 = Worst-case loss from tree species t1, caused by p1 within time 
period (t) within the potential range of p1 expressed as a %.proportion. 

(2)  

 250 

251 
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 252 

Calculation of ProbArr 253 

 254 

For endemic established pests this value is set to 100% as the P&D is already established. Otherwise 255 

for P&D threats yet to arrive in geographical area (g) the percentage is estimated by the Equation:  256 

 257 

 
                      total number of years in time period (t) 
estimated earliest year of arrival of P&D in geographical area (g) 
 

(3)  

 258 

For example, if the period of assessment is 100 years and a P&D is estimated to arrive by year 20 259 

then the annual probability of arrival (ProbArr) ercentage would be 100/20 = 5%.  260 

 261 

Calculation of ProbMax 262 

 263 

ProbMax is required as unlike financial transactions there is a geographic element to the worst-case 264 

loss from potential P&D, as the climate may not be suitable for the P&D within the area being 265 

assessed. ProbMax is an estimate of the proportion of the geographical area (g) that each P&D could 266 

inhabit if a suitable host tree species were present across the area, i.e. the full potential range of the 267 

P&D, expressed as a percentageproportion of the geographical area (g) being assessed. 268 

 269 

Calculation of ProbLoss 270 

 271 

The potential worst-case loss during the time period (t) depends on: 272 

 273 

 the year of arrival of the P&D; 274 

 the fastest rate that the P&D could spread across the geographical area (g) being assessed, 275 

during the remaining period of assessment (i.e. assuming that the P&D arrives in the area (g) 276 

at the fastest possible point of dispersion); 277 

 the age of trees that it affects; and 278 

 the amount that can be recovered during the remaining time period by replanting. 279 

 280 
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The calculation of ProbLoss therefore requires a different approach to estimation for each practical 281 

application of this methodology, i.e. depending on the time period being assessed, age distribution 282 

of the tree species, definition of loss (e.g. yield reduction or mortality), and replanting options. 283 

However, the information on the fastest rate of spread of the P&D to its full range, the age of trees 284 

that it affects, and the worst-case impact on yield/mortality, is the same regardless of the 285 

application, and so this information need only be estimated once and can then be used in other 286 

applications of the method.  287 

 288 

An estimate of the worst-case loss from each P&D/tree species combination needs to be estimated 289 

for each application. This is done by estimating the potential loss that could occur if the P&D arrived 290 

in each year during the time period (t), and then expanded at its fastest rate during the remaining 291 

time period, allowing for replanting, and taking into account the age distribution of the woodland 292 

resource being assessed. The worst-case loss is then the worst (highest) of these values. We 293 

demonstrate an example of this in the Woodland Carbon Code case study, using possible years of 294 

arrival at 5-yearly intervals.  295 

 296 

Calculation of individual tree species risk factors 297 

 298 

In the credit risk example in Equation (1), the risk-weighted assets for individual positions are 299 

summed to give the overall risk for an entity e.g. department or bank as each exposure is mutually 300 

exclusive. However, the consequences or impacts of each P&D are not mutually exclusive as they 301 

affect the same woodland resource. More than one P&D could attack the same tree at the same 302 

time, however, P&D could also attack successively. For simplicity we have assumed that P&D act 303 

successively and that P&D can only impact on the remaining trees after the previous P&D have 304 

attacked. For example, if P&D (p1) has caused a loss of 5% of a given tree species, and P&D (p2) is 305 

estimated to cause a 10% loss of trees, then p2 can only affect the remaining 95% of trees. Therefore 306 

p1 would cause a loss of 5% of the tree species, leaving 95% of the trees, and p2 would cause a loss of 307 

10% of this remaining 95% i.e. 9.5%. The total loss would therefore be 5% + 9.5% = 14.5%.  308 

 309 

Aggregation of the P&D risk factors for each tree species is therefore calculated by sequentially 310 

applying the risk factors for each individual P&D threat rather than summing them. The process of 311 

aggregating the P&D risk factors for a specific tree species is outlined in the sequential equations 312 

shown in (4) below. This example aggregates all the P&D risk factors that affect a given tree species 313 

(t1). It includes risk factors RiskFacp(1 to n)t1, where n = the number of P&D affecting tree species t1. The 314 

variables z(1 to n) are used to denote the interim values as each P&D risk factor has been aggregated, 315 

and which form an input to the next aggregation:  316 

317 
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 318 

 

RiskFacp1t1 = z1  
Aggregation of RiskFacp2t1 = z1 + (RiskFacp2t1 x (100% - z1)) = z2 

Aggregation of RiskFacp3t1 = z2 + (RiskFacp3t1 x (100% - z2)) = z3 

Aggregation of RiskFacp4t1 = z3 + (RiskFacp4t1 x (100% - z3)) = z4 

 
…And so forth until: 
 
Aggregation of RiskFacpnt1=z(n-1) + (RiskFacpnt1 x (100% - z(n-1))  
= Overall Risk Factor for tree species t1 = RiskFact1 

(4)  

 319 

The risk factors for all of the P&D that affect each tree species being assessed are sequentially 320 

aggregated in this way to give a risk factor for each tree species. 321 

 322 

Calculation of overall risk factor for the woodland resource 323 

 324 

The final overall risk factor for the woodland resource being assessed is calculated by weighting the 325 

risk factors for each tree species by the proportion % concentration of that tree species across the 326 

woodland resource. So if there were three tree species (t1, t2 and t3) with risk factors of RiskFact1, 327 

RiskFact2 and RiskFact3 and concentrations (c) in the woodland of c1, c2 and c3 (expressed as a % 328 

proportion of the total woodland occupied by the tree species), then the overall risk factor for the 329 

woodland resource (RiskFacWood) is calculated by: 330 

 331 

 RiskFacWood = (RiskFact1 x c1) + (RiskFact2 x c2) +(RiskFact3 x c3) (5)  
 332 

 333 

Application of the P&D Methodology to the Woodland Carbon Code Case Study 334 

 335 

Introduction to the Woodland Carbon Code  336 

 337 

The Woodland Carbon Code, launched in 2011, is the UK standard for forest carbon projects 338 

(Forestry Commission 2014). Under this standard, new woodland projects are created to sequester 339 

carbon that can be sold as credits in the voluntary carbon market. The amount of carbon 340 

sequestered is measured periodically and verified by an independent third party. However, not all of 341 

the carbon is sold due to concerns over permanence. Permanence relates to the risk of reversibility 342 

caused by the premature release of carbon stored in forest biomass prior to project completion. A 343 

portion of the carbon from each project is set aside into a pooled buffer to provide compensation 344 

Commented [G3]: Same problem as before % x %??? 
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against future losses. The size of this buffer must be determined at the project outset. Under the 345 

current version of the Code (Forestry Commission 2014), this entails a percentage potential loss 346 

assessment over the project duration for a specified list of risks, which includes P&Ds. The project 347 

developer carries out an assessment for each type of risk, which must fall within the specified range. 348 

The developer submits their methodology at verification (approval) by an independent assessor. 349 

Table 1 shows the risks and ranges for the current version of the Code, the current amount set aside 350 

for P&D ranging from 3 to 10%: 351 

 352 

INSERT TABLE 1 353 

 354 

General points of application 355 

 356 

In this case study, we provide an overall assessment of risk to the projects certified under the 357 

Woodland Carbon Code from a sample of pest and diseases, to demonstrate the application of our 358 

approach, and how it might verify whether this range is likely to be adequate to cover future losses. 359 

The results will be used to demonstrate how the outputs can be used to support species selection, 360 

identification of priority P&D threats, and to support policy decisions such as whether the current 361 

buffer range is likely to be adequate against future losses.  362 

 363 

The time period (t) was defined as 100 years – as this was the most common duration (53%) of 364 

Woodland Carbon Code projects at the time of assessment, as determined through an analysis of 365 

project documentation. The geographical area (g), was defined as Great Britain: the area over which 366 

the Woodland Carbon Code projects are distributed. It was decided to perform the assessment for 367 

the main tree species in the portfolio, defined as those constituting more than 2% of the total area 368 

of all projects, and for a sample of P&D. The analysis therefore required the following steps: 369 

 370 

 Calculation of the concentration of different tree species within the Woodland Carbon Code 371 

project area to provide the weights for the calculation of the overall risk factor for the 372 

woodland resource used in calculation Equation (54) and to identify those species to be 373 

assessed, constituting over 2% of the project area; 374 

 Identification of the P&D threats to these tree species; 375 

 Choice of a sample of P&D to demonstrate the P&D methodology; 376 

 Calculation of ProbArr and ProbMax in Equation (2) for each P&D; 377 

 Development of a simple spreadsheet to calculate ProbLoss in Equation (2) for each 378 

P&D/tree species combination under the Woodland Carbon Code scenario;  379 

 Calculation of P&D, tree species and woodland resource risk factors. 380 

 381 
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Calculation of the concentration of different tree species within the Woodland Carbon Code  382 

 383 

Each project under the Woodland Carbon Code must create a Project Design Document (PDD) at the 384 

outset, which includes a breakdown of the species to be planted by hectare. PDDs were available for 385 

60 of the 63 projects (which were either active or under validation as of January 2014). In total, 386 

these cover 2,733 ha. The PDDs were analysed to derive a list of all of the species representing over 387 

2% by area of the Woodland Carbon Code projects.  388 

 389 

For some small areas, PDDs did not provide species breakdowns but gave total hectares defined as 390 

e.g. ‘mixed shrubs’, ‘mixed broadleaves’ along with a list of species. In these instances the listed 391 

species were assumed to constitute an equal portion. Two of the project PDDs gave total hectares of 392 

‘SAB’ (sycamore-ash-birch) woodland not broken down into constituent species and in these 393 

instances, the proportions were equally split between the three species. These breakdowns 394 

accounted for 3% of the total 2,733ha. 395 

 396 

This method of selection takes no account of density of planting (i.e. number of trees per hectare). 397 

Forest Carbon Limited has been the main project developer to date under the Woodland Carbon 398 

Code, and developed 47 of the 60 projects analysed. They provided a database of the total number 399 

of trees planted of each species for their projects (J Hepburne-Scott 2014, pers. comm.). This was 400 

used as a crosscheck to verify if density of planting would identify significantly different proportions 401 

of tree species constituting over 2% as opposed to using area.  402 

 403 

Identification of the P&D threats to the main tree species  404 

 405 

For each of the main tree species, a list of P&D to which they are susceptible was compiled. Existing 406 

well-established endemic P&D were identified through interviews with experts working for  Forest 407 

Research (see acknowledgements) and a literature review. P&D threats not yet present in Britain 408 

were identified using the UK Plant Health Risk Register (Defra 2014). A list of the P&D affecting a tree 409 

species can be extracted by entering the Latin name of a tree into the Register’s search function. 410 

Whilst this list may not be comprehensive it should contain the major known current threats. Once 411 

operational, the approach can be periodically updated with new P&D as they are identified. 412 

 413 

Choice of a sample of P&D 414 

 415 

A sample of 47 P&D (23% of the 204 identified) was used to demonstrate the P&D risk methodology. 416 

The sample was chosen by first ranking the P&D according to the impact scores on the Plant Health 417 
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Risk Register. The Register, however, evaluates the threat subjectively based on a range of impacts 418 

including impacts on the economy, human health and timber industry, whereas in this case study, 419 

we assess impact by mortality. This list was used to identify UK based experts at Forest Research 420 

covering the top 30 P&D threats according to these impact scores. These experts were asked to 421 

highlight any additional P&Ds not identified in the top 30 using the Register scores that might lead to 422 

significant mortality. This included endemic pests at their full range, which are not included in the 423 

Register. Some P&D had to be excluded as expertise was not available, and some less threatening 424 

P&D were included to provide a broader demonstration of the approach. This led to a final sample 425 

size of 47. 426 

 427 

Experts on each P&D then provided their best estimate of ProbArr, ProbMax and metrics required to 428 

calculate ProbLoss. Metrics estimated in this way are highlighted under the sections below as 429 

applicable.  430 

 431 

Calculation of ProbArr and ProbMax in Equation (2) for each identified P&D 432 

 433 

As per Equation (2), ProbArr is the ‘probability of arrival and establishment’ of each of the sample 434 

P&D in Great Britain in the next 100 years expressed as a percentage. For endemic P&D ProbArr was 435 

set to 100% as the P&D is already established.  436 

 437 

For non-endemic P&D, ProbArr was estimated using values contained within The Plant Health Risk 438 

Register. The Register contains a metric for % likelihood of arrival and establishment that is a Likert 439 

scale from 1 to 5. Estimates of the year of arrival of each P&D were not available from the Register 440 

or Pest Risk Assessments and so conservative default values were used. Fewer than 25 major pests 441 

arrived in the UK between 1900 and 2010 (Tree Health and Plant Biosecurity Expert Taskforce 2013), 442 

i.e. less than 1 every 4 years. It is not possible to quantitatively derive an estimate for individual P&D 443 

from this historic rate of arrival; however, it is clear that the historic rate of entry is low. An increase 444 

in shipping and other channels of arrival such as imported saplings suggest that this rate may 445 

increase in the future (Eschen et al. 2015). Default values were therefore set as 1 to 5%, which 446 

conveniently corresponds to the 1 to 5 Likert Scale values from the Register. In the 100-year time 447 

horizon assumed for the Woodland Carbon Code projects, this therefore implies an expected arrival 448 

of year 100 for the least likely (Likert Scale 1) and year 20 for the most likely (Likert Scale 5). All P&D 449 

are therefore assumed to arrive at some point within the time horizon of the project. Whilst 450 

subjective, these values are conservative and this was verified by the experts consulted. During the 451 

consultation, some of these Likert values were modified from their Register original values based on 452 

expert knowledge. 453 

 454 
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ProbMax is the maximum possible proportion of the geographic area (g) that each P&D could 455 

impact. expressed as a %. For this case study, (g) is Great Britain and so experts were asked to 456 

estimate the maximum % proportion of Britain by land area that the P&D range could expand to if a 457 

host tree species was present e.g. the colder northern climate may limit some P&D that would not 458 

survive in this region. 459 

 460 
Calculation of ProbLoss in Equation (2) for each identified P&D/tree species combination 461 

 462 

As per Equation (2), ProbLoss is defined as the worst-case loss for a specific tree species/P&D 463 

combination that could occur in the next 100 years across Great Britain expressed as a proportion %. 464 

For this specific case study, we created a spreadsheet-based Scenario Tool to estimate these values 465 

(available as Supplementary Data). We defined the worst-case loss as the worst-case % loss of 466 

carbon that could occur in a 100-year project expressed as a proportion. Loss relates to mortality as 467 

if the host tree dies, the tree would be removed from the project and the sequestered carbon lost. A 468 

P&D that diminished the yield would result in less carbon being sequestered (and sold) than 469 

originally forecasted, but not a loss of verified sequestered carbon. When mortality occurs, it is 470 

assumed that the project will replant trees such that some of the lost carbon will be replaced by that 471 

sequestered in the new trees.  472 

 473 

The Scenario Tool therefore estimates this worst-case loss for each P&D/tree species combination 474 

that could occur in 100 years, by calculating the potential loss that would occur if the P&D arrived in 475 

each 5-year interval up to 100 years, factoring in mortality rates, the age of trees affected, rate of 476 

spread, year of arrival of the P&D and time available for replanting and regrowth. The worst-case 477 

loss is then the highest of these potential losses.  478 

 479 

In order to calculate this, the following metrics were estimated for each P&D through the expert 480 

consultation: 481 

 482 

 Age affected – ‘Affected’ means causing mortality.  483 

 Current range in Britain (%) – percentage proportion of Britain by area currently impacted by the 484 

P&D. Note this is not always the same as geographic spread. For example, the range for a soil 485 

fungus located in isolated foci throughout Britain would equate to the percentage of soil 486 

estimated to be infected. 487 

 Possible range in 100 years (%) – percentage proportion of Britain that the P&D could cover in 488 

100 years from its current range. For P&D not yet present, this is estimated assuming that the 489 

P&D arrives in year 1. 490 

 Years to 100% offull potential range – the length of time the P&D is estimated to take to reach 491 

its full range. If the possible range in 100 years is less than 100the full range% then this value is 492 
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estimated assuming a linear rate of spread. For example, black stain root disease (Grosmannia 493 

wageneriis) is only expected to achieve a proportion of 10%0.10 of its range in 100 years.  494 

 Mortality by species (%) – the worst-case percentage mortality caused by the P&D across its 495 

established range expressed as a proportion of trees lost. Where possible this should be 496 

estimated based on the worst known loss that has been caused by the P&D being assessed to 497 

date. Mortality rate has to relate to the defined range. In the black stain root disease example, 498 

the soil range infected is in isolated foci and the associated % mortality proportion would relate 499 

to the mortality rate for trees on infected soil. So in a hypothetical area where infected soil was 500 

evenly scattered across a 100 km square covering 10% of thea proportion of 0.10 of the area the 501 

range would be 100.10%. Mortality could be occur in 90%a proportion of 0.9 of trees on infected 502 

soil only. However, for insects such as bark beetles, the range would be the geographic range of 503 

the beetle but not all trees within the area would be infected, so the range could be 100km 504 

square but the % mortality rate within that range would relate to the % proportional mortality 505 

rate of tree species in the geographic range of the beetle. The combination of range and 506 

mortality should therefore represent the worst-case loss across Britain. It should be noted that 507 

P&D outbreaks often coincide with other natural events such as bark beetle outbreaks after a 508 

storm. The worst-case mortality would cover these possibilities as it is the worst possible case. 509 

Worst-case relates to the level of loss over the total British range so whilst losses may be high in 510 

locations with severe wind damage the mortality % estimate will be lower at the national scale.  511 

 512 

If a P&D is sub-lethal and does not cause mortality then ProbLoss is 0%. For endemic species that are 513 

at 100their full% of their range, ProbLoss is determined from the estimated mortality rate. For newly 514 

arrived P&D, the Scenario Tool is used to estimate ProbLoss for each P&D and tree species 515 

combination. For P&D already present, but not yet at their full range, the Scenario Tool estimates 516 

ProbLoss the loss for the spread to the remaining possible range only. The worst-case lossProbLoss is 517 

then the sum of the mortality rate weighted by the current range, and the loss factor weighted by 518 

the remaining range i.e. the area that the P&D will spread to during the project duration.  519 

 520 

The Scenario tool spreadsheet, is based on a series of 20 tables. Each table assumes that the P&D 521 

arrives in a different year, and the tables represent different 5 yearly intervals from 0 to 95 years. In 522 

each table, an estimate of the loss that would occur by the end of the project if the P&D arrived at 523 

the beginning of that 5-year period is calculated. The worst-case loss is the highest loss from these 524 

20 calculations. Range metrics are used to determine the rate of spread in 100 years and assumes a 525 

constant rate of spread. It is assumed that new trees would be planted to replace the lost trees in 526 

each of these years. The tool also factors in age susceptibility. For example, if trees are resistant to a 527 

particular P&D beyond age 20, then no losses would be calculated for the tables where the trees are 528 

beyond age 20 when the P&D arrives. 529 

 530 

For the carbon loss estimation from mortality, the Tool uses estimated cumulative carbon 531 

sequestration values from look-up tables provided by the Forestry Commission (Forestry 532 

Commission 2012) as specified in the associated Woodland Carbon Code guidance (West and 533 
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Matthews 2012). These values are used to set base carbon levels at 5-year intervals up to 100 years. 534 

Some species do not have estimated sequestration value tables. For these, the default tables 535 

specified in the Guidelines are used. Of the species analysed, Scots pine (Pinus sylvestris L.), Sitka 536 

spruce (Picea sitchensis (Bong.) Carr.) and oak (Quercus spp.) have specific carbon look up tables, 537 

whereas the remaining broadleaves use the SAB (Sycamore (Acer pseudoplatanus L.), Ash (Fraxinus 538 

spp.), Birch (Betula spp.) woodland) default table. Tables vary according to site productivity as 539 

measured by General Yield Class (GYC) (Matthews and Mackie 2006). Since GYC varies by project and 540 

the approach is providing an estimate for the whole Woodland Carbon Code, the Guideline default 541 

recommendations of GYC4 were used, except for Sitka spruce where GYC6 was used (. note that the 542 

GYC for Sitka spruce planted under the Woodland Carbon Code is typically lower than that planted 543 

for timber alone). An initial plant density of 2500 trees per hectare and no thinning was assumed.  544 

 545 

The Tool assumes that following loss, replacement trees are planted, and factors in replacement 546 

carbon sequestration. Since it is not known which species would be planted, the Tool uses the 547 

sequestration rates for generic SAB woodland as it is the only mixed woodland carbon sequestration 548 

estimate and is the default in the Guidelines for many species without individual tables.  549 

 550 

In this way, the Tool estimates the losses that would occur by Year 100 for each 5-yearly arrival 551 

period. The worst-case loss ProbLoss is therefore the worst value (highest % proportional loss) of 552 

these 20 values. This assessment is performed for each of the P&D and tree species combinations. 553 

 554 

Calculation of P&D, tree species and woodland resource risk factors 555 

 556 

Once the values required for ProbArr, ProbMax and ProbLoss were estimated in this way, individual 557 

P&D risk factors for each P&D/tree species combination were calculated using Equation (2). They 558 

were then aggregated into tree species risk factors using the sequential application of Equation (4) 559 

and then aggregated into an overall estimated risk factor for the woodland resource of the 560 

Woodland Carbon Code using Equation (5).  561 

 562 

Results 563 

 564 

The main tree species selected for the Woodland Carbon Code case study 565 

 566 

Table 2 shows the results of the analyses of tree species composition in the Woodland Carbon Code 567 

projects from the two approaches: firstly the analysis of total hectares planted using project design 568 
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documents (PDDs), and secondly the cross-check using the number of trees planted on projects 569 

developed by Forest Carbon Limited.  570 

 571 

INSERT TABLE 2 572 

 573 

The results show that these two approaches produced similar results in terms of identifying the main 574 

11 tree species: using the number of hectares planted instead of the number of trees is therefore 575 

not unduly biased. As a result, we used the hectare analysis from the PDDs to determine the sample 576 

of tree species for the case study as it covers all of the Woodland Carbon Code projects (whereas 577 

Forest Carbon Limited projects only cover 40 of the 60 projects). All species constituting over 2% 578 

were included in the sample. Douglas fir (Pseudotsuga menziesii [Mirb.] Franco var. menziesii) is the 579 

only species not included, that would have been included if the Forest Carbon Limited data had been 580 

used instead as it constitutes over 2% of the number of trees but not over 2% of the number of 581 

hectares. 582 

 583 

P&D threats to the main tree species 584 

 585 

The analysis identified 204 P&D threats to the 11 tree species selected for assessment. Of these, 66 586 

are already present in Britain, 137 are not present and the presence of bacterial blight of hazelnut 587 

(Xanthomonas arboricola pv. corylina) is unknown. The sample of 47 P&D therefore represented 588 

23% of this total.  589 

 590 

Individual P&D risk factors 591 

 592 

The key risk metrics and a demonstration of the calculation of individual P&D risk factors (Equation 593 

2) for a sample of assessed pest and diseases is shown in Table 3. 594 

 595 

INSERT TABLE 3 596 

 597 

The mulberry longhorn beetle (Apriona germariiis) provides an example of where the final risk factor 598 

is adjusted to account for the fact that it would never cover 100% all of Britain i.e. multiplied by the 599 

maximum range of 50%0.5. Table 3 also shows how the risk factor varies significantly for P&Ds with 600 

similar metrics but where one is present and one is yet to arrive. The % Loss FactorProbLoss is 601 

0.889.32% for ash dieback (Hymenoscyphus pseudoalbidus) and because the disease is already here 602 
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the final risk factor remains is 89.32%. However, whilst the risk factorProbLoss for the bronze birch 603 

borer (Agrilus anxius) is also 0.89, 89.29% but because it has not yet arrived the final risk factor for 604 

this insect is 3.576%.  605 

606 
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 607 

Tree species risk factors 608 

 609 

Table 4 demonstrates how the risk factors for each P&D that affect a given tree species are 610 

aggregated to determine the overall risk factor for that tree species, using birch and the P&Ds that 611 

affect it from the sample assessed. The P&D risk factors provide a comparison of the relative impact 612 

on carbon sequestration due to mortality for each P&D threat for birch.  613 

 614 

INSERT TABLE 4 615 

 616 

Woodland resource risk factor  617 

 618 

Table 5v presents the aggregation of the individual tree species risk factors into an overall 619 

assessment of the risk factor to the Woodland Carbon Code projects (RiskFacWood). RiskFacWood is 620 

12.1% i.e. the P&Ds assessed in the sample present a threat of loss of 12.1% of the carbon in the 621 

Woodland Carbon Code in a worst-case scenario.  622 

 623 

INSERT TABLE 5 624 

 625 

Discussion 626 

 627 

Since only a sample of P&D that threaten the tree species in the Woodland Carbon Code were 628 

included in the case study, the initial results do not represent a final risk assessment for the 629 

Woodland Carbon Code and it has not been possible to carry out any form of sensitivity analysis.  630 

However, the results do  demonstrate how the approach works and the applicability of its findings.  631 

We are not aware of any other methods in the scientific literature that take such a holistic approach 632 

to assessing the future risk of P&D to woodlands.  633 

 634 

Overall risk assessment at the woodland level 635 

 636 

The woodland resource risk factor, RiskFacWood, provides an assessment of the worst-case loss to 637 

the woodland for the defined application. For the case study of certified projects under the 638 
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Woodland Carbon Code this value is 12.1%. This represents an estimate of the potential worst-case 639 

loss of sequestered carbon sequestration from the P&D assessed in the sample. 640 

 641 

RiskFacWood can be used to factor potential woodland loss in to risk management decisions. Since 642 

this represents a worst-case loss as opposed to a forecast, the amount of loss factored into analyses 643 

can be varied according to the risk appetite of management. The more conservative the approach to 644 

risk, the greater the proportion of this risk factor used for analyses.  645 

 646 

The case study of the Woodland Carbon Code provides an example of this application. A key risk 647 

management decision application is whether the buffers set aside by forest projects to cover P&D 648 

risk are likely to be adequate. Table 1 shows that the current buffer range for assessments of P&D 649 

risk for the Woodland Carbon Code is 3-10%. If the buffer was inadequate and claims exceeded the 650 

carbon credits in it, the carbon market would be undermined, as credits that have been sold would 651 

have to be recalled to cover any shortfall in the buffer. The woodland risk factor of 12.1% suggests 652 

that the buffer might not be adequate against future losses if the most conservative approach to risk 653 

(i.e. use of 100% of this risk factor) is applied.  654 

 655 

However, Table 5 also shows that 7.7% of this total comes from the threat to ash which constitutes a 656 

proportion of 0.098.53% of the woodland and faces a significant mortality risk from both ash dieback 657 

(Hymenoscyphus pseudoalbidus/Chalara fraxinea), which arrived in Britain in 2012, and the emerald 658 

ash borer (Agrilus planipennis), which may arrive in future. Since projects are in their first few years, 659 

management could decide, for example, to replant alternative species now, exclude sales of 660 

sequestered carbon from ash in the short term, or reduce the amount of ash planted. Reducing the 661 

proportion of ash in favour of tree species with lower risk factors would reduce RiskFacWood. 662 

 663 

In this way, the method provides a simple summary of the potential impact of P&D threats on the 664 

woodland resource and supports policy and management decisions to reduce this risk. 665 

 666 

Tree species concentration risk 667 

 668 

Table 5 also shows how the approach can identify concentration risk whereby a high degree of risk is 669 

concentrated in a few species. The analysis shows that the top 5 species (birch, oak, ash, Scots pine, 670 

Sitka spruce) account for a proportion of 0.67% of the Woodland Carbon Code, which is therefore 671 

highly exposed to significant mortality to any of these species. Birch alone constitutes a proportion 672 

of 0.27% of the woodland certified under the Code and has the second highest risk factor.  673 

 674 
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The approach can be used to analyse why this is the case for the sample assessed, by comparing the 675 

P&D risk factors in the tree species risk factor calculations as demonstrated in Table 4. Comparison 676 

of the tree species risk factor calculations revealed that the risk factor for birch is higher than other 677 

broadleaves as, whilst they share key threats such as the citrus and longhorn beetles, birch faces an 678 

additional significant threat from the birch borer. It should be noted that this is a demonstration of 679 

the application as the comparison only relates to the P&D assessed. Once all P&D risk factors have 680 

been assessed and aggregated this relative risk is likely to change.  681 

 682 

In terms of a demonstration of application: if the high risk to birch remains when all have been 683 

assessed this poses questions as to whether such reliance on birch as a pioneer species within the 684 

Woodland Carbon Code should remain and whether there should be greater species diversification. 685 

 686 

Identification and characteristics of the P&D presenting the highest risk  687 

 688 

The approach helps identify which P&D are of most concern through a comparison of the risk factors 689 

for individual P&D. In addition, it identifies the characteristics of P&D that exhibit the highest 690 

potential threat for a specific application.  691 

 692 

The Woodland Carbon Code case study revealed that the later in the project cycle a P&D affects a 693 

woodland, the worse the carbon impact, as there is less time to replant and regrow lost carbon. The 694 

highest risk factors are for those P&D that affect mature trees and could spread rapidly across the 695 

country. The bronze birch borer (Agrilus anxius) is yet to arrive in the country but has a high risk 696 

factor of 3.657% because it is estimated to take only 15 years to cover Britain, and could cause a 697 

proportional mortality rate as high as 90%0.9, partly caused by a judgement that birch in the UK may 698 

have a lower resistance than birch species in north America. The worst scenario is that it arrives in 699 

year 80 of a 100 year project, spreads across Britain by year 95, leaving only 5 years to replant and 700 

regrow carbon. Mature trees with high levels of carbon sequestration would be lost with minimal 701 

carbon replaced by any replanted saplings.  702 

 703 

By contrast, the lowest risk factors are for P&D that only kill young trees, as only small amounts of 704 

carbon are lost and there is time to replant and regrow given the long timescale. The large brown 705 

pine weevil (Hylobius abietis), for example, is well established throughout Britain but despite a 706 

potential 25proportional% mortality rate of 0.25 it only affects trees up to age 8, so has a risk factor 707 

of only 0.40%.  708 

 709 

The P&D risk factors therefore help direct attention to which P&D pose the highest risk to forest 710 

carbon projects and warrant further research and management action. From the sample, these 711 
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include the Asian longhorn beetle (Anoplophora glabripennis) and citrus longhorn beetle 712 

(Anoplophora chinensis); as well as the bronze birch borer with risk factors of 2.91%, 2.33% and 713 

3.57% respectively. The risk factors for the longhorn beetles are less than that for the borer as they 714 

are expected to take around 60 years to cover Britain rather than 15 years for the borer.  715 

 716 

Different risk assessments needed for different applications 717 

 718 

The case study demonstrates that the determination of the worst-case impact from P&D varies 719 

according to whether it is assessed for timber, carbon, or other applications. For carbon, the worst-720 

case relates to mortality. The calculation of ProbLoss for other applications will vary as the following 721 

examples illustrate: 722 

 723 

 The oak processionary moth (Thaumetopoea processionea) has a high impact score in the 724 

Risk Register: as caterpillar hairs can cause severe irritation to humans, however, this has 725 

little implication for timber or carbon purposes.  726 

 Ash dieback (Hymenoscyphus pseudoalbidus/Chalara fraxinea) may have less of an impact 727 

on the timber sector than on carbon projects. Mortality could be slow and the wood can still 728 

be used in some markets for timber. Slow mortality does not assist carbon projects as later 729 

loss of more mature trees reduces the time for replanting and if trees are removed from 730 

carbon projects then all of the associated carbon credits must be cancelled under current 731 

policy. 732 

 Timescales differ. Timber rotations are generally of shorter duration than carbon projects, 733 

and so ProbLoss will need to be estimated based on a shorter timescale than the case study.  734 

 Some P&D damage timber quality rather than inducing mortality. The oak pinhole borer 735 

(Platypus cylindrus) is such an example. It stains timber and can therefore impact on timber 736 

revenues but does not cause high mortality so it has little impact on carbon projects. 737 

 Similarly, some P&D only affect visual appearance, such as the horse chestnut scale 738 

(Pulvinaria regalis). It causes foliar spots. Others may only affect the fruit, which impacts on 739 

amenity and commercial value but not on carbon. 740 

 741 

The ProbLoss calculation therefore needs to be adapted according to application and how loss is 742 

defined. 743 

 744 

Identification of unique risk characteristics  745 

 746 

The approach can reveal hitherto unrecognised risks or indeed factors that reduce risk. The case 747 

study revealed, that for tree species that demonstrate the slower rates of carbon sequestration, 748 
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early attack from a P&D could result in an overall net gain of carbon by the end of the project if a 749 

faster growing replacement species is planted. This partially accounts for the relatively low risk 750 

factor for Scots pine compared with other species in the example, as it had the slowest carbon 751 

sequestration rate of the species covered. For example, black stain root disease of conifers 752 

(Grosmannia wageneri), causes proportional mortality of around 0.50% in infected Scots pine trees 753 

of 10-20 years in age. As the methodology assumes replacement planting with mixed broadleaved 754 

woodland, the results showed a positive P&D Risk Factor over the project. In these instances the 755 

P&D Risk Factor was set to 0%.  756 

757 
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 758 

‘Rapid’ consolidation of myriad risks into single measures for management and policy 759 

 760 

The approach does not replace the need for detailed individual pest risk assessments, or detailed 761 

loss estimates for significant P&D threats; however, such tailored individual modelling cannot 762 

realistically be consolidated and regularly updated for over 200 individual P&D risks within the 763 

timeframes required for management and policy decisions. The use of a standard calculation based 764 

on a small range of key metrics has the potential to support more rapid consolidated risk assessment 765 

for individual tree species and woodland resources. It also helps isolate which P&D are likely to be 766 

the highest threats and warrant focused research.  767 

 768 

Information requirements and future research needs 769 

 770 

Pest Risk Assessments are the primary existing tool for assessing the risk from new and existing 771 

individual P&D but the case study revealed that they lack standardised quantified information on key 772 

metrics such as % likelihoods of arrival and establishment; mortality rates; and rates of spread. It is 773 

highly recommended that these metrics are added to future Pest Risk Assessments. Inclusion of 774 

these metrics is critical to developing more accurate quantified risk assessments demanded by a 775 

range of forest stakeholders. The list of metrics identified here would represent a minimum, 776 

however, likely range under future climate scenarios within the country being assessed would also 777 

enhance the ability to develop quantified risk assessments under future climates. Yield reduction 778 

figures that would be required for an analysis of risk to timber projects are also rarely included.  779 

 780 

Accurate estimates of growth and sequestration rates for carbon and timber purposes are also 781 

required for quantified risk assessments in the countries being assessed. The case study 782 

demonstrated that more tables are required for risk assessments in Britain as many key species are 783 

not covered in the existing information. This is particularly true as the mixed broadleaved woodland 784 

(sycamore-ash-birch) table has limitations as a default estimate, as it shows continuing 785 

sequestration up to 200 years of age, however many of the species which use this as a default - 786 

including birch, rowan (Sorbus aucuparia L.), alder (Alnus spp.), willow (Salix spp.), hazel (Corylus 787 

avellana L.) and wild cherry (Prunus avium L.) - do not typically live for 100 years.  788 

 789 

Sequential P&D attack versus combined attack 790 

The methodology assumes that P&D attack the woodland resource sequentially i.e. a second P&D 791 

attacks the remaining trees that are left after mortality caused by the first P&D is complete. In 792 

reality, a second P&D attack may occur at the same time as the first, which could result in a different 793 
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mortality outcome. Depending on the P&D combination this could be higher or lower than the 794 

impact of sequential attack. This is not factored into the current methodology. 795 

 796 

Conclusion 797 

 798 

The P&D methodology presented here represents a significant step forwards in the risk assessment 799 

of future P&D threats. It does not rely on historical trends to predict future losses, but proposes the 800 

systematic quantification of all future threats from known P&D and their aggregation to derive 801 

assessments of the threats to individual trees species and to woodland resources.  802 

 803 

As the case study demonstrates, P&D risk factors for individual P&Ds allow identification of those, 804 

which pose the greatest threat and warrant increased attention. The approach helps eliminate those 805 

P&D that cause minimal loss, only affect young trees, are very slow spreading, or are only ever likely 806 

to cover a small range. The approach could therefore be used to narrow down the somewhat 807 

overwhelming lists of hundreds of potentially threatening P&D into those that pose a significant 808 

threat. This could help prioritisation of scarce resources for more detailed pest risk assessments, or 809 

preventative action.  810 

 811 

Tree species risk factors can support management decisions on species selection, as they can be 812 

factored into risk versus reward analyses, for example, whether to plant Sitka spruce (Picea 813 

sitchensis) or Scots pine (Pinus sylvestris). The key issue is whether any higher rewards, such as the 814 

higher yield from Sitka, offset any higher risks. The approach could be used to compare whether the 815 

risk to Sitka from P&D is higher than that for Scots pine, and if so whether the rate of growth is 816 

sufficient to offset this higher risk. The P&D risk factors could also be fed into existing models 817 

comparing tree species for planting (Meason and Mason 2014).  818 

 819 

Weighting tree species by their concentration to provide a risk factor for the woodland shows the 820 

impact that the loss of a given species might have. This could provide justification for policy 821 

decisions on whether to increase expenditure on preventative measures against P&D identified as a 822 

high threat. Overall woodland risk assessments can also be factored into broader management and 823 

policy related decisions on the need to protect woodland resources.  824 

 825 

Risk assessments have to be made to support management decisions in a timely manner regardless 826 

of the state of information. The approach provides a framework for the risk calculations and utilises 827 

the best available data for the metrics, which can be refined as better data becomes available. As an 828 

interactive tool, users can change parameters to see how actions might impact on risk, and to see 829 

how sensitive the results are to metrics for which the data is less certain.  830 
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 831 

Risk assessments are never 100% accurate as risk can never be forecast with certainty. The 832 

methodology is primarily a tool to help understand risk and take action. Risk measurement is not risk 833 

management. Measurement is passive; but without action there is no risk management and the 834 

threats remain. The approach represents a powerful tool to evaluate potential risks and direct action 835 

where it is most needed. 836 
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 861 

Table 1. Buffer ranges for the Woodland Carbon Code. 862 

Risk categories Buffer range % 

Legal/Social  1-2 

Project Management 1-3 

Finance 2-5 

Natural disturbance – Fire 2-4 

Natural disturbance – Weather 3-6 

Natural disturbance – Pest & Disease 3-10 

Direct climate change effects 3-10 

 863 

Table 2. Breakdown of tree species for the Woodland Carbon Code. 864 

Species % of total WCC 
from PDD  

(area analysis) 

Cumulative % 
of ha 

% of total WCC for 
FC projects  

(number of trees ) 

1. Birch (Betula spp.) 26.8% 26.8% 29.8% 

2. Oak (Quercus spp.) 15.8% 42.7% 10.4% 

3. Scots pine (Pinus sylvestris L.) 10.8% 53.5% 12.2% 

4. Ash (Fraxinus excelsior L.) 8.5% 62.0% 7.5% 

5. Sitka spruce (Picea sitchensis (Bong.) 
Carr.) 

5.4% 67.4% 10.1% 

6. Rowan (Sorbus aucuparia L.) 4.2% 71.5% 6.0% 

7. Alder (Alnus spp.) 3.9% 75.4% 3.9% 

8. Sycamore (Acer pseudoplatanus L.) 3.4% 78.8% 2.8% 

9. Willow (Salix spp.) 3.1% 81.9% 4.6% 

10. Hazel (Corylus avellana L.) 2.4% 84.3% 1.7% 

11. Wild Cherry (Prunus avium L.) 2.0% 86.2% 1.1% 

12. Douglas-fir (Pseudotsuga menziesii 
Pseudotsuga menziesii (Mirb.) Franco) 

1.4% 87.7% 2.2% 

13. Aspen (Populus tremula L.) 1.4% 89.0% 0.7% 

14. Hawthorn (Crataegus spp.) 1.1% 90.1% 1.0% 

15. Larch (Larix spp.) 1.0% 91.1% 1.2% 

 865 

 866 

 867 
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Table 3. Key risk metrics and sample P&D risk factor calculations (Equation 2). 

 

 Presen
t in 

Britain
? 

Likelihood of 
arrival & 

establishment 
(%) 

Age 
affected 

Current 
range in 
Britain 

(proportion) 

Max 
potential 

range 
(proportion) 

% mWorst 
case 

mortality in 
range  

(proportion) 

% wWorst-case 
loss calculated 

in Scenario Tool 
(proportion) 

% risk factor 
ProbArr x 

ProbMax x 
ProbLoss 

  ProbArr   ProbMax  ProbLoss RiskFacP&D/tree 

Ash dieback (Hymenoscyphus 
pseudoalbidus, Chalara fraxinea) 

Y 100% All 0.1 1.0 Ash: 0.95 Ash: 0.89 Ash: 89.3% 

Asian longhorn beetle1 
(Anoplophora glabripennis) 

N 5% >20 
years 

0 1.0 Broadleaves: 
1.00 

Broadleaves: 
0.582 

Broadleaves: 
3.0% 

Black stain root disease 
(Grosmannia wageneri) 

N 3% 10-20 
years 

0 1.0 Scots pine: 
0.50 

Scots pine: 0.00 Scots pine: 0% 

Bronze Birch Borer 
(Agrilus anxius) 

N 4% >5 years 0 1.0 Birch: 0.90 Birch: 0.89 Birch: 3.6% 

Citrus longhorn beetle3 
(Anoplophora chinensis) 

N 4% >20 
years 

0 1.0 Broadleaves: 
1.00 

Broadleaves: 
0.58 

Broadleaves: 
2.3% 

Emerald ash borer  
(Agrilus planipennis) 

N 5% All 0 1.0 Ash: 0.80 Ash: 0.78 Ash: 3.9% 

Large brown pine weevil 
(Hylobius abietis) 

Y 100% <8 years 1.0 1.0 Sitka: 0.25 
Scots pine: 
0.25 

Sitka: 0.00 
Scots pine: 0.00 

Sitka: 0.4% 
Scots pine: 
0.0% 

Mulberry longhorn beetle 
(Apriona germarii) 

N 3% All 0 0.5 Willow: 0.01 Willow: 0.01 Willow: 0.0% 

1From the case study: Sycamore, Alder, Birch, Hazel and Willow but not Ash, Wild Cherry, Oak or Rowan; 2Calculation of this ProbLoss for broadleaves/Asian longhorn 

beetle is provided as an example in the Scenario Tool in the supplementary material; 3From the case study: Sycamore, Alder, Birch, Hazel, Willow, Ash, Wild Cherry, Rowan 

but not Oak 

Commented [SD7]: NOTE: I originally changed the proportions 
in these 2 columns ‘Mortality in range’ and ‘Worst-case loss 
calculated in Scenario Tool’ to 1 decimal place however it does not 
work in this example table and would confuse the reader. For 
example, the mortality rate for ash from Ash dieback was estimated 
at 95% which as a proportion to 1 d.p. would be 1.0.  Similarly the 
mortality rate to willow from the mulberry longhorn beetle was 1% 
which becomes 0.0 to 1 d.p.  Similarly in the next column ‘ worst 
case loss from the Scenario Tool’ we need to show the values to 2 
d.p. or the final column looks odd. For example Sitka risk factor is 
0.4% for the Large brown pine weevil but the worst case loss is not 
zero just very small. Similarly willow wcl is 0.01 but the final risk 
factor is zero. I think we should show all values to 2 d.p. in these 2 
columns or it is confusing. 
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Table 4. Aggregation of P&D risk factors to a tree species risk factor: Betula (Equation 4) 

Birch (Betula) % Risk 

factor 

Cumulative 

risk factor 

Equation (4) 

Bronze Birch Borer (Agrilus anxius) 3.657% 3.657% 

Anisogramma virgultorum 0.34% 3.90% 

Citrus longhorn beetle (Anoplophora chinensis) 2.33% 6.14% 

Asian Longhorn Beetle (Anoplophora glabripennis) 2.91% 8.987% 

Honey Fungus, Root Rot (Armillaria mellea) 0.325% 9.109% 

Discula betulina 0.00% 9.109% 

Melamsporidium betulinum 0.34% 9.40% 

Oak Pinhole Borer (Platypus cylindrus) 0.00% 9.40% 

……. Additional P&D not yet assessed…   

Tree species risk factor (for sample of P&D assessed 

to date). RiskFacBetula:  

 9.40% 
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Table 5. Aggregation of tree species risk factors for the Woodland Carbon Code based on a 

sample of 23% of identified pest and diseases (Equation 5). 

Tree Species Risk Factors 

(RiskFactree) 

WCC species 

breakdown 

(proportion) 

 Weighted risk 

factors 

Sycamore (Acer pseudoplatanus) 5.4% 0.03.4% 0.2% 

Alder (Alnus) 5.4% 0.043.9% 0.2% 

Birch (Betula) 9.4% 0.276.9% 2.5% 

Hazel (Corylus) 5.4% 0.02.4% 0.1% 

Ash (Fraxinus) 90.1% 0.098.5% 7.7% 

Sitka spruce (Picea sitchensis) 6.4% 0.05.4% 0.3% 

Scots pine (Pinus sylvestris) 2.5% 0.10.9%1 0.3% 

Wild cherry (Prunus avium) 3.2% 0.02.0% 0.1% 

Oak (Quercus) 2.5% 0.15.9%6 0.4% 

Willow (Salix) 5.4% 0.03.1% 0.2% 

Rowan (Sorbus) 3.2% 0.04.2% 0.1% 

Total:  0.86.52%7 12.1% 

(RiskFacWood) 
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