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Glossary of Terms 
 

Adaptive forest management – an approach to forest management that 

continually monitors the effectiveness of action and dynamically ‘adapts’ to changes 

as new information becomes available. 

 

Available water capacity - the amount of water that can be stored in a soil profile 

and be available for growing trees. 

 

Capital adequacy - the statutory minimum reserves of capital which a bank or other 

financial institution must have available. 

 

Economic capital – an institution’s best estimate of the capital required to absorb 

losses up to a chosen probability of failure. 

 

Expected loss – the average loss expected over a given period of time. Calculated 

from the sum of all possible losses multiplied by the probability of that loss 

occurring.  

 

Natural disturbance – a perturbation to an ecosystem resulting from a natural 

event. In this thesis, the natural disturbances considered are storm (wind), fire, pest 

or disease, drought, snow/ice, flooding, and earthquake/seismic activity. 

 

Natural hazard – a natural event with the potential to cause damage to the physical 

environment. In this thesis, the natural hazards considered are storm (wind), fire, 

pest or disease, drought, snow/ice, flooding, and earthquake/seismic activity. 

 

Regulatory capital – the amount of capital that the regulatory authority requires an 

institution to set aside against losses. 

 

Resilience management – an approach to forest management that focuses on 

enhancing the resilience of forests to withstand and absorb disturbances. 
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Risk Adjusted Performance Measure – a measure of how much risk is involved in 

producing returns, which is used to compare performance. Measures can be 

developed to compare different entities e.g. portfolio, department, region. 

 

Risk - the combination of the probability of an event and its consequence. 

Consequences range from positive to negative. 

 

Risk assessment - the process of understanding and evaluating natural 

disturbance risks to support action to reduce the probability of their occurrence 

and/or the consequence if they do. 

 

Risk management – a process which aims to help organisations understand, 

evaluate and take action on all of their risks with a view to increasing the probability 

of success and reducing the likelihood of failure. 

 

Tiers – Risk is managed at different levels: defined as lower, middle and higher 

tiers. Lower tier risk management occurs at the individual transaction level in finance 

or individual woodland in forestry. Middle tier risk management focuses on 

managing risk at an aggregated entity. For example, in finance this could be risk 

aggregated at the trading desk, department or bank level; in forestry this could be 

regional or woodland portfolio level. Higher tier risk management is that by the 

regulatory authorities, for example the Bank of England in the UK finance sector, or 

the Forestry Commission in the forest sector. 

 

Unexpected loss – the loss that might occur over and above the expected loss – 

often expressed to a certain degree of confidence e.g. the unexpected loss is a 

value that we are 99% certain will not be exceeded over the given period. 

 

Value at risk (VaR) – a measure that allows the expression ‘we are x% certain that 

we will not lose more than y amount in time t’. 

 

Worst case loss – similar usage to unexpected loss. However, where there is 

insufficient data from which to calculate a precise unexpected loss to a given degree 

of confidence, the worst case loss i.e. the worst known loss to date may be used 

instead.  
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Lay summary 
 

The commercial forest sector manages just under a third of global forests and is of 

considerable significance to the global economy and world trade. Yet forests face a 

number of threats, not only from manmade causes, such as the clearance of forest 

for agriculture, but from natural causes (‘disturbances’) such as wind, fire, pest and 

disease, and drought. Climate change is likely to increase the occurrence of these 

disturbances, and forest managers need to take action to reduce their impact. In 

order to do so, so they need better information on these disturbances to support 

management decisions. 

 

Managers in the finance sector have long had to manage uncertainty and risk, for 

example from movements in the stock markets, interest rates, currencies and also 

from default when customers are unable to repay debts. They have therefore been 

at the forefront of developing new techniques to assess and quantify risk. Risk can 

be quantified according to its probability and consequence (impact). Once measured 

in this way, risk can be aggregated across business areas and used to determine 

how much capital should be set aside against losses to prevent financial institutions 

from getting into difficulty – an approach known as ‘capital adequacy’. Aggregated 

risk can also be used to compare the performance of different business areas in 

relation to how much risk they expose financial institutions to, as it is important to 

ensure that any financial returns cover any potential losses – an approach known as 

Risk Adjusted Performance Measurement (RAPM). In this PhD, I focus on adapting 

and applying these two techniques (capital adequacy and RAPM) to the forest 

sector. 

 

I begin by conducting a global survey of stakeholders in the commercial forest 

sector including forest managers, owners, investors, fund managers and insurers, to 

understand where best these approaches might be applied. This is the first attempt 

at a global survey of this nature. Questions focused on what types of disturbance 

risk the sector thought were of most significance and what had been the largest 

cause of losses to their projects. It also investigated if and how they currently 

quantify disturbance risks and what techniques they use to do so. The key findings 

were that the main risks affecting their projects in descending area of priority were 

fire, pests and diseases, wind and drought, with other disturbances being of less 
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significance. Insurance against fire and wind is widely available but not for pests and 

diseases and drought on account of the lack of suitable information from which 

insurers can calculate premiums. These findings directed the PhD towards finding 

new solutions to assess pest and disease and drought risk as they represented the 

biggest threat to commercial activity given the absence of insurance. 

 

The capital adequacy approach used in the finance sector was then adapted to 

provide a new means of quantifying the risk from pests and diseases to forest 

carbon projects in Britain; and determining how much should be set aside against 

these losses. Pests and diseases pose a growing threat to the country as global 

trade has increased transmission rates between countries. Existing analyses of pest 

and disease risk have focused on historic trends, which do not assess threats from 

new arrivals. They have also tended to focus on assessments of risk from individual 

pests and diseases. The new approach quantifies the probability and impact of each 

pest and disease, and then aggregates them to create new risk assessments of the 

threats to individual tree species and to overall woodland, hitherto not available. 

Although the results were only based on a sample of pests and diseases, they 

showed that the amount currently set aside under the carbon standard against these 

risks was inadequate to cover potential losses, and that the portfolio was exposed to 

a significant pest and disease impacting on birch. It also showed that the greatest 

risk was from pests and diseases that arrive late in the forest project, when trees are 

mature and storing large amounts of carbon, as there would be little time for 

replanting if the trees died and had to be removed. 

 

The RAPM approach was then used to assess the performance of twenty alternative 

commercial timber species in Scotland by comparing their rate of return, measured 

by yield (accumulation of timber volume) against potential losses from drought. The 

assessment quantifies the probability and impact of drought if climate change 

proceeds rapidly across Scotland. Sitka spruce currently accounts for 58% of the 

stocked timber area on public and private forest land in Scotland but is not very 

drought tolerant. Whilst the results found that Sitka remained dominant across 

Scotland even after adjusting for future drought risk, it also identified tree species 

that could be planted as alternatives. These could be suitable for areas of high 

drought risk as they are more drought tolerant and would deliver only minor 

reductions in timber volume.   
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Abstract 
 

The commercial forest sector manages a significant proportion of the global forest 

resource, just under a third being classified as ‘production forest’. This sector faces 

a number of threats, including those from natural disturbances, such as wind, fire, 

pest and disease, and drought. Climate change adds further complexity and 

uncertainty, as it is likely to lead to an increase in losses from these disturbances. 

Risk management can help reduce the likelihood and impact of natural disturbances 

and increase resilience, but needs adequate information to quantify risk and inform 

decisions. 

 

The premise of this PhD is therefore to investigate whether approaches from the 

finance sector for dealing with risk can be adapted to the forest sector and the risk 

of natural disturbances. Key financial concepts are introduced in Chapter One, and 

the results are presented in the three following core chapters. 

 

In the introduction, I briefly introduce how uncertainty is intrinsic to the finance 

sector. Risk management has always been present in the finance sector, but it rose 

in importance after a series of high-profile losses from the end of the 20th century. 

Hard lessons learned from this, led to revision and innovation of both external 

regulatory and internal processes to address risk. I focus on adapting and applying 

a capital adequacy approach (which quantifies the amount of capital to set aside 

against losses), and a Risk Adjusted Performance Management (RAPM) approach 

(which evaluates return against risk) to the forest sector. 

 

To better understand the commercial forest stakeholders and their information 

needs, Chapter Two presents a global survey of these stakeholders to understand 

their current level of awareness and usage of information on natural disturbance 

risks. Previous surveys being location-specific and focusing on private forest 

owners, this global sectoral examination addressed a significant gap in the 

underpinning knowledge base. It revealed that the main natural disturbances 

perceived to be threatening global forests and causing the most losses on 

commercial forest projects to date were fire, pests and diseases, wind, and drought 

(in descending order of impact). Other disturbances were of less significance. The 

sector also reported an upward trend in impacts from these and an expectation for a 
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continued increase in such losses. The survey revealed a perceived absence of 

global information on disturbance losses other than for fire and wind. Likewise, no 

standardised global information is available on losses experienced purely by the 

commercial sector. The survey also identified that approaches to assess risk from 

pests and diseases and drought were either non-existent or ill-suited to the current 

needs of the sector. This explains why insurance products are more widely available 

for fire and wind relative to those for pest and diseases and drought. Suitable 

methods to assess risk and underpin risk management are therefore required. 

Building on the review presented in Chapter One, approaches from the finance 

sector are therefore translated to address commercial forest sector needs.  

 

Chapter Three presents the application of capital adequacy approaches to pests 

and diseases. Pests and diseases pose a growing threat to woodlands from both 

endemic sources, and increasingly, from interregional transmission. Analyses of this 

risk should include estimates of potential worst-case loss from relevant pest and 

disease threats to key tree species. Existing approaches tend to focus on single 

pest or disease assessments or overall trends. I present a capital adequacy based 

approach for the systematic, risk-based assessment of the future threat to a given 

woodland where all known individual pests and diseases to constituent individual 

tree species are considered. The Woodland Carbon Code (WCC) serves as a case 

study but the approach is adaptable to any woodland resource worldwide. Its 

novelty lies in the simplification of complex threats, from numerous pests and 

diseases, to measures that can be used by a range of forest stakeholders. 
 

Chapter Four presents the application of a risk versus reward (RAPM) approach to 

drought risk. Climate change will alter precipitation patterns across the world 

increasing drought risk to forests in some areas. Choosing tree species resilient to 

drought would support continued timber supply. The chapter presents a location-

specific risk versus return analysis for twenty commercial timber species in 

Scotland. The impact of drought risk on potential return, modelled as change in 

volume of timber production (yield in m3 ha-1) under a high emission climate change 

scenario, is quantified. The results show that drought tolerant species offer good 

alternatives to Sitka spruce, which accounts for 58% of the stocked area in 

Scotland. Whilst Sitka still dominates, these alternatives would deliver only relatively 

minor volume penalties in areas of the highest drought risk. Diversification is a key 
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strategy to increase forest resilience against multiple risks. This analysis provides 

strategic regionally coherent information on suitable alternatives to Sitka spruce.  

 

I conclude the thesis by presenting views on the next stage of development for 

these approaches, and offer my perspectives on additional areas of research 

needed to enhance risk management approaches adapted from the finance sector 

at a later stage. 
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1 Introduction 
1.1 Risks to forests 
 

Forests deliver a plethora of ecosystem services: a biodiverse habitat for wildlife, 

generation of oxygen and removal of pollutants, stabilisation of soil and reduction in 

flooding (Vose, 2019), provision of timber and food, sequestration of carbon (Chen 

et al., 2019), as well as other ancillary benefits such as noise reduction and the 

creation of a recreational space (Gamfeldt et al., 2013, Ray et al., 2015, Muller et 

al., 2019). 

 

The recent Global Forest Resources Assessment by the Food and Agricultural 

Organisation of the United Nations (FAO), reported that the global land area 

covered by forests in 2015 was 30.6% (3,999 million hectares) - a decline of 1% 

since 1990 (FAO, 2016). With satellite imagery, Hansen et al. (2010) quantified 

gross forest cover loss from natural and anthropogenic disturbances at 3.1% 

between 2000 and 2005. The causes of this forest loss encompass both 

anthropogenic and other biotic and abiotic factors. Curtis et al. (2018) estimate that 

anthropogenic factors accounted for around three-quarters of the deforestation 

between 2001 and 2015, primarily due to land use change for commodity 

production, agriculture and forestry. Estimates of losses from non-anthropogenic 

biotic and abiotic disturbances are poorly reported, aside from wildfire (van Lierop et 

al., 2015). Curtis et al. (2018) estimated that wildfire accounted for just under a 

quarter (23%) of non-anthropogenic deforestation from 2001 to 2015, and that 

remaining disturbances including wind, insects, ice and flooding accounted for less 

than 1%. The FAO estimated that between 2003 and 2012 around 1.7% of forest 

land burned annually based on a high level of reporting (van Lierop et al., 2015, 

FAO, 2016). However, there was insufficient reporting on other disturbances to 

provide annualised trends. From countries that did report, nearly 142 million 

hectares of forest were reported to have been affected by other disturbances, 

including 38 million hectares affected by severe weather events and 85 million 

hectares affected by insect pests (van Lierop et al., 2015, FAO, 2016). 

 

There is therefore a need to manage forests with respect to these threats to protect 

the provision of ecosystem services. The control of anthropogenic factors lies 
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primarily in the development and enforcement of policy and legislation to restrict 

deforestation, and this aspect is outside the scope of the PhD. Here I focus on the 

information needed to manage the risks from natural disturbances. My PhD aims to 

identify approaches used by risk management in the finance sector to quantify risk 

that might be of use to those who manage risk in the forest sector. In this chapter, I 

present an overview of risk and risk management in the finance sector and how 

gaps were identified in risk management in the forest sector that could benefit from 

the application of techniques used by the risk management function within the 

finance sector.  

 

 

1.2 Definition of risk and risk management 
 

Risk is a word with many definitions. As a noun, at its broadest, the Oxford English 

Dictionary defines it as ‘a situation involving exposure to danger’, or as a verb: 

‘expose (someone or something valued) to danger, harm, or loss’ (McArthur et al., 

2018). But this generic definition does not provide a direct basis for quantification 

and measurement.  

 

The International Standards Organisation (ISO) defines risk as the ‘effect of 

uncertainty on objectives’ where an ‘effect’ is a ‘deviation from the expected – 

positive and/or negative’ (ISO, 2009). But then states further that it is ‘often 

expressed in terms of a combination of the consequences of an event (including 

changes in circumstances) and the associated likelihood of occurrence’ (ISO, 2009). 

This is similar to the definition used by the Institute of Risk Management (IRM) 

which states that risk is ‘the combination of the probability of an event and its 

consequence. Consequences range from positive to negative’ (Hopkin, 2014). The 

quantification of probability and consequence is at the heart of the methods used to 

quantify risk in the finance sector and so the IRM definition is the primary definition 

used throughout this PhD.  

 

However, limitations in the ability to accurately quantify probability and consequence 

give rise to uncertainty. Under Knight’s classic definition, the probability of known 

outcomes is ‘risk’, whereas what is not known is ‘uncertainty’ (Knight, 1921). More 

recently, (Walker et al., 2003) defined uncertainty as ‘any deviation from the 
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unachievable ideal of completely deterministic knowledge of the relevant system’ 

(Walker et al., 2003). Similarly in relation to disturbances to forests, (Eyvindson and 

Kangas, 2018), define risk as the probability of loss due to natural hazards, and 

define uncertainty as the reliability of this information. Under these definitions, 

‘uncertainty’ is therefore separate to risk. However, Saraev (2018) defines a ‘soft’ 

uncertainty, which arises as there is more than one possible outcome each with 

separate probabilities. Climate change gives rise to this kind of soft uncertainty, as 

whilst it is expected to increase the occurrence of natural disturbances (Bolte et al., 

2009, Allen et al., 2010, Lindner et al., 2014, Landmann et al., 2015, Seidl et al., 

2017), different future scenarios arising from different rates of greenhouse gas 

emission each have different probabilities. Uncertainty is therefore an important 

additional aspect of natural disturbance risk to forests widely factored into risk 

assessment and management (Pasalodos-Tato et al., 2013, Petr et al., 2014a, von 

Detten and Hanewinkel, 2017, Saraev, 2018). 

 

The finance sector typically distinguishes between ‘expected’ and ‘unexpected’ 

losses (Hull, 2012, Crouhy et al., 2014), but the risk management function focuses 

on the ‘unexpected,’ which is sometimes referred to as the ‘worst-case’ loss. This 

ties in well with the ISO definition of risk as a ‘deviation from the expected’ so the 

terms ‘expected’ and ‘unexpected’ are used throughout this PhD. In the finance 

sector this might relate for example to the typical ‘expected’ rate of default on 

mortgage payments versus the ‘unexpected’ default rate during a recession or 

property market crash. In forestry, it might be the difference between the ‘typical’ 

‘average’ rate of annual loss ‘expected’ from wind or pests and diseases, versus the 

‘unexpected’ loss from a severe storm or hurricane or arrival of a pest or disease 

outbreak causing a catastrophic impact on forest function. Assessment of 

unexpected loss also supports the classic economics approach to decision making 

under Wald’s ‘maximin’ model, whereby the worst case outcome for each possible 

decision is assessed and the optimal decision is the one with the lowest worst case 

outcome i.e. that minimises the maximum loss (Wald, 1945, Sniedovich, 2016). 

 

The IRM defines risk management as a ‘process which aims to help organisations 

understand, evaluate and take action on all of their risks with a view to increasing 

the probability of success and reducing the likelihood of failure’ (Hopkin, 2014), 

whereas the ISO defines it as ‘coordinated activities to direct and control an 
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organisation with regard to risk’. In a forestry context, Eyvindson and Kangas (2018) 

define risk management as the intent to minimise the negative impacts due to 

uncertainty, which ties in with the concept of risk management as focusing on the 

‘unexpected’. In the context of this PhD, I therefore define risk assessment as the 

process of understanding and evaluating natural disturbance risks to support action 

to reduce the probability of their occurrence and/or the consequence if they do. This 

encompasses both expected and unexpected rates of occurrence and 

consequence, with the focus on the unexpected. 

 

Risk can also be categorised into many different types. In the finance sector, the 

main risks are market, credit and operational risks. Market risk relates to the risk of 

loss due to adverse movements in market variables such as interest rates, equity 

prices or exchange rates. Credit risk relates to losses caused primarily by non-

payment or default. Historically, market and credit risks were the main risks in the 

finance sector but towards the end of the 20th century, the monitoring of operational 

risk began to increase in importance. The types of risks covered by the term 

‘operational risk’ vary by sector, however, the Basel Committee on Banking 

Supervision (BCBS) defines operational risk as ‘the risk of loss resulting from 

inadequate or failed internal processes, people and systems, or from external 

events’ (BCBS, 2006). Examples of such risks include legal risk (whereby loss can 

arise from inadequate contracts or loss of key documents), technological failure, and 

fraud etc. Under this risk categorisation, natural disturbance risks would be an 

operational risk.  

 

The IRM distinguishes between hazard (or pure) risks; control (or uncertainty) risks; 

and opportunity (or speculative risks) (Hopkin, 2014). Hazard risks are those that 

you take action to mitigate, control risks you aim to manage, and opportunity risks 

are those that you embrace (Hopkin, 2014). In the case of forestry, natural 

disturbance risks covered in this PhD relate to risk from wind, fire, pest and disease, 

drought, snow/ice, flooding and earthquake/seismic activity. Natural disturbance 

risks would therefore be a hazard risk according to the IRM definition. Indeed, 

‘natural hazards’ is a term often used interchangeably with the term ‘natural 

disturbances’ in academia. The IRM states that a distinguishing feature of hazard 

risks is that they only ever generate a negative outcome, and generally relate to 

operational or insurable risks (Hopkin, 2014). The ISO define a ‘hazard’ as a ‘source 
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of potential harm’ , which also implies a negative outcome (ISO, 2009). Therefore, 

whilst the IRM definition of risk is used in this PhD, since natural disturbances are 

‘hazards’, the outcomes or impacts are always negative.  

 

Control risks are also present in forestry and relate to issues around the project 

management of forestry which might include management issues arising from the 

uncertainty around future climates. Opportunity risks would encompass the 

commercial risk associated with future timber or carbon prices, however, these 

aspects are outside the scope of the PhD. The degree to which managers are 

willing to ‘embrace’ such risks is generally referred to as ‘risk appetite’ in the finance 

sector i.e. an organisation’s appetite for risk.  

 

 

1.3 Finance and the structure of risk management 
 

Uncertainty is intrinsic to financial markets - without risk there would be no activity 

and no return. As well as managing its own risks and those of its customers, the 

finance sector also provides products and services that help other sectors reduce 

risk, including the provision of insurance and reinsurance. Risk management has 

therefore always been present in the finance sector, however it grew significantly as 

an independent function at the end of the 20th century following a series of high-

profile losses such as those by Barings Bank in 1995 (Hull, 2012). It rose again in 

importance after the sub-prime mortgage crisis in 2007 and ensuing global 

recession (Baer et al., 2011, Crouhy et al., 2014). These successive crises have 

provided hard lessons for the finance sector, and led to revision of both external 

regulatory and internal processes to address risk. Much can therefore be learned 

from what this sector has experienced so far.  

 

Risk is managed at different tiers within the finance sector. At the lower tier or ‘front 

office’, the risk of every individual transaction is assessed. For example, when 

setting mortgage interest rates, banks assess how market rates might change that 

affect their cost of borrowing, and thereby profitability, or when making equity 

investments how share prices might move. Assessments are also made as to the 

credit-worthiness of any counterparty and the risk that a debt may not be repaid. At 

the transaction level, it is generally the ‘expected’ loss that is assessed and priced 
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into the activity (Crouhy et al., 2014). For example, lenders will assume an expected 

rate of default of mortgage customers, usually based on past experience, and the 

costs of covering these defaults will be priced into any mortgage lending. Similarly, 

insurers will price in the expected losses from accidents when determining car or 

house insurance premiums, which again is likely to be based on past experience of 

loss rates. This ‘lower tier’ will also normally operate within strict risk limits set by 

management, relating to how much risk/exposure they can accept. 

 

The middle tier, which may be referred to as the ‘middle office’ in some institutions, 

is where the specific risk management department usually sits. It focuses on 

regulatory compliance and the aggregated risk to the institution across its activities 

(Baer et al., 2011, Hull, 2012). Aggregated risk refers to the assessment of different 

types of risk aggregated to larger scale entities, such as the business unit or bank 

as a whole, as opposed to risk at the individual transaction level. For example, 

across a bank, the independent actions of individual traders working in different 

business units could collectively result in large exposures of market risk building up 

to entities such as a particular counterparty, country, currency, sector, or stock 

market index. This could put the bank at considerable risk should there be a market 

movement resulting in an adverse impact to that entity. Risk management at this tier 

focuses on quantifying such aggregated risks and ensuring that exposures do not 

build up that could give rise to a catastrophic loss that the bank could not withstand. 

The focus of the core risk management function is therefore on ‘unexpected loss’ (or 

worst-case loss) as opposed to ‘expected loss,’ which is generally priced in at the 

lower tier (Crouhy et al., 2014).   

 

Working with other departments, the risk management function will ensure that an 

‘adequate’ amount of ‘economic capital’ (sometimes known as ‘risk capital’) is set 

aside against unexpected losses to a certain degree of confidence. Economic 

capital can therefore be defined as ‘the bank’s best estimate of the capital required 

to absorb losses up to a chosen probability of failure’ (Baer et al., 2011). Or more 

specifically expressed in relation to risk capital: ‘risk capital is the capital cushion 

that the bank must set aside to cover the worst-case loss (minus the expected loss) 

from market, credit, operational, and other risks, such as business risk and 

reputation risk, at the required confidence threshold (e.g. 99 percent)’ (Crouhy et al., 
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2014). Expected loss is subtracted, as cover for this loss is already priced in at the 

lower tier.  

 

Value at risk (VaR) is a commonly used measure to quantify risk as part of 

economic capital determination. It is a measure that allows the expression ‘we are 

x% certain that we will not lose more than y amount in time t’. It therefore requires 

risk management to select a confidence level and a time over which this is 

assessed: typically around 99% and for one year in the economic capital calculation. 

The selection of the exact confidence level is often linked to the desired credit rating 

of the institution (Hull, 2012). So for example, a AA credit rating implies that the 

chance of default of an institution with this rating is around 0.02% within one year 

(global corporate cumulative average default rate 1981-2017; (S&P Global Ratings, 

2018)). So an institution aiming for this credit rating might aim to set the confidence 

interval for economic capital (and VaR) at a 99.98% confidence level (1-0.04%) i.e. 

to set aside capital to be 99.98% sure it could absorb any unexpected losses that 

might arise within a one year timeframe (Hull, 2012). However, determination of 

economic capital and VaR to this level of precision is dependent on the underlying 

availability of data. Economic capital calculations are typically calculated at the 

individual transaction level for the different types of risk and are then aggregated to 

the business unit and institution level ensuring any netting-off of exposures where 

appropriate (i.e. if one transaction ‘loses’ if the market goes up and another if the 

market goes down, these cannot both happen at the same time and so must be 

netted).  

 

As the ‘middle tier’ risk management function has risen in importance again post the 

2008 financial crisis, the use of economic capital to assess performance by 

comparing the risk and return of different business units has also seen a resurgence 

(Baer et al., 2011). Essentially this compares the returns of different units once 

adjusted for the amount of risk that any activity has exposed the bank to. For 

example, the most commonly used method for such risk-adjusted performance  

 

  



 

8 

measurement (RAPM) is known as RAROC (Risk Adjusted Return on Capital) (Baer 

et al., 2011, Crouhy et al., 2014) and it factors in both expected and unexpected  

loss (Baer et al., 2011):  

 

RAROC  = expected profit = return – expected loss - expenses 

  economic capital   economic capital 

 

Such a technique is not normally used at the transaction/product level, but only at 

the aggregated level – typically the business unit – due to the fact that risk 

information may suffer from a lack of precision at too granular a level but is 

assumed to average out to some extent when aggregated (Baer et al., 2011). The 

ratio resulting from the above calculation is then used to compare business unit 

performance and as a basis for business decisions, but not to assess individual 

transactions (Baer et al., 2011). 

 

Finally, at the highest tier, outwith the financial institutions, are the regulators or 

supervisory authorities, which set rules to prevent systemic crises – i.e. crises 

affecting the wider financial system. This often includes a national or central bank, 

such as the Bank of England in the United Kingdom, and can include regional 

authorities such as the European Union, or organisations such as the BCBS, which 

provides a forum for supervisory authorities and sets global standards for prudential 

regulation. This includes Basel III – the latest internationally agreed set of measures 

currently being implemented that strengthen the regulation, supervision and risk 

management of banks (BCBS, 2017). Basel III includes standards on how to 

determine the amount of regulatory capital that must be set aside by banks against 

losses. Similar regulatory capital requirements to Basel III are also imposed on the 

insurance sector, and are known as Solvency II. Regulatory capital is therefore 

similar to economic capital and calculated in a similar way (BCBS, 2017), however it 

has the primary focus on preventing systemic failure i.e. the collapse of the finance 

sector. It must therefore be implementable by all types of banks, and offers ‘simpler’ 

methods of determining regulatory capital for banks with less sophisticated internal 

systems, whilst allowing use of more complex internal models by more sophisticated 

banks. Banks define their own internal levels of economic capital that they wish to 

hold against losses, but must ensure that this covers the minimum capital 

requirement as determined by regulatory requirements.   
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1.4 Forestry and risk management 
 

As in the finance sector, the forest sector has always had to manage the risk from 

natural disturbances as part of day-to-day operations, but this activity has also risen 

in importance in recent decades, not because of the financial crisis, but because of 

the increasing threat from climate change. Historically the focus was on forest 

optimisation, which equated most often to maximising economic returns using a 

measure such as Net Present Value (NPV), but optimisation planning often must 

now also factor in wider considerations such as ecological and sociological values 

(Kaya et al., 2016). Methods that underpin management planning to optimise 

economic returns from timber and harvesting also incorporate risk and uncertainty 

(Pasalodos-Tato et al., 2013) and the threat from natural disturbances (Price, 2011, 

Wei et al., 2014). 

 

Natural disturbances have always posed a threat to forests. Forest and operational 

planning typically incorporates action to minimise losses from ‘expected’ rates of 

disturbance. Certification under sustainable forest standards requires consideration 

of natural disturbances and action to minimise risk (FSC, 2012, Forestry 

Commission, 2017). Action can be taken to reduce the probability of occurrence and 

also to reduce the consequences should the forest be affected (Eyvindson and 

Kangas, 2018). In the first instance, forest managers can choose locations with a 

low probability of a particular natural disturbance occurring. However, aside from 

careful site selection, there is nothing or little that can be done to prevent 

occurrence of some disturbances e.g. windstorms, drought, heavy snow/ice and 

earthquake/seismic activities, and in these instances, effort must focus on reducing 

the impact of such events. For other disturbances such as fire, and pests and 

diseases, action can be taken to reduce both the probability of occurrence and the 

impact. Onsite actions that can be taken are summarised in Table 1.1.  
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Table 1.1 - Actions that are typically taken by the forest sector to reduce the probability and 
consequence of natural disturbance risks 

Natural disturbance Actions to reduce the 
probability of the disturbance 
occurring  

Actions to reduce the impact 
should a disturbance affect the 
forest 

Wind1 None Reduced rotation lengths, removal 

of large/tall trees, wind-firm 

edges, thinning regime, selection 

of more wind damage resistant 

species. 

Fire2 Restriction of public 

access/ignition control; safe 

storage of flammable fuels 

onsite, management of dry 

litter/fuel. 

Fire plans, access to fire-fighting 

services, use of fire breaks 

management of dry litter/fuel; 

firebreaks; prescribed burning; 

thinning regime, selection of more 

fire resistant species. 

Pest and diseases3 Restriction of public access; 

cleaning shoes/machinery; 

sourcing of forest reproductive 

materials to minimise entry of 

non-endemic pests and 

diseases, compliance with 

statutory plant health measures. 

Regular surveys for early 

detection, implement biosecurity 

control measures advised by 

authorities on detection, 

pesticides, biological control 

agents, selection of resistant 

species. 

Drought None Selection of drought-tolerant 

species 

Snow/Ice None Selection of species resistant to 

snow/ice damage 

Flooding Drainage channels Selection of species more tolerant 

of flooding. 

Earthquake/seismic activity None None 
1(Forsell et al., 2011, Gardiner et al., 2011, Albrecht et al., 2012, FSC, 2012, Andersson et al., 2015, 

Forestry Commission, 2017) 
2(Cary et al., 2009, FSC, 2012, Bowman et al., 2013, Forestry Commission, 2017) 
3(Forestry Commission, 2011, FSC, 2012, Garnas et al., 2012, Forestry Commission, 2017, Freer-

Smith and Webber, 2017)  

 

Decisions on the extent of such management interventions depend on trade-offs, 

such as ensuring that the cost of any intervention does not outweigh the potential 

loss, and also on the degree to which the manager is willing to accept risk (i.e. risk 
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appetite/preference) (Eyvindson and Kangas, 2018). Such decisions are dependent 

on the quality of information available to the manager to anticipate future  

disturbances (Seidl, 2014), which creates uncertainty as information is imperfect 

(Eyvindson and Kangas, 2018).  

 

Climate change compounds the uncertainty around information on disturbances. 

Whilst it is likely to lead to an increase in natural disturbances (Allen et al., 2010, 

Landmann et al., 2015, Seidl et al., 2017), the rate of change is uncertain, as it 

depends on the trajectory of greenhouse gas emissions, which in turn depends on a 

range of socio-economic factors, and the degree and rate at which countries act 

upon their commitments under the Paris Climate Change Agreement (United 

Nations, 2015). As well as uncertainties on the frequency, this also creates 

uncertainty on the pattern and magnitude of disturbances (Yousefpour and 

Hanewinkel, 2016). 

 

One approach to dealing with uncertainty is to adopt an adaptive forest 

management approach, whereby management continually monitors the 

effectiveness of action and dynamically ‘adapts’ to changes as new information 

becomes available (Bolte et al., 2009, Yousefpour and Hanewinkel, 2016, 

Eyvindson and Kangas, 2018). Adaptive management strategies encompass a 

range of active and passive strategies. Active strategies include species selections, 

choice of non-natives, site matching (i.e. choosing species according to the current 

edaphic and climate conditions onsite), and use of climate envelopes (choosing and 

correlating species within the same climate envelope) (Bolte et al., 2009, 

Hanewinkel et al., 2014a). However, active management may preclude natural 

adaptation, and so an alternative is adopting a passive strategy of allowing natural 

succession (Bolte et al., 2009). Active management also has the disadvantage that 

since it is reactive, it may not support timely adaptation to lower frequency 

unexpected losses such as those from natural disturbances (Seidl, 2014).  

 

Another approach used by forest managers is that of resilience management. This 

approach focuses on enhancing the resilience of forests to withstand and absorb 

disturbances, for example by varying the ages, species and stand structures within 

a forest (Seidl, 2014, Forestry Commission, 2017). Whilst this is often referred to in 

the literature as an alternative or contrasting approach (Seidl, 2014), it is effectively 
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reducing the impact if a disturbance occurs, and could therefore be seen as a 

complementary part of risk management.  

Significant uncertainty surrounds the rate of climate change and its consequent 

impact, as it is dependent on the rate of emission of greenhouse gases, which is 

dependent on future political and socio-economic outcomes. This undermines 

planning for risk, adaptation and resilience based forest management strategies. 

Climate scientists therefore created a range of climate scenarios based on different 

sets of possible future political and socio-economic outcomes and their associated 

emissions trajectories. The most widely known are the Intergovernmental Panel on 

Climate Change (IPCC) climate scenarios, which consist of a range of low, medium 

and high emission scenarios (IPCC, 2000). Projections of natural disturbances can 

be derived for each of these scenarios (Jones et al., 2010), however, they may differ 

in relation to trends in e.g. temperature, precipitation and drought (Yousefpour and 

Hanewinkel, 2016). There are particular difficulties in deriving the probabilities of 

extremes (i.e. unexpected events) of the type that risk management requires. For 

example, a dedicated IPCC report focusing on reviewing current science around the 

prediction of extremes concluded that there was very low confidence in the ability of 

the few approaches that do exist to predict strong and extreme winds, with the 

exception of some predictions for cyclones (Seneviratne et al., 2012). It also found 

there was only ‘medium confidence’ in drought projections for regions such as 

southern and central Europe; North and Central America, Mexico, Northeast Brazil 

and Southern Africa, and only ‘low confidence’ in projections elsewhere due to 

disagreements between models (Seneviratne et al., 2012).  

 

The greatest issue for forest managers developing risk management strategies, is 

determining which climate scenario to use (Bolte et al., 2009, Lindner et al., 2014, 

Yousefpour and Hanewinkel, 2016). The optimal management strategy may differ 

depending on which scenario is chosen (Yousefpour and Hanewinkel, 2016). Most 

often this decision centres on identifying an individual scenario to form the basis of a 

decision. However, a new conceptual approach - robust optimisation – takes all 

scenarios into account. It proposes determining the optimal approach (maximising 

expected utility of management outcomes) averaged across all scenarios whilst 

assuming a minimum threshold of achievement in each (McDaniels et al., 2012, 

McInerney et al., 2012, Yousefpour and Hanewinkel, 2016). i.e. The expected utility 

(weighted average of all possible outcomes (von Neumann and Morgenstern, 1947)) 
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of undertaking each possible management approach is assessed for each climate 

change scenario. The average outcome for each approach across the scenarios is 

then determined. Approaches that do not meet a specified minimum threshold level 

of achievement in each scenario are excluded. The approach taken is then the one 

with the highest average outcome of those that remain. 

 

As yet this approach remains at the conceptual stage and there is a lack of 

algorithms and decision criteria applicable to forest management (Yousefpour and 

Hanewinkel, 2016).  

 

 

1.5 Comparison between finance and forestry risk management approaches 
 

The ‘lower tier’ of risk management referred to in the finance risk section, which 

focuses on individual transactions and expected loss, has parallels with the 

management of individual forests or stands. As with the lower tier in finance, forest 

managers ‘expect’ a certain level of loss due to disturbances such as disease and 

wind, which must be managed as part of standard forest management planning. 

Such losses should be factored into expected returns.  

 

Data sources and approaches used by the finance sector to quantify risk at the 

transaction level are specific to the product type e.g. equity, debt, investment, 

derivative, insurance product (Hull, 2012, Crouhy et al., 2014), and are not relevant 

to the assessment of disturbances in the forest sector. For example, determining 

VaR on mortgage lending might relate to modelling interest rate movements and 

property prices; on equity release products, to modelling the life-expectancy of the 

counterparty; or for derivatives models, to modelling market movements using a 

complex set of market variables such as ‘delta’ (e.g. how much the value of an 

option changes when the value of the underlying asset to which it relates moves). 

However, certain generic concepts and approaches are of relevance, i.e. the use of 

historic data to derive estimates of the future probability of loss and consequence. 

Such an approach has the same limitation as for its use in forestry in that it assumes 

past trends will continue and may create exposure where future shocks are greater 

than those previously experienced.  
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Within the finance sector, however, risk management as a core function refers not to 

the ‘lower tier’ but to ‘middle tier’ risk management which deals with unexpected loss 

and uncertainty. As Crouhy et al. (2014) puts it, from the perspective of the risk 

management function: ‘if it’s not unexpected or uncertain, it’s not risk’. This 

department therefore derives not just expected rates of loss from historic trend data, 

but also unexpected rates using VaR type analyses to a certain degree of 

confidence. Such analysis is also supplemented with scenario and stress testing. 

Scenario testing has already been identified as a tool that is used in forest risk 

management, with the use of IPCC climate scenarios. In the same way, scenario 

testing in finance involves the creation of future plausible scenarios by management 

to model possible outcomes. Stress testing relates to ‘stressing’ a variable to see at 

what point losses cannot be absorbed. The ‘higher tier’ regulatory supervisors 

periodically impose stress tests on the finance sector, particularly during times of 

financial turbulence, to ensure that regulatory capital levels are sufficient to prevent 

systemic crises. In some ways, stress testing could be said to be similar to the 

identification of suitability thresholds for tree species, for factors such as moisture 

deficit, temperature and so forth. These thresholds are used to determine whether 

species are suited to the climate conditions at a particular site (Pyatt et al., 2001, 

Bolte et al., 2009).  

 

The concept of VaR thresholds is beginning to be used to develop approaches to 

risk management within the forest sector, however, to date its primary application 

has been in relation to managing the risk from future timber price movements to 

maximise future cash flows (Pagnoncelli and Piazza, 2017, Alonso-Ayuso et al., 

2018, Eyvindson et al., 2018), although it has also been applied to regional 

biodiversity gains (Eyvindson et al., 2018), and to simulations aimed at optimising 

silvicultural strategies such as species selection and harvest strategies in the face of 

timber price and natural hazard variability (Roessiger et al., 2011).  

 

Historic analyses, VaR and scenario/stress testing are techniques used to provide 

quantified risk information to support risk management within the finance sector. 

However, the three core tools of risk management used to manage the risk from 

‘unexpected’ losses are reserves, diversification and insurance (Crouhy et al., 

2014). This is supplemented by the use of risk versus reward (RAPM) type analyses 

to assess business unit performance and ensure reward from activities adequately 
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covers the risks that such activity exposes the institution to. This contrasts with the 

forest sector, where, management to reduce the probability and consequence of 

loss from ‘unexpected’ events encompasses the same set of actions as for expected 

losses (Table 1.1). However, since decisions on whether to undertake such actions 

are partly based on awareness of disturbance risks and climate change, then 

awareness of unexpected loss may change the likelihood of such activities being 

undertaken (Blennow et al., 2012, Petr et al., 2014a). Onsite action, can be 

supplemented with contingency plans against unexpected events (Forestry 

Commission, 2017). The three core tools of risk management in finance can also be 

used in risk management in forestry: [1] ‘insurance’ – forest managers can purchase 

insurance against some natural disturbance risks, where available, to provide 

financial compensation against ‘unexpected’ losses, however, uptake is low in the 

forest sector (Gardiner and Welten, 2013, Welten et al., 2015); [2] ‘diversification’ – 

species and structural diversification has been identified as a forest management 

approach to enhance resilience and reduce the impacts of disturbances (Knoke, 

2008, Jactel et al., 2017, Anderegg et al., 2018); [3] ‘reserves’ - however the use of 

reserves against unexpected losses is not commonplace aside from under 

standards in the certified forest carbon sector (Verified Carbon Standard, 2017, 

Forestry Commission, 2018, Gold Standard, 2018). Nor is the concept of RAPM as 

a means of performance assessment, one that has seen direct application in 

forestry to date. 

 

Finally, a key issue identified for the forest sector in planning risk management in 

the face of uncertainty, is which scenario or projection should be selected i.e. which 

climate change scenario is ‘expected’ (Bolte et al., 2009, Lindner et al., 2014, 

Yousefpour and Hanewinkel, 2016). However, adopting a finance approach to risk 

management represents a new approach to this issue to inform decision-making. In 

this sector, the core risk management function is based on the assumption that the 

worst-case or ‘unexpected’ scenario takes place, and then assesses if the resulting 

impact is something that the sector can absorb. If not, action is taken to reduce the 

potential exposure to this scenario to ensure that its outcome is within a 

manageable range. This does not mean that the finance sector ‘expects’ the worst-

case scenario to happen, but rather the focus is in ensuring resilience if it does. 

Optimal management decisions can vary depending on the climate change scenario 

‘expected’ (Yousefpour and Hanewinkel, 2016). So a risk management approach in 
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forestry would entail identifying what the worst-case climate scenario would be for a 

particular outcome, and then ensuring that the ‘optimal’ management strategy 

selected for the ‘expected’ climate scenario, does not create a situation whereby if 

the worst-case scenario occurred instead, then losses could not be absorbed. 

 

 

1.6 Conclusion and focus of PhD 
 

Having reviewed the structure of risk management in finance and forestry and 

investigated the key methods and approaches used in both, it is clear that whilst 

some approaches are common to both sectors, there are differences between the 

two. Techniques at the ‘lower tier’ of the finance sector, which focus on expected 

losses are too transaction-specific to be relevant to application in forest 

management. Forest management has its own approaches at the lower tier, 

however, there are opportunities to investigate whether the forest sector can apply 

some of the techniques used by the ‘middle tier’ or core risk management functions. 

In particular, techniques used to quantify how much to set aside as reserves against 

losses (capital adequacy) and also RAPM type assessments. Both of these 

assessments are based on methods of quantifying ‘unexpected’ losses – the latter 

being the key focus of risk management in finance as opposed to ‘expected losses’. 

The ‘middle tier’ risk management function in finance also focuses on aggregated 

risk as opposed to risk at the transaction level due to the lack of precision at too 

granular a level. In the forest sector, there is a lack of risk management approaches 

targeted at the aggregated (regional) rather than the individual forest/stand level. A 

lack of risk management at this level creates the danger of systemic risk, whereby, 

the actions of individual forest managers unknowingly add up to a level of exposure 

to a particular tree species that could result in catastrophic losses that could 

damage the viability of the forest sector regionally or nationally. I therefore sought 

approaches that could be applied at the regional level. Such approaches will 

complement (rather than replace) existing risk management activity at the 

forest/stand level. In this PhD I therefore sought to investigate where and how these 

might be applied. 

 

As a first step, a broad ranging survey of the global commercial forest sector was 

conducted and this is presented in Chapter Two. A lack of existing information on 
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the relationships between this sector and natural disturbance risks, meant that a 

survey was necessary to identify those areas most in need of new risk assessment 

techniques as a critical precursor to developing the most relevant solutions. The 

survey aimed to fully understand how disturbance risks are perceived, which 

disturbances have caused the most losses to commercial projects to date, to what 

extent they are currently assessed, and what approaches are currently used for 

these assessments. Analysis of the results highlighted where there were gaps in 

information. Key findings of the survey were that drought and pest and disease risks 

were the disturbances most in need of new assessments, particularly as there is a 

lack of insurance against these risks. This led to a focus on researching how RAPM 

and capital adequacy risk assessment techniques used by the finance sector might 

be used to develop new approaches for these risks, which are outlined in the 

subsequent two chapters. 

 

Chapter Three focuses on adapting the approach used by the banking and 

insurance sector to quantify capital adequacy reserves (economic capital), to the 

specific problem of identifying how much carbon to set aside against losses from 

pest and disease risk on forest carbon projects. It is based on worst-case 

assumptions of pest and disease loss. Quantification of the risk from individual pest 

and diseases and aggregation to tree and woodland portfolio scale risk, are based 

on how risk is calculated at the transaction level and aggregated to determine 

capital reserves in the finance sector. As an example, it is applied to forest carbon 

projects in the United Kingdom certified under the WCC. In addition to ensuring that 

sufficient carbon is set aside to cover future losses, the approach also supports 

forest managers in comparing the relative risk to different tree species. It also 

identifies any systemic risk to the entire carbon standard scheme, through the 

accumulated exposure to an individual tree species representing a significant 

portion of the portfolio. It therefore informs species selection decisions to develop 

strategic portfolio selection to reduce such risks. 

 

Chapter Four focuses on developing a RAPM based assessment to help forest 

managers select between alternative tree species in the face of drought risk caused 

by climate uncertainty. The approach provides a means of comparing timber 

species in Scotland in relation to whether the higher ‘reward’ of faster-growing tree 

species (assessed by yield i.e. growth in timber volume), can cover any ‘risk’ from 
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lower drought tolerance. The probability of exceeding moisture deficit thresholds 

that would cause significant yield reduction for each tree species under a worst-case 

high emission climate scenario (derived from information from the Met Office’s 

Weather Generator (Jones et al., 2010)) is used as a measure of drought risk. Sitka 

spruce has the most consistently high yield across Scotland and is the most widely 

planted timber species. The analysis investigated whether after adjusting for drought 

risk, other species could prove viable alternatives to Sitka (defined as coming within 

90% of the yield of Sitka in a given region). The results again inform species 

selection decisions so that forest managers can strategically develop portfolios to 

reduce regional risk. 

 

Chapter Five concludes with a summary of the findings from the survey, and the 

new approaches to assessing pest and disease and drought risk, together with 

recommendations on how these approaches might be developed in future. It also 

includes suggestions of other approaches that should be considered and gaps in 

current knowledge.  

 

Appendices contain copies of the survey, a list of survey respondents, and also a list 

of prior publications and events/conferences at which the work contained within this 

thesis has been presented. 
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2 Perception and experience of natural disturbance 
risks and gap analysis of information 
requirements: a survey of the global commercial 
forest sector 

 

2.1 Preface 
 

In order to determine how finance sector approaches to risk management can assist 

the commercial forest sector in managing natural disturbance risks, it is first 

essential to understand the current relationship between the commercial forest 

sector and such risks. In particular, it is important to identify where the gaps are in 

the current ability to assess risks so as to identify where new approaches can 

provide the most benefit. This chapter presents the results of a global survey of a 

range of commercial forest stakeholders to understand this relationship in its 

broadest sense. It aims to determine commercial forest stakeholders’ current 

perception and experience of such disturbances, if and how they assess such risks, 

and where there are gaps in information needed to support adaptive and mitigative 

action. The survey complies with the ethics procedures as outlined under University 

of Edinburgh guidelines (see Appendix A). The chapter is entirely my own work 

aside from editorial/review by supervisors. After submission of the PhD, this chapter 

will be edited into a paper to be submitted for publication.  

 

 

2.2 Introduction 
 

The commercial forest sector manages a significant proportion of the global forest 

resource. Just under a third (30% or 1,187M hectares) of forest is categorised as 

‘production forest’ i.e. forest designated as primarily for the production of wood, 

fibre, bio-energy or non-wood forest products, including 291M hectares of planted 

forest (FAO, 2016). This sector is of considerable significance to the global 

economy and world trade. In addition, forests represent an important store of 

carbon, and sequestration of carbon in new plantation (afforestation and 
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reforestation) projects is adding to the sphere of commercial forestry (Hamrick and 

Grant, 2017, Chen et al., 2019). 

 

Global investible timberland has been valued at around USD 300-480 billion (FAO, 

2012). Estimates of total institution investment in timberland in 2010 ranged from 

USD 50-60 billion (Brand, 2011). Timber investments are attractive as they are not 

affected by recession i.e. trees continue to grow (Piao et al., 2016). If market prices 

are low, harvest can be delayed until prices rise. Investments are also an inflation 

hedge, not correlated to other asset classes, and in many countries attract tax 

concessions (Piao et al., 2016, HTRG, 2018). As a consequence, over the longer 

term they have proved attractive investments. For example, The National Council of 

Real Estate Investment Fiduciaries (US NCREIF) Timberland Index in the United 

States has returned over 13% p.a. since 1987 (Fox, 2011).  

 

By contrast, the forest carbon market is still in its infancy. At least USD 2.8 billion of 

finance for forest carbon offsets was transacted between 2009-2016 including 

voluntary and compliance forest carbon offset transactions, and payments for 

REDD+ programs (Reducing Emissions from Deforestation and Degradation). 

However, the market is growing rapidly with USD 662.1 million transacted in 2016 

(Hamrick and Grant, 2017). The potential is much greater. The Eliasch Review 

commissioned by the UK Government estimated in 2008 that between 17 and 33 

billion dollars would be needed each year to 2030 to protect global forest resources 

and halve emissions through carbon trading (Eliasch, 2008). 

 

However, commercial productive forestry is at risk from natural disturbances, such 

as wind, fire, pest and disease and drought. The FAO has been gathering 

information on forest resources from Member Countries every five to ten years since 

the 1950s. The results show that as of 2015, forests covered 30.6% (3,999 million 

hectares) of the global land area: a decline of 1% since 1990, however this is 

primarily due to anthropogenic deforestation (FAO, 2016). The amount of forest 

affected by natural disturbances is poorly reported by member countries, and the 

most recent assessment was only able to provide estimates of forest area burned 

(high level of reporting) and the area with invasive woody species (low level of 

reporting). Global maps and analyses of forest loss are available but do not 

distinguish between all causes (Hansen et al., 2013), typically focusing on 
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anthropogenic and socio-economic factors (Hosonuma et al., 2012, Sandker et al., 

2017). A study aiming to classify drivers of forest loss between 2001 and 2015 

estimated that whilst the majority of forest loss was due to anthropogenic causes 

such as commodity production and agriculture, wildfire accounted for 23% of forest 

losses over this period, and remaining disturbances including wind, insects, ice and 

flooding accounted for less than 1% (Curtis et al., 2018). 

 

In terms of information on individual natural disturbances: the FAO analysis 

estimated the annual rate of loss from fire at around 1.7% of global forest area (van 

Lierop et al., 2015, FAO, 2016). There is, however, significant regional variation with 

most forest being lost to fire in tropical South America and Africa (van Lierop et al., 

2015). A long-term European study from 1961 to 2000 by Schelhaas et al. (2003), 

found that on average only 0.15% of total forest area is affected by fire each year in 

Europe, but almost half (44.9%) of this was in Spain and Portugal with 88% in the 

Mediterranean region excluding France. 

 

Wind is also a significant cause of forest loss in many regions but there are no 

global figures on loss rates. Schelhaas et al. (2003), determined that in the EU it 

accounts for more than half of all catastrophic damage by wood volume to forests. 

Storm Gudrun alone, which hit Sweden in 2005, damaged the equivalent of almost 

one year’s harvest, or 2-3% of the total growing stock (Blennow and Persson, 2013). 

Hurricanes, which affect regions such as the US are particularly devastating. In 

1989, Hurricane Hugo damaged more than a third of standing timber in South 

Carolina, and Hurricanes Katrina and Rita damaged over 2M hectares on the gulf 

coast (Beach, 2010). In Amazonia in 2005, a single squall from a convective storm 

destroyed 0.3-0.5 million trees in the Manaus district, equating to 30% of the 

observed annual deforestation in that region in 2005 and the second highest 

deforestation rate in 15 years (Negron-Juarez et al., 2010). Furthermore, studies are 

finding that the impacts of storms can reduce growth for years after the event. For 

example, after the 2005 Gudrun storm in Sweden, the growth of Norway spruce 

forests was found to be reduced by over 10% in the worst hit regions over the 

following 3 year period (Seidl and Blennow, 2012), and repeated windstorms can 

make trees more susceptible to overturning (Gardiner et al., 2016). 
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In relation to pests and diseases, the most recent FAO assessment had only limited 

information, concluding that between 2003 and 2012 insect pests affected more 

than 85 million hectares of forest, of which a major part was in temperate North 

America (FAO, 2016), and about 12.5M were reported to be disturbed by diseases, 

mostly in Asia and Europe (van Lierop et al., 2015). Estimating pest and disease 

risk is very complex, primarily as essentially it is not one risk but a compound risk 

made up of the individual threat posed by each pest and disease. In addition, pest 

and disease infestations can last for more than one year and are often associated 

with other prior disturbance impacts (e.g. wind) (Bouget and Duelli, 2004, Seidl et 

al., 2011a, Karvemo et al., 2014) making direct impact and annual figures difficult to 

estimate. Prior to the most recent assessment, the FAO did provide annual 

averages based on total impacts reported during the five year reporting period. In 

2005, 1.6% of forest area was estimated to be affected by insects globally on 

average each year, and 0.2% by diseases (FAO, 2010). However, the results 

showed high variability. For example forest areas affected by pests ran as high as 

5% in North America in the 1990s during a spruce budworm outbreak, although this 

rate had fallen by 2005, whereas in Northern Africa, Western and Central Asia and 

Europe (excluding the Russian Federation) affected areas were around 2-3% at this 

time (FAO, 2010). Diseases were also reported as affecting much smaller 

proportions of global forests, but again there is high variability with Oceania showing 

a 3.9% average in the 2005 reporting period (FAO, 2010). 

 

In terms of drought: an extensive global review of research into its impacts found 

evidence of drought causing forest loss in all wooded continents spanning diverse 

forest types and climatic zones (Allen et al., 2010). In the 21st century, drought has 

already caused severe losses of Atlas cedar in North Africa; pine and fir in central 

Turkey; Eucalyptus in Australasia; and many tree species across North America, the 

Amazon, and Europe in countries including Spain, Italy , Switzerland and France 

(Allen et al., 2010). 

 

In conclusion, information on individual natural disturbance risks is therefore 

incomplete, irregular and inconsistent in detail between the different types of risk, 

and there is a need for improved information on losses at the global scale, 

particularly in relation to losses from pests and diseases and drought. Furthermore, 

available figures do not distinguish losses in managed versus unmanaged forests. 
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Better information on the likely occurrence of disturbances is needed so that forest 

managers can make less risky decisions on the viability and trade-offs inherent in 

different management options (Eyvindson and Kangas, 2018). Stakeholders 

involved in commercial forestry - whether timber, carbon or biomass focused – could 

potentially provide useful information on the rate of losses from natural 

disturbances, based on experience from their operations.  

 

However, unless commercial forest managers perceive such disturbances as a 

significant current threat, or identify a change in future risk, then they will not be 

motivated to take action to manage and mitigate such risks. It has been shown that 

perceptions of risk are influenced by a number of heuristics including availability, i.e. 

the ease with which an example event can be brought to mind; affect, i.e. the 

reaction to such experienced events; attitude to risk; perceived control over risk; 

trust in institutions and experts; and so forth (Slovic et al., 2004, Marzano et al., 

2013) . Experience of past loss may not directly equate to perceptions of future risk 

(Slovic et al., 2004) and it has been shown that perception of disturbance risk may 

not be sufficient to initiate adaptive action (Marzano et al., 2013, Bissonnette et al., 

2017). However, a Swedish study of private forest owners found ‘complete 

agreement’ in relation to the six most problematic natural hazards experienced in 

the recent past, and the willingness of owners to invest capital to reduce risk in 

future (Blennow and Sallnas, 2002). A later study of forest owners in Germany, 

Portugal and Sweden found that personal strength of belief in climate change, 

together with experience and perception of local climate change effects ‘highly 

significantly’ explained whether owners undertook adaptive management practices 

(Blennow et al., 2012). Enhanced understanding of what motivates managers to 

make decisions can help define how risk should be communicated (Blennow et al., 

2014). 

 

Both experience of loss and perception of future risk can impact directly on the 

viability of commercial forestry. Large unmitigated losses to commercial forest 

projects and/or perceptions of high future risk, especially if seen to be rising due to 

climate change, can impact on market confidence and the relative attraction of 

forestry versus alternative investment products and sectors. It is therefore important 

to understand perceptions of future risk and whether they are increasing.  
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Climate change adds further complexity to the management of natural disturbance 

risks as losses from natural disturbances are likely to increase as anthropogenic 

climate change takes hold and the planet warms (Bolte et al., 2009, Allen et al., 

2010, Lindner et al., 2014, Landmann et al., 2015, Seidl et al., 2017). This could 

cause significant economic loss to the commercial forest sector, especially in 

regions such as Europe, where a large proportion of forest is intensively managed 

for timber. One study estimated that by 2100, depending on the interest rate and 

climate change scenario chosen, the loss in value of forest lands in Europe 

excluding Russia, could be between 14 and 50% (Hanewinkel et al., 2013). Similarly 

depending on the climate scenario between 21 and 60% of European forest lands 

may only be suitable for Mediterranean oak forest types which would significantly 

reduce timber returns and thereby carbon sequestration (Hanewinkel et al., 2013).  

 

However, there is considerable uncertainty around predicting the probability and 

impact of natural disturbances. For example there are differences between climate 

models, observations and simulations of impacts, and issues around the selection of 

different climate scenarios (Lindner et al., 2014). Of particular difficulty is the 

prediction of how the return interval of extremes such as damaging storms might 

change as climate change progresses (Lindner et al., 2014). An IPCC special report 

on extremes, concluded that it had very low confidence in the ability of the few 

approaches that do exist to predict strong and extreme winds with the exception of 

some predictions for cyclones (Seneviratne et al., 2012).  

 

There are similar difficulties in quantifying both the probability of drought and also its 

impacts. The severe drought in Amazonia in 2005 was referred to as a ‘1 in a 100 

year event’ and yet there was an even more severe drought in 2010 (Marengo et al., 

2011). The IPCC extremes report (Seneviratne et al., 2012) concluded that issues 

with existing models meant that there was only ‘medium confidence’ in projections 

for some regions including southern Europe and the Mediterranean region, central 

Europe, central North America, Central America and Mexico, northeast Brazil, and 

southern Africa. Elsewhere there was only ‘low confidence’ in projections due to 

disagreements in projections (Seneviratne et al., 2012). A number of studies have 

sought to investigate the relationship between drought and tree mortality, however, 

these are often species and location-specific (Coll et al., 2013, Kharuk et al., 2013, 

Qiu et al., 2015). Furthermore, additional factors such as temperature and pest and 
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disease interactions also cause mortality, creating considerable uncertainty in 

isolating drought related mortality (McDowell et al., 2011, Williams et al., 2013, De 

Caceres et al., 2015, Steinkamp and Hickler, 2015). Tropical forests are particularly 

vulnerable, but temperate forests are also susceptible. The 2005 drought in the 

Amazon was estimated to have caused a total biomass carbon loss of 1.2 to 1.6 

petagrams including estimates of below ground losses (Phillips et al., 2009). A study 

of the impacts of the 2003 heatwave and drought impacts in Europe found that there 

was a 30% reduction in gross primary production that year, with a reduction in 

rainfall being the primary cause of loss in Eastern Europe (Ciais et al., 2005). 

Availability of dry fuel to burn is a key factor increasing the likelihood of fire, and so 

an inability to predict drought, which increases the fuel load can impact on the ability 

to predict fire (Cary et al., 2009, Archibald et al., 2013, Buotte et al., 2019). 

 

Provided commercial forest managers perceive the threat and are motivated to take 

action, there are a number of potential techniques that they can use to manage and 

mitigate the risk from disturbances. Adaptive forest management is one such 

technique used to deal with uncertainty. It is an approach whereby management 

goals and actions are periodically revised in response to the observation and 

monitoring of environmental changes and evaluation of the system response to 

management intervention (Westgate et al., 2013). However, natural disturbances 

tend to be low-probability high-impact events of which there is often no warning 

which limits the effectiveness of adaptive management defined in this way (Seidl, 

2014). There are a number of different active and passive approaches to adaptive 

management, which include techniques such as the use of climate envelopes and 

climate matching to select resilient species including potentially non-natives (Bolte 

et al., 2009, Hanewinkel et al., 2014a). 

 

Risk management (Eyvindson and Kangas, 2018) is an alternative technique which 

seeks to quantify the probability and impact of different types of risk so that 

anticipatory steps can be taken to reduce the likelihood of a given risk occurring or 

the impact if it does. Risk analysis can be based on retrospective performance 

(Bolte et al., 2009), however when used to predict future risk it has an advantage 

over adaptive management in that it does not depend on low-probability events 

occurring prior to action, however, it is dependent on the ability to adequately 

quantify risk 
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Where risks are difficult to predict, management can focus on resilience, which can 

be broadly defined as ‘the capacity of a system to absorb perturbations and to retain 

essential structures and processes’ (Seidl, 2014). This can be done through 

techniques such as species diversification, which can reduce the impact of small-

scale disturbances (Knoke, 2008, Jactel et al., 2017).  

 

Techniques to reduce natural disturbance risks, such as adaptive forest 

management, risk management and increasing resilience, are complementary and 

need not be mutually exclusive (Seidl, 2014). Action should also incorporate whole 

ecosystems and operate at the landscape scale to be effective (Bolte et al., 2009).  

 

Such management practice will be enhanced and underpinned by better information 

on risks. To understand the degree to which informed management decisions are 

currently possible, we need to understand to what extent current assessments of 

these risks occur prior to investment, what techniques are used, and what 

information is not currently available to the sector. An analysis of the tools, data and 

methods currently used will provide feedback to the research sector and identify 

requirements for missing information.  

 

Management practice can reduce the likelihood of risk and its potential impacts but 

cannot eliminate it. Solutions such as insurance and carbon buffers can help 

mitigate the impacts of any losses to the commercial forest sector. Forest insurance 

is a niche market for the large multinational insurers and reinsurers, and 

predominantly services commercial plantation forestry. Only a small percentage of 

plantations are currently insured, however, demand from investors and plantation 

owners is increasing (Gardiner and Welten, 2013, Welten et al., 2015). There are no 

official figures on the volume or value of the forest insurance market or the area of 

land insured, however, a large multinational insurer, estimates gross premium 

income from insured forests for primarily wind and fire cover at over USD 60 million 

each for the US, Chile and Australia; USD 6 million for the UK; USD 3 million each 

for Portugal and Brazil; and USD 1 million each for Vietnam, Cambodia and Laos 

(confidential, pers.comm.). The value of forests covered by these premiums is of 

course significantly higher. Increasing losses due to climate change may lead to 

further increases in demand for insurance and concurrent demand for better risk 
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information, which insurers and reinsurers need to price risk accurately. Availability 

of adequate information to price risk is a precondition for the ability to offer 

insurance against any individual natural disturbance or indeed the development of 

new insurance against multiple disturbances (Gardiner and Welten, 2013, Brunette 

et al., 2015).  

 

Forest carbon buffers are a risk mitigation approach used by many carbon 

standards to prevent cancellation of carbon credits in the event that forest (and 

thereby any associated sequestered carbon) is lost. The carbon buffer consists of a 

pool of carbon credits, to which each forest carbon project contributes, which is set 

aside to cover losses from any individual project. Some carbon standards, such as 

the Gold Standard (Gold Standard, 2018) and the WCC (Forestry Commission, 

2018), require each project to contribute a fixed proportion of carbon credits to the 

buffer; others (Gold Standard, 2018) require a project-specific contribution. In the 

latter case, each project developer must provide an assessment of the full range of 

risks that might impact on their project, which is then independently validated and 

used to determine the contribution level. This approach is used by the Verified 

Carbon Standard (Verified Carbon Standard, 2017), which certified 82% of forest 

carbon offsets in 2016 (Hamrick and Grant, 2017). If risk is overestimated and too 

many credits are set aside it will affect the financial viability of the projects, too little 

and there is a risk that any losses will not be covered by the buffer resulting in the 

potential recall of carbon credits which would undermine the integrity of the forest 

carbon market.  

 

The ability to assess risk is therefore fundamental to the continued provision and 

expansion of forest insurance and in determining adequate risk buffers to ensure the 

ongoing viability of the forest carbon markets. There is therefore a need to 

understand the current use and provision of forest insurance; and whether 

inadequate information is a barrier to the development and take-up of new types of 

insurance.  

 

To address the gaps in knowledge around the commercial forest sector and 

information on natural disturbance risks outlined here, we therefore created a survey 

targeted at the commercial forest sector, which investigates the issues identified 

here.  
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Surveys on the perception of natural disturbance risks to forests have been 

undertaken before but not at the global level across a range of different types of 

commercial forest stakeholder. Some have focused on individual countries or 

sectors (Blennow and Sallnas, 2002, Petr et al., 2014a) or regions such as Europe 

(Sousa-Silva et al., 2018). Others have centred on the relationships between 

awareness of climate change and impact on forest management strategies but have 

not distinguished between natural disturbances (Blennow, 2012, Eriksson, 2014, 

Uggla and Lidskog, 2016, Laakkonen et al., 2018, Sousa-Silva et al., 2018, Mostegl 

et al., 2019). Another survey focused on the relationship between stakeholders, and 

risk management through regulatory and governance structures (Eriksson, 2018). 

 

We present the first attempt at a global survey encompassing the views of a range 

of commercial forestry stakeholders including project developers of timber and 

forest carbon projects; forest managers and landowners; investors and forest fund 

managers; as well as the insurance and reinsurance industry that underwrites such 

forest risks. Our survey therefore represents a unique insight into the current 

perception and experience of natural disturbance risks across the global forest 

sector and also provides information on the type of research outputs that are 

needed by these stakeholders to support better risk management.  

 

The focus and questions of the survey were also informed from the findings of two 

previous knowledge exchange projects, funded by the Natural Environment 

Research Council (NERC), which supported the establishment of a Forest Finance 

Risk Network (FFRN). The purpose of the network was to provide a link between the 

academic and finance communities to share information on quantifying the risk of 

natural disturbances to forests. As part of these projects a number of interviews and 

workshops were held which underpinned the development of the survey questions 

and identification of the target audience. In addition, projects on pest and disease 

and drought risk and a Knowledge Exchange Fellowship on natural disturbance 

risks, supported further insight and interpretation of the results.  
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2.3 Methods 
 

2.3.1 Preliminary stage 
 

The foundations to the survey were established during the FFRN project 

(September 2011 to August 2012). This was a knowledge exchange project which 

aimed to establish the research requirements of the forest finance sector in relation 

to natural disturbance risks. It sought to gather broad opinion on what types of 

natural disturbance were considered important, what techniques were currently 

used to assess risk and the adequacy of these techniques and other sources of 

information to adequately meet business needs. It focused primarily on insurers and 

institutional investors based in the United Kingdom. During the course of the project, 

semi-structured interviews were held with 85 stakeholders. These stakeholders 

were categorised into academics/researchers (43%) and end-users (57%). 

Stakeholders were identified by literature review, online research and a snowball 

technique whereby interviewees were asked to recommend additional participant 

stakeholders. Interviewees consisted of financial experts (19%); investment advisers 

(6%); insurers (6%); carbon standards organisations/ project developers (7%); 

intermediaries/consultants (7%) and other public sector/not-for-profit organisations 

(11%).  

 

The interviews were flexible in design, and subsequent interviews evolved based on 

knowledge gained from previous discussions. They primarily consisted of open-

ended questions tailored to each stakeholder group. This initial qualitative phase 

identified a divergence of views on the scale of current and future natural 

disturbance risk and future trends and the need for risk mitigation techniques 

including insurance. The results were written up in the form of four briefs – on wind, 

fire, natural hazards and anthropogenic risks – which provided an overview of 

current knowledge and the state of techniques to assess each risk at that time. The 

briefs were distributed to participants and made available via a project website 

(Davies and Patenaude, 2012). During a follow-on project, a new website was 

created which provided an updated summary of available techniques to assess 

natural disturbance risks – focusing on research funded by NERC and project 

partners (Davies and Patenaude, 2016). The divergent views expressed in the 
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meetings and final project workshops on the level of natural disturbance risks and 

the need for further risk assessment techniques confirmed the need for more formal 

research expanded beyond the United Kingdom and NERC funded science.  

 

2.3.2 Survey 
 

The survey presented here therefore owes its foundations to the original FFRN 

projects, however, it builds upon the questions asked during these projects  and 

broadens the range of forest stakeholders targeted. The questions address the 

range of issues about the relationship between the commercial sector and 

information on natural disturbance risks discussed during the introduction. 

Questions were developed to focus on: 

 

• Perception of natural disturbance risks to global forests (not just their own 

projects) and how they might change in future - to understand motivation for 

adaptive management and mitigation. 

• Actual experience of loss from their own projects and whether these have 

been rising or falling – to fill gaps in information. 

• Whether they undertake risk assessment of natural disturbances prior to 

investment; in order to understand potential demand for and use of risk 

information. Respondents were asked to identify which approaches they 

used to assess wind, fire and pests and disease risks from a list of options 

informed by the risk network projects. 

• Provision, take-up and use of different types of forest Insurance and whether 

inadequate information is a barrier to provision.  

• Identification of where there are currently gaps in the ability to quantify risks 

from individual natural disturbances, so that new approaches to risk 

assessment can be targeted at areas where improved risk assessment 

techniques are most needed to underpin the management and mitigation of 

risk. 

 

A fixed design, structured survey was developed, that would allow responses to be 

quantified and analysed. The survey was multi-strategy in design incorporating both 

quantitative and qualitative questions, closed and open-ended questions. Two 

surveys were created: one addressed at commercial forest stakeholders in general 
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(see Appendix B) and the second for insurance forest stakeholders only (see 

Appendix C). The survey questions were identical aside from insurance related 

questions 20-23 raised in Section C, which differed between the two surveys. In 

Section C, insurers were asked about what types of natural disturbance insurance 

they currently offered or would like to offer; whereas non-insurers were asked about 

the insurance they currently took out or would like to have offered. Where open-

ended questions were asked in the survey, coding was used to classify responses 

into category codes created to encompass the range of comments. 

 

Ideally the survey would have stratified questions by region or continent, however, 

this would have significantly increased the length of the survey and therefore time 

required to complete. There is some evidence to suggest longer surveys reduce 

response rates (Galesic and Bosnjak, 2009), and so questions were non-regionally 

specific, i.e. global, to encourage a higher response.  

 

Initial paper-based sample surveys were sent to 11 UK-based members of the 

FFRN in mid 2015 to test the survey questions prior to development of a web-based 

survey. They included insurers, investors and forest owners. The questionnaire was 

then recreated online with only minor changes to the wording to enhance clarity 

based on feedback from the sample survey respondents. The online survey was 

created using Google Forms so that the survey could be distributed and completed 

online and responses collected electronically. In order to meet ethical requirements 

on the right to anonymity, the survey was distributed with the proviso that ‘All 

responses will be treated in strictest confidence. Only summary results will be 

written up into any reports or publications. Any comments published will NOT be 

attributable to named individuals or companies.’ Respondents were, however, given 

the option to allow comments to be attributable. The responses from the sample 

survey were transcribed onto the online forms for inclusion in the final results. 

 

2.3.3 Identifying stakeholder groups, and distribution to survey participants 
 

Stakeholder analysis (Reed et al., 2009) was conducted prior to distributing the 

survey to identify the types of stakeholders impacted by natural disturbance risks, 

using the contact list developed during the FFRN projects. This analysis identified a 

number of stakeholder types but also revealed that stakeholders may fall into one or 
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more types. For example, investors may also be forest owners and managers; forest 

investors may also act as consultants; and multinational insurance organisations 

may operate as insurers, reinsurers and brokers. A list of stakeholder types was 

therefore presented at the beginning of the survey and respondents were asked to 

tick all categories that applied to their operations (Table 2.1). The survey only 

targeted commercial forest stakeholders profiting from wood-based products e.g. 

excluding those profiting from food such as nuts. 

 
Table 2.1 - Range of stakeholder types covered by survey 

Non-insurance stakeholder types Insurance stakeholder types 

Investment Insurance 

Fund management Reinsurance 

Forest management Broker 

Project development (carbon) Underwriter 

Project development (timber)  

Landowner  

Consultancy/Advisory  

Other.. Other.. 

 

There is an absence of comprehensive lists or directories of commercial forest 

stakeholders, which prevents the use of stratified sampling techniques. The finance 

sector in particular, is very secretive and it is common practice within the industry to 

exclude contact details and names of key employees from online and other media 

sources. This is for a number of reasons, for example the need to preserve 

anonymity, and to prevent headhunters from poaching staff. Furthermore, financial 

investment information is often confidential, and it is not always possible to identify 

investors in forest funds or projects unless they choose to disclose information.  

 

For these reasons, the questionnaire audience was created from the members of 

the FFRN, supplemented by a snowball technique whereby network contacts were 

asked to provide recommendations of other experts from within their sphere of 

expertise. This was then further supplemented in the following ways:  

 

• Investors/forest managers/project developers/landowners: industry experts 

recommended the use of a report colloquially known as the ‘DANA report’ which 

was an annual ‘International Timberlands Ownership & Investment Review.’ This 
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report provided information on leading owners/investors in each region of the 

world. This series has subsequently been replaced by an ‘International 

Timberland Ownership and Investment Database’ operated by RISI, a subsidiary 

of Euromonitor. Information and reports are only accessible by subscription. This 

currently has information on the ownership of 218M, hectares of timberland 

assets worldwide, covering more than 80 countries. The 2010 report was used 

as a starting point to identify key forest owners/investors to survey in each 

continent. However, the summary report had a high proportion of US forest 

owners/managers. In order to ensure that the survey was not dominated by US 

responses, the survey focused on surveying US Timber Investment 

Management Organisations (TIMOs) which hold extensive assets across the US 

and were therefore assumed to be able to provide a comprehensive US 

perspective.  

• Fund managers: a one-off report in 2011, aimed to list the known major forest 

investment funds in the world (Brand, 2011). The organisations behind these 

investment funds were cross-checked against the existing list and added if not 

already present. 

• Insurance (all types): A number of specialist UK insurers, brokers and 

underwriters insure UK and global forests and many multinationals have offices 

in London, which is a leading global centre for insurance. Forest insurance 

specialists operating from London were consulted to identify leading forest 

insurers as no specialist list exists. Figures do not exist on the amount of forest 

insurance that is reinsured, however an estimate provided by a leading reinsurer 

was that 80% of forest insurance is reinsured (confidential pers.comm). 

Reinsurers help transfer and spread consolidated national risks across the 

international stage. The reinsurance market is highly consolidated with the top 

10 reinsurers constituting just under 70%, or USD 156 billion of total Gross 

Written Premiums across all activities (AM Best, 2017). However, not all 

reinsurers are active in the forest insurance market as it is a niche activity. As a 

consequence, specialist forest insurance and reinsurance contacts were used to 

identify the main global forest reinsurers. 

• Conference literature – further organisations were identified from lists of 

speakers and attendees at forest finance related conferences.  
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As a consequence of this approach, around 500 organisations were initially 

identified for potential survey. The next stage involved trying to identify appropriate 

contacts at each organisation to survey. The dynamic nature of the industry was 

reflected in the fact that many of the organisations initially identified in this way, 

upon further research, were found to no longer exist, or had merged/been acquired 

by other organisations. In addition, searching for contact details often led to the 

discovery of additional organisations not identified to date which were incorporated. 

Identification of contacts often involved initial approaches via general 

information/press/online forms etc., with follow-up emails once internal contacts 

were identified – an approach which has been shown to increase response rates 

(Munoz-Leiva et al., 2010). Many organisations declined to participate or did not 

respond and were omitted from the survey. Contacts often indicated that they would 

respond and did not without regular follow-ups and reminders. Follow-up was crucial 

to increasing response rates. As a consequence, the period of the main survey 

lasted from mid-2016 until the survey finally closed on May 31st 2017. In total 304 

surveys were finally distributed. 

 

 

2.4 Results 
 

The survey was completed by 72 respondents: 60 in response to the non-insurance 

survey and 12 to the insurance-specific survey, representing a response rate of 24% 

(72/304). A list of survey respondents is shown in Appendix D. Many respondents 

are large multinational players, including forest owners/investors (e.g. New Forests, 

Green Resources); reinsurers (e.g. MunichRe, SwissRe) and other institutions (e.g. 

World Bank), and therefore the results present a wide-ranging reflection of the 

perspectives of the global commercial forest marketplace.  

 

The following sections present the results to each question. Aside from the 

responses to questions 20-24 in Section C which differed for insurance vs non-

insurance respondents, all responses are amalgamated across stakeholder types.  
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2.4.1 Respondent profiles 
 

Responses were obtained from a broad spread of stakeholder types, however, 

respondents typically identified with more than one type. Only 14 respondents 

categorised their business as focused on a single stakeholder type; 21 as two types; 

and 35 as cutting across three or more different stakeholder types. Two 

respondents did not identify with any of the stakeholder types and referred to 

themselves as a ‘public body’ and a ‘risk modeller’. Forest management was the 

most common of the non-insurance stakeholder types and carbon project 

development the least (Table 2.2). Given the level of integration of stakeholder 

types it is not possible to present results individually by type and results are 

amalgamated throughout. There was, however, no cross-over between insurance 

and non-insurance type stakeholders. Differences in responses between these two 

categories of stakeholder were therefore investigated, and where significant 

differences exist between their responses they are highlighted in the text. Where 

possible, this significance was quantified using a two-sample t-test assuming 

unequal variance, with the null hypothesis being that there is no difference between 

the insurance versus non-insurance category means, and alpha as 0.05.  

 
Table 2.2 - Breakdown of respondents by stakeholder type and area of operation 

Identification with stakeholder types   Area of operations  

Forest management 60%  Europe 58% 

Investment 40%  South America 33% 

Consultancy/advisory 35%  North America 24% 

Project development - timber 28%  Australia (incl. Oceania) 21% 

Fund management 26%  Asia 14% 

Land ownership 19%    

Project development - carbon 17%    

Insurance 11%    

Reinsurance 11%    

Underwriter 7%    

Insurance broker 3%    

 

Europe was the most common area of operation for respondents and Asia the least. 

The proportion of respondents does not however reflect the size of holdings. For 

example, many of the US respondents were TIMOs with very large holdings in the 

US.  
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The majority of respondents (86%) were involved in timber projects with only a third 

(32%) involved in carbon projects. All insurers were involved in the timber sector, 

however, only a quarter of the insurers insured carbon projects and none of them 

underwrote REDD+ projects. Some of the commercial timber respondents 

commented that their timber projects were also managed for carbon and non-

commercial reasons although timber was the primary driver. 

 

2.4.2 Perception of forest loss from natural disturbances at the global scale  
 

Only 63 respondents answered the question: ‘what percentage of all forests do you 

think are lost globally each year to natural disturbances?’ Respondents were told 

not to refer to statistics to answer this question but to respond according to what 

they ‘think’ as it was intended to assess perception (see Appendix B for exact 

wording of questions). The mean estimated loss was 5.06% with a standard 

deviation of 5.09%, however the responses were positively skewed (skew: 1.72). 

49% of respondents thought that between 2 and 5% of forest was lost. However, 12 

non-insurance respondents estimated losses to be higher than 10% and four of 

these estimated losses of 20%, whereas no insurer estimated losses to be higher 

than 10%.  

 

Respondents were asked to rank natural disturbances in order of impact (loss of 

timber/carbon) and to identify how they thought the level of these disturbances 

might change over the next 50 years, by qualitative category (Figure 2.1). 

 

Fire was considered the biggest threat to forests (lowest average rank score) closely 

followed by pests and diseases, with losses from snow and ice and 

earthquake/seismic activity the smallest. There was, however, a significant 

difference between the average ranks for wind by insurers for whom wind was the 

second highest threat (M=2.50; SD=1.24) whereas for non-insurers it was the fourth 

highest (M=3.83; SD=1.46); t(18)=3.27, p=0.004. On average insurers also ranked 

snow/ice as the fifth highest threat (M=4.83; SD=1.27) above flood, whereas non-

insurers ranked it below flood as the sixth highest threat (M=5.88; SD=1.56); 

t(19)=2.47, p=0.023. 
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Figure 2.1 – Respondents’ rank of natural disturbances affecting forests globally and 
perspectives on how these disturbances might change over the next 50 years (all stakeholder 
types, n=72) 

 

 
 

The responses to whether or not the level of disturbances were changing suggest 

that stakeholders believe that the climate will get hotter and drier as most thought 

that losses from drought and fire would increase substantially with losses from 

floods increasing but to a lesser extent. Pests and disease losses were also 

predicted to increase a lot and losses from wind to a lesser extent. No major change 

in losses from earthquake/seismic disturbances was predicted. All insurance 

respondents felt that wind disturbances would increase although 75% thought they 

would only increase a little, whereas only 65% of non-insurance respondents 

thought that wind disturbances would increase but 50% felt they would increase a 

lot. Insurers were also more pessimistic about flood risk with 92% expecting it to 

increase versus 72% of non-insurers. Conversely more non-insurers (82%) feared 

rises in pest and disease disturbances versus insurers (67%). 

 

When asked to quantify the amount of forest lost each year due to individual natural 

disturbance types, the modal value for each type of loss was 1% or less (Figure 

2.2). Loss estimates ranged up to 7% for drought, fire, pests and diseases, and 
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wind, whereas losses from snow and ice and earthquake/seismic activity were 

generally perceived to be lower. The question was not meant to imply permanent 

loss, however, a number of respondents pointed out that forest was not necessarily 

lost but would be replanted or regrow. Furthermore, several commented that losses 

were interlinked and it was difficult to distinguish between natural and anthropogenic 

fire. 

 
Figure 2.2 - Percentage of all forests that respondents estimated were lost globally each year to 
each individual natural disturbance (all stakeholder types, n=61)) 

 

 

In order to support comparison of responses from non-insurance vs insurance 

stakeholders, estimates of losses of ‘less than 1%’ were replaced with 0.5% to 

support a t-test. The results showed that insurers perceived significantly lower 

average annual losses than non-insurers for flood, drought and pest and diseases 

(Table 2.3). 
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Table 2.3 – Comparison of non-insurance versus insurance stakeholders’ perceptions of 
average annual losses to global forests from natural disturbances by t-test 

 Non-insurers Insurers   
 Mean SD Mean SD Conditions* Null* 
Fire 2.23 2.04 1.65 1.63 t(15)=0.97, p=0.345 Confirm 

Pests and diseases 1.89 1.68 0.94 0.92 t(19)=2.46, p=0.024 Reject 

Drought 1.57 1.44 0.75 0.53 t(27)=2.96, p=0.006 Reject 

Wind 1.32 1.48 0.90 0.61 T(34)=1.47, p=0.151 Confirm 

Flood 1.08 1.19 0.56 0.17 t(54)=2.93, p=0.005 Reject 

Snow/Ice 0.72 0.71 0.83 0.83 t(10)=-0.39, p=0.706 Confirm 

Earthquake/Seismic 0.59 0.51 0.50 0.00 t(47)=1.27, p=0.211 Confirm 

*t-test: two sample assuming unequal variances. Null hypothesis: there is no difference between the 

insurance versus non-insurance category means 

 

 

2.4.3 Experience of forest loss from forest projects  
 

Respondents were asked to identify the average annual % loss of timber/carbon to 

the projects that they were involved in – whether as owners, managers, investors, 

insurers or advisers. However, this was a sensitive question which only 44 

respondents (61%) answered. Over half (57%) said they experienced losses of 1% 

or less; 16% experienced losses of 2-3%; but over a quarter (27%) said they 

typically experienced losses of 5% or more. One respondent said they experienced 

losses of 90%, however, it seems more likely that this reflects a worst loss rather 

than an annual average. Only four of these responses were from insurance 

stakeholders, and only one of these said they typically experienced losses over 5% 

whereas the others all experienced losses of 2% or less. 

 

More respondents (94%) were willing to say what the greatest cause of loss had 

been to their projects (by ranking as opposed to providing figures on losses), and 

how these had changed in recent years (88%) (Figure 2.3).  

 

Fire was identified as the primary loss vector, but in recent years losses from this 

cause have mostly either stayed the same or increased a little. Pests and diseases 

were ranked second highest for impact to projects, but over half of respondents 

have experienced increasing loss in recent years, with 28% experiencing a large 
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increase. Wind and drought, are respectively the next highest cause of experienced 

losses but trends are less clear with most respondents having experienced a similar 

level of loss in recent years but some having experienced an increase and some a 

decrease. Losses from snow and ice are low and have mostly stayed at the same 

level, and losses from earthquakes/seismic activity are the least experienced and 

levels have stayed constant. 

 
Figure 2.3 – Ranked responses for the greatest natural disturbance cause of timber/carbon loss 
to projects and whether these have been noticeably increasing or decreasing in recent years 
(all stakeholder types, n=63). 

 
 

There was a significant difference between the average ranks for wind by insurers 

for whom wind was the second highest threat (M=1.67; SD=0.65) above pest and 

diseases, whereas for non-insurers wind was ranked below pest and diseases as 

the third highest threat (M=3.14; SD=1.93); t(53)=4.45, p=0.00004. On average 

insurers also ranked snow/ice as the fifth highest threat (M=4.00; SD=0.94) above 

flood, whereas non-insurers ranked it below flood as the sixth highest threat 

(M=5.78; SD=1.74); t(28)=4.27, p=0.0002. 

 

When looking at trends, notable differences were that insurers had seen higher 

rates of losses from fire and wind. In relation to fire, 55% of insurers had 

experienced increases in losses on their projects, however, 22% had seen losses 
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decreasing. Conversely, the majority (61%) of non-insurers had not seen any 

noticeable change in fire losses and only 31% had seen an increase. Increases in 

wind losses had been experienced by 78% of insurers but only 32% of non-insurers.  

 

2.4.4 Current risk assessments: Non-insurance respondents only 
 

Section C of the survey contained different questions for non-insurance and 

insurance audiences. This section contains the results for the non-insurance 

respondents i.e. 60 of the 72 respondents. Respondents were asked whether or not 

they routinely assessed the risk from different types of natural disturbance when 

choosing whether or not to invest in/develop new projects. 

 
Figure 2.4 – Number of respondents that assess natural disturbance risks prior to new projects 
(non-insurance stakeholders only, n=60) 

 
 

On the assumption that respondents focus assessment on the risks they perceive 

as most prevalent, the results in Figure 2.4 show that risks from pests and diseases 

are of the priority concern with over two thirds (42) of respondents always assessing 

the risk from this threat prior to involvement in a project. Only 3% of respondents 

said that they never assessed this risk. Around half of respondents always assess 

risks from fire, wind and drought, but perhaps surprisingly around 10% never assess 

risks from these threats. Flood risk is sometimes assessed by around half of 
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respondents and always assessed by about a quarter. Snow and ice are either 

sometimes or always assessed by 42% of respondents, but earthquake and seismic 

activity by only 17%. 

 

Information on whether they took out insurance against losses from natural 

disturbances, was provided by 92% (55) of non-insurance respondents (Figure 2.5). 

 
Figure 2.5 – Prevalence of insurance against losses from natural disturbance risks (non-
insurance stakeholders only, n=55) 

 
 

Over 70% of respondents either ‘always’ or ‘sometimes’ take out insurance against 

fire, making it the most common type of natural disturbance insurance, followed by 

wind at just over 50%. Insurance against snow/ice, flood, drought and pests and 

diseases is either ‘always’ or ‘sometimes’ taken up by around 20% of respondents. 

The numbers of those ‘always’ taking out insurance are lowest for pests and 

diseases at 6%. Earthquake/seismic activity insurance has the lowest level of take-

up with less than 10% either ‘always’ or ‘sometimes’ taking it out. 

 

In order to understand whether experience of loss impacts on the take-up of 

insurance, a comparison was made between those who had experienced high rates 

of loss for a particular type of disturbance (ranked 1 to 3 in importance), versus 
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those who had experienced lower rates of loss (ranked 4th or above), in relation to 

whether they ‘always’/‘sometimes’ or ‘never’ took out insurance (Table 2.4).  

 
Table 2.4 - Take-up of insurance compared to how stakeholders ranked natural disturbances as 
a cause of loss to their projects 

*Example below: Of those that always or sometimes took out drought insurance, 75% listed drought 

amongst their top three causes of loss. 

 Rank 1-3 Rank >=4 Number of responses 
Drought    

Always/Sometimes 75%* 25% 8 

Never 56% 44% 36 

Earthquake/seismic activity    

Always/Sometimes 33% 67% 3 

Never 10% 90% 31 

Fire    

Always/Sometimes 74% 26% 35 

Never 67% 33% 12 

Flood    

Always/Sometimes 40% 60% 5 

Never 12% 88% 25 

Pests and diseases    

Always/Sometimes 75% 25% 8 

Never 70% 30% 40 

Snow/Ice    

Always/Sometimes 0% 100% 7 

Never 12% 88% 26 

Wind    

Always/Sometimes 63% 38% 24 

Never 64% 36% 22 

 

The results do not show a clear relationship between experience of loss and the 

take-up of insurance. For drought, fire, pests and diseases and wind, the majority of 

those who took up insurance had ranked these risks highly. However, the majority of 

those taking up earthquake/seismic, flood and snow/ice insurance did not rank 

these risks as highly. Conversely, in the case of those who never took out drought, 

fire, pest and disease or wind insurance, the majority ranked these risks highly.  

 

The level of take-up of a given type of insurance is affected by its availability. When 

asked if there were any types of natural disturbances that they would like to insure 
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against but could not because of a lack of availability, the most frequent response 

was pests and disease insurance at 42% of respondents. This was followed by 

drought at 13%, fire at 7%, and flood and wind at 5%. However, insurance against 

fire and wind is widely available, and those that referred to a lack of availability of 

these types of insurance referred to insurance not being available ‘at the right price’ 

as opposed to not at all. Three larger organisations commented that they preferred 

to ‘self-insure’ across projects through e.g. diversifying location, age and species. In 

addition, two organisations said that they would undertake a cost benefit analysis to 

see if purchasing insurance was preferable to self-insuring. 

 

2.4.5 Current risk assessments: Insurance respondents only 
 

This section contains the results from Section C of the survey addressed only at 

insurance respondents. For simplicity insurers/insurance in this section is used in its 

widest connotation to refer to the insurance sector as a whole i.e. including 

reinsurers and reinsurance. Insurers were asked what type of natural disturbance 

insurance they most frequently offered (ranked by volume of business) and what 

level of demand they experienced for these different types of insurance. The latter 

was aiming to establish what kind of insurance/reinsurance clients wanted as 

opposed to what was on offer.  

 

The response variable from the insurance perspective (Figure 2.6) indicates that fire 

is the most commonly provided type of insurance for all respondents who all receive 

high demand for this type of product. Wind is the second most commonly provided 

type of insurance for all respondents and most experience high demand for this type 

of insurance, with a quarter experiencing medium demand. Insurance against snow 

and ice was the third most common insurance, followed by flood, 

earthquake/seismic activity and drought insurance. This was mirrored by declining 

levels of either high or medium demand for these types of insurance from insurers. 

Pest and disease insurance is highly demanded from 25% of respondents, but is the 

least commonly insured. 
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Figure 2.6 – Types of natural disturbance insurance/reinsurance ranked by volume of business 
versus level of demand from clients (insurance stakeholders only, n=12) 

 
 

In order to try and determine what the issues might be in offering insurance, insurers 

were asked if there were any types of natural disturbances that they currently did 

not provide insurance for but would like to and, if this was the case, why they did not 

offer it. Just under half of the insurance respondents (5 out of 12) said that they 

would like to offer pest and disease insurance; 2 flood insurance and 1 ‘rainfall 

trigger for saplings, marine through put cover [sic]’ – but did not do so. All of those 

who wanted to offer pest and disease insurance said that the reason that they did 

not was due to inadequate, unreliable data leading to an inability to model risk. 

Additional concerns expressed were: how to define the point at which a pest and 

disease event occurs, concerns that pests and diseases might already be present 

prior to insurance being offered, difficulties in defining when a pest and disease 

infestation ends, and the associated ‘endless losses’. Only general comments about 

a lack of suitable data/information were provided in relation to not being able to offer 

insurance for floods or ‘rainfall’.  
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Finally, insurers were asked whether or not claims for natural disturbances have 

been notably increasing or decreasing in recent years (Figure 2.7). The biggest rise 

in claims in recent years has been in claims against wind damage loss with 75% of 

insurers reporting rising claims from this type of disturbance and over half seeing 

significant increases. Half of respondents had seen rises in claims from fire losses. 

However, aside from a couple of insurers seeing a small rise in snow and ice claims, 

insurers reported no major increase or decrease in claims from other types of 

natural disturbance in recent years for which they offer insurance. 

 
Figure 2.7 – Change in level of claims from natural disturbances in recent years (insurance 
stakeholders only, n=12) 

 
 

2.4.6 Assessment of natural disturbance risks  
 

Most respondents (96%) answered the questions about what approaches they used 

to assess wind, fire and pest and disease risk (Figure 2.8). Of those that did 

respond, a number did not provide a response to every approach but left some 

blank. It is not clear whether blank meant that they never used this approach (in 

which case they should have ticked never), or that they did not know. As such the 

blank responses were excluded and the bars do not total to 100% - the gap 

representing the unknown response. The chart shows the responses in order of the 
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approaches receiving the highest total for ‘Always’ + ‘Sometimes’ used. Total 

proportions (%) of insurance respondents who always or sometimes use a particular 

approach are shown at the end of the bar. 

 
Figure 2.8 – Usage of different approaches to assess different types of natural disturbance risk 
(all stakeholders, n=69) 

 
*Ins A/S: x% =  The proportion (%) of insurers only that sometimes or always use this approach. 

 

By far the most common means of assessing risks to projects is the use of historic 

loss data from the actual projects where it is available, as such data is considered 

more accurate than any estimates from research and analysis. This is particularly 
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true for insurance stakeholders who always use this information for fire and wind 

projects. Historic loss data from regional and national authorities is only slightly 

more used than project information for pest and diseases. Local weather information 

is second in importance for assessing wind and fire risk followed by regional and 

national scale information. Almost two-thirds of respondents use fire indices and just 

under a half remote sensing/Geographical Information Systems (GIS) to assess fire 

risk. Future climate change is also an important factor for over half of respondents in 

assessing wind and fire risk. Internally and externally developed empirical models  

are used by around 30-40% of respondents to assess wind and fire risk but less 

commonly used to assess pest and disease risk. However, insurance stakeholders 

make much greater use of internally developed empirical models to assess wind 

and fire risk than non-insurers i.e. 67% of insurers always or sometimes use 

empirical models to assess wind versus 26% of non-insurers, and 75% of insurers 

use them to assess fire versus 34% of non-insurers. Mechanistic models and global 

historic loss data are used but are amongst the least common methods of 

assessment in all cases. Insurance stakeholders do not assess pest and disease 

risk very often and make less use of the approaches listed e.g. 33% always or 

sometimes use data from regional/national authorities versus 73% of non-insurers, 

25% use project data versus 73% of non-insurers and 25% use RPPO information 

versus 60% of non-insurers.  

 

In additional comments, two respondents said that site management formed part of 

the assessment of wind risk; and one commented on the lack of available wind 

information in emerging markets. Seven respondents commented that they also 

assessed the fire risk arising from neighbouring land and the level of accessibility by 

the public, whilst a further four respondents commented on the need to assess the 

local fire-fighting capability. Finally, several respondents commented on the limited 

level of information on pest and disease risk. Additional sources used to assess pest 

and disease risk included information from national forest organisations, industry 

experts and external consultants.  

 

2.4.7 Development of new risk analysis techniques (all stakeholders) 
 

A wide range of individual requests for information were provided in response to the 

question ‘What information do you need for risk assessments in relation to natural 
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disturbances to forests that is not currently available?’ 44 respondents (61% of 

those surveyed) answered this question. Since the responses are confidential and 

cannot be attributed back to respondent, summary points only have been drawn by 

coding responses into categories (percentages shown below are the proportion of 

those that responded): 

• 18% of those that responded said that they had sufficient information and 

needed no more. 

• 21% specifically requested further information on pests and diseases. 

Information requested included maps of where pests and diseases are 

currently present; predictive information on likely outbreaks; and GIS 

databases of outbreaks and associated loss/impact data. 

• 18% specifically requested better information on wind risk, which included 

requests for better loss data on the characteristics of damaged trees e.g. 

age, species and so forth; vulnerability functions (i.e. how much damage 

different wind strengths may cause); as well as better probability and return 

interval information. 

• Only 7% requested better fire information primarily in relation to predictive 

ability. 

• Only 5% requested better information on drought. 

• 9% requested better weather/climate change information in general. 

 

The question: ‘How long would you typically spend (or be willing to spend) to 

perform a risk assessment for natural disturbances for a new forest project (e.g. 

hours, days, weeks etc.)?’ was answered by 78% of respondents. Whilst the 

question asked for a ‘typical’ assessment length, 23% of respondents felt they could 

not give a specific answer as the length varied so much. The remainder were almost 

equally split between hours (27%), days (27%) and weeks (23%). Only one of the 

latter typically took longer than 2 weeks. 

 

Clear responses were provided by 71% of respondents to the question: ‘At what 

scale/resolution should the approach operate? Project/regional/national level? E.g. 

for a particularly large project would you be interested in an approach that requires a 

large number of site-specific inputs and a longer time for assessment but that would 

be more accurate? Or would you prefer a generic tool that works for a number of 

sites or across a region/globally?’. The remaining 29% included both non-responses 
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and responses that were insufficiently specific to categorise. Many respondents 

gave more than one answer to this. Regional level was the most popular response 

(65% of respondents), followed by project level (55%), and 24% of respondents 

specifically asked for both project and regional scale information. Only 24% 

requested national scale information but all of these also requested either regional 

or project scale information i.e. no respondent wanted to rely solely on national 

scale information. 

 

Finally, the survey ended with an open-ended question asking respondents to 

‘Please provide as much detail as possible on the ideal format for risk information 

e.g. would you prefer: annual time series on actual/estimated losses to analyse; or 

pre-analysed information. If the latter, in what format? E.g. probability distributions, 

average losses, worst-case losses with return intervals etc?’ 65% of respondents 

answered this question and provided many individual specific requests. Again 

individual responses cannot be shown but coding into categories revealed the 

following: 

• 55% of those who responded requested pre-analysed information showing 

trends such as average/worst-case losses and return intervals/probability 

distributions; 

• 32% wanted annual time series data from which to process analyses 

themselves; 

• Only 13% wanted both annual time series data and pre-processed 

information. 

 

 

2.5 Discussion 
 

2.5.1 Responses 
 

Although only 12 out of the 72 responses were from the insurance sector, the 

responses received are highly representative of the market. Around 80% of 

insurance is estimated to be reinsured (a multinational insurer in confidence, pers. 

comm.) and the reinsurance market is highly consolidated with the top 10 reinsurers 

constituting just under 70% of Gross Written Premiums (AM Best, 2017). The two 

largest reinsurers - SwissRe and MunichRe - alone make up over 30% of these 
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premiums (AM Best, 2017). Our respondents included both SwissRe and MunichRe 

along with other leading multinational reinsurers such as PartnerRe and QBE. As 

such the responses are likely to be based on a high proportion of forest insurance 

premiums although exact figures on forest insurance/reinsurance market shares are 

not available. 

 

The 60 non-insurance sector responses provide a cross-section of stakeholders with 

many identifying as being more than one type e.g. forest manager as well as 

investor and project developer. There are no available figures on the market shares 

of non-insurance respondents however many are large multinational conglomerates 

such as Global Forest Partners, Sappi, New Forests, and the World Bank. 

Responses were also dispersed through the continents although responses from 

organisations with projects in Asia were relatively low at 14%. No organisations 

based in China or Russia responded to the survey, which may partly be a reflection 

of the censorship in relation to correspondence via email or internet in these 

countries. Little contact information was available online and queries went 

unanswered.  

 

Many more respondents (86%) were involved in timber projects as opposed to 

carbon projects (32%) which probably reflects the relative size of these markets. 

Insurance of forest carbon projects is much lower than for timber, partly because 

most forest carbon certification schemes, such as the Verified Carbon Standard 

(Verified Carbon Standard, 2017), Gold Standard (Gold Standard, 2018) or UK’s 

Woodland Carbon Code (Forestry Commission, 2018) require each project to set 

aside a certain amount of sequestered carbon units into a pooled buffer which is 

used as a reserve against losses in preference to insurance.  

 

2.5.2 Perceptions and experience of forest loss 
 

2.5.2.1 Overall losses from natural disturbances 
 

Forest stakeholders estimated the mean average annual loss rate from natural 

disturbances to global forests as 5%, however, when asked about their own 

experience of loss, respondents reported much lower actual losses. Over half (57%) 

said they experienced losses of 1% or less, and only 27% had experienced losses 
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of 5% or more. Stakeholders are therefore not basing their perception of the risk to 

global forests on their own experience. Given the absence of global statistics on 

losses from natural disturbances, the perception cannot be based on statistical 

evidence either. Perhaps stakeholders perceive that management lowers the rate of 

loss, or they could be underreporting loss due to commercial sensitivity, however 

further investigation is needed to understand this bias. The lack of global statistics 

for comparison and significant variation in estimates suggests, that this is a key area 

for academic research to provide further insight.  

 

2.5.2.2 Losses from individual natural disturbance risks 
 

By contrast, the order in which stakeholders collectively ranked individual natural 

disturbance risks as a cause of loss to global forests (Figure 2.1) exactly matched 

the order in which they had experienced losses to their own projects (Figure 2.3): 

with fire as the highest cause of loss, followed by pests and diseases, wind, drought, 

flood, snow/ice and earthquake/seismic activity. This suggests that experience of 

losses from individual natural disturbances to their own projects may have 

influenced the perception of the relative risk to global forests. Given the absence of 

global statistics on relative losses from different natural disturbances to global 

forests, these results provide new insight into which natural disturbances are having 

the most impact on the commercial forest sector.  

 

Insurers ranked wind and snow/ice more highly as a cause of loss to global forests 

than non-insurers, above drought and flood risk respectively. When considering only 

losses from their own projects, insurers ranked wind as the second highest cause of 

loss behind fire whereas non-insurers ranked pests and diseases second, and again 

insurer’s ranking of snow/ice loss was higher than flood loss. These differences 

could be a reflection of the fact that fire and wind insurance are by far the most 

common types of insurance, whereas pest and disease, drought and flood 

insurance are far less prevalent (Figure 2.6). Insurers will only have experienced 

claims for the insurance that they offer, so their awareness of losses from other 

causes may be lower. It may also be the case that the projects insured are more 

susceptible to the type of disturbance insured against and again this could affect 

experience of relative loss between the different types.   
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Commercial sensitivity prevented more than a few respondents providing quantified 

losses from individual disturbances from their own projects (as opposed to relative 

rankings), so comparisons could not be made between perceived and experienced 

rates of loss. However, when asked to estimate the amounts lost to each type of 

natural disturbance at the global scale, the modal response for each natural 

disturbance type for both insurance and non-insurance stakeholders was ‘less than 

1%’ (Figure 2.2). However, when comparing the means (Table 2.3), insurers overall 

estimated losses to be significantly lower for pests and diseases, drought and flood, 

than non-insurers. It is not clear why this is the case and this warrants further 

investigation.  

 

The latest FAO report provides estimates of global annual losses due to fire at 

around 1.7% (van Lierop et al., 2015, FAO, 2016), this closely matches the 

insurance mean estimate of 1.65% global losses, and is close to the non-insurance 

mean loss estimate of 2.23%. Global figures for other disturbances were not 

available in the 2015 report to compare to stakeholder estimates. However, in the 

2005 reporting period, there were some estimates on pests and diseases, with an 

average 1.6% of global forest area estimated to be affected by insects annually, and 

0.2% by diseases (FAO, 2010). Non-insurance respondents estimated average 

annual mean losses of 1.89% from this cause, suggesting that if loss rates remain 

similar to that in 2005, perceptions are close to available statistics. However, 

insurers estimated a lower mean average of 0.94%.  

 

2.5.2.3 Trends in individual natural disturbances 
 

With the exception of disturbance from snow/ice and earthquake/seismic, 

stakeholders expect losses from natural disturbances to increase in future (Figure 

2.1). This can partly be explained by the fact that stakeholders have already 

experienced increases in losses from fire, pests and diseases, wind and drought in 

particular in recent years – although only losses from pests and diseases are 

reported to have been increasing significantly (Figure 2.3). This is partly due to the 

fact that pest and disease risks are increasing not just due to climate change, but 

also due to the identification of new pests and diseases and existing ones being 

transferred to new locations via vectors such as international shipping (Freer-Smith 

and Webber, 2017). 
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All insurers felt that the level of risk from wind events would increase in future, 

whereas only 65% of non-insurers did, whereas more non-insurers than insurers felt 

that pest and disease risk would increase. The higher proportion of insurers 

expecting wind risk to increase could be explained by the fact that 78% of insurers 

reported recent increases in wind losses on their projects versus only 32% of non-

insurers. The estimates of future increases are higher than those experienced, so 

this suggests both that respondents are influenced by recent experience but are 

also aware that losses are likely to increase under climate change. This evidence 

lends some support to the availability heuristic, whereby recent experience of loss 

leads to an increased expectancy of future loss (Slovic et al., 2004).  

 

The results tie in with current research which suggests that disturbances are likely to 

continue to rise under climate change (Bolte et al., 2009, Allen et al., 2010, Lindner 

et al., 2014, Landmann et al., 2015, Seidl et al., 2017). Temperature and 

precipitation levels will vary by location and interannually but warmer and drier 

conditions are likely to increase the incidence of fire, drought and insects in 

particular, whereas warmer and wetter conditions are likely to cause greater 

increases in wind and disease (Seidl et al., 2017). We do not consider interactions 

between disturbances in this survey, however such relationships may also be 

affected by climate change, although research has suggested they may offset each 

other and may not lead to an increase in overall disturbance (Lucash et al., 2018). 

Furthermore, some studies have shown that, whilst interaction does occur, it is the 

direct impact of drought that has the most impact (Seidl et al., 2017).  

 

 

2.5.3 Risk assessment 
 

2.5.3.1 Functional requirements for risk assessment  
 

The results showed that assessment of natural disturbances risks is common 

amongst non-insurance stakeholders prior to the commencement of new projects. 

Over two-thirds of respondents either always or sometimes assessed all types of 

natural disturbance risk covered by the survey apart from snow/ice and 

earthquake/seismic activity which were less commonly assessed (Figure 2.4). This 
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is most likely due to these risks not being present in all locations as opposed to 

them not being seen as important to assess. 

 

The length of time taken to assess risk reported by respondents varied from days to 

hours and weeks, however, only one respondent said that assessments may take 

longer than a few weeks. The significance of this is that when developing new 

techniques to assess risk, researchers and academics must ensure that results are 

available within a short time period. Assessments that take longer than a few days 

due to high data input requirements or complex analyses are unlikely to see a high 

take-up amongst the sector.  

 

Both project and regional scale risk assessments are required. Whilst historic 

records or analysis of past loss at project level are valuable, regional assessments 

may in some cases be a better indicator of risk if the projects are in a high risk area 

but have been ‘lucky’ not to be affected to date. For example, fire requires ignition, 

so projects may have been a potential ‘tinderbox’ but escaped loss due to lack of an 

ignition source. Regional risk analyses exist for a number of disturbances such as 

wind (Ikonen et al., 2017, Saad et al., 2017) and fire (Aragao and Shimabukuro, 

2010, Faggian, 2018), which can be used to supplement any project level risk 

assessment. However, the ability to use such analyses depends on a regional 

analysis being available encompassing the project requiring a risk assessment, or 

an existing approach being rapidly adaptable to the region within the timescale 

needed for the assessment.  

 

The responses to the open-ended question on the ideal formats for any information, 

showed that the majority (55%) prefer pre-analysed information with return 

intervals/probability distributions of different levels of loss – in particular average 

(expected) and worst-case (unexpected) losses. Just under a third (32%), however, 

would prefer the raw annual time series data from which to calculate their own 

analyses, with only 13% wanting both the raw and pre-analysed data. There is 

therefore demand for both decision support tools and provision of datasets on 

different types of natural disturbance risk from the sector. 
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2.5.3.2 Approaches used to assess fire risk (Figure 2.8)  
 

Historic loss data from regional and project sources, together with weather data are 

the most common means of assessment of fire risk. Non-insurers will investigate the 

risks of any potential investment as part of the due diligence process and any 

historic loss data would be a key consideration. A key factor in pricing insurance risk 

is historic loss from the entity being insured and so it is unsurprising that all insurers 

use project data where available (Thoyts, 2010). Fire requires dry fuel to burn and 

the rate of spread is impacted by meteorological conditions such as wind, so 

weather and climate data are also key to risk assessments (Khastagir et al., 2018) 

and stakeholders will therefore have a continued interest in new research and 

approaches to predict weather and future climates.  

 

Fire danger indices are used by around two-thirds of stakeholders to assess fire 

risk. Interviews during the Forest Finance Risk project revealed that these include 

indices such as the Canadian Forest Fire Weather Index (Wagner, 1987) and the 

McArthur Forest Fire Danger Index (Dowdy et al., 2009, Sanabria et al., 2013), 

which integrate weather and fuel information to provide danger warnings on the 

current risk of forest fire (Matthews, 2009). Whilst indices are used to provide status 

on the current fire risk, analysis of indices over time can provide a means of 

estimating potential fire risk to projects (Sanabria et al., 2013), and indices can be 

linked to climate projections to predict future risk (Faggian, 2018). Insurance 

stakeholders have also developed internal models to link forest fire weather indices 

to weather data to predict fire risk (Welten et al., 2015). However, whilst many 

national and regional authorities provide such indices on a daily basis, they require 

tailoring to local conditions and regular input of weather data, and are not globally 

available for all potential forest project locations, presenting opportunities for new 

research. 

 

Just under half of stakeholders use remotely sensed data to assess fire risk. 

Remote sensors onboard satellites can detect active fires (through mapping heat or 

light) and historic fires (through burned areas). Specially developed algorithms are 

used to develop historic geo-referenced datasets. MODIS (Moderate Resolution and 

Imaging Spectroradiometer) and Landsat sensors are the most commonly used 
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sensors to date but resolution and historical availability of data vary. For example, 

MODIS fire information is available globally at 1km resolution for active fires, and 

500m resolution for burned areas from 2000. Landsat data is available at 

increasingly higher resolution over a longer time period e.g. at 60m resolution from 

1972, but down to 15m resolution for the latest Landsat satellites (Landsat 7&8). 

Datasets are freely downloadable for non-commercial purposes by academics and 

researchers to process and derive long term trend and return interval information, 

however, processing historic MODIS data from 2000 for a country such as 

Cameroon could take half a day and around a day for a medium sized country (E. 

Mitchard, pers. comm.). Non-technical end users can view active fires from the last 

24/48 hours and fire history information for a particular location using free online 

tools such as the National Aeronautics and Space Administration’s (NASA’s) Fire 

Information for Resource Management (FIRMS) tool for MODIS data (NASA, 2019) 

and the European Commission’s European Forest Fire Information System (EFFIS) 

(European Commission, 2019). The information can provide basic trend information 

for countries and regions where there is an absence of quality historical data.  

 

There are, however, some issues in using remotely sensed data. For example, 

studies have shown that MODIS misses many smaller or less intense fires because 

of its relatively coarse 1 km resolution and it is affected by cloud cover and aerosols 

(McMorrow, 2013). Synthetic aperture radar (SAR) can penetrate cloud, to detect 

burn scars (Millin-Chalabi et al., 2014) but has not been available as long. For 

example the dataset from the European Space Agency’s Sentinel sensor only goes 

back to 2003.  

 

In general, remotely sensed information has only been widely available since the 

late 20th century, but new techniques are aiming to reconstruct longer term fire 

histories by combining information. For example, remotely sensed burned area 

datasets from satellites over periods of around 20 years, can be compared to local 

fire danger weather indices to evaluate and calibrate the influence of climate 

feedbacks on the fire regime. Using this dynamic, fire histories can be estimated 

over longer periods than that for which remotely sensed data is available, using 

longer term weather records (Balzter et al., 2010).  
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There are complex interactions and feedbacks between fire, vegetation type, land 

use and climate which make future fire scenarios particularly difficult to predict. 

Modellers have therefore been developing fire modules that can be incorporated 

into or linked to other model types that represent each of these factors to provide 

such factors. For example, fire models such as SPITFIRE (Thonicke et al., 2010) 

and Reg-FIRM (Venevsky et al., 2002) can be linked to dynamic global vegetation 

models (DGVMs), which measure changes in vegetation, such as the Lund-

Potsdam-Jena dynamic global vegetation model (LPJ-DGVM) (Sitch et al., 2003) or 

JULES (Best et al., 2011, Clark et al., 2011). These DGVMs provide inputs to earth 

system models such as the UK Met Offices HADCM3 model. Various combinations 

of such models can be used to investigate how scenarios of climate change and 

forest management interact with fire: for example linking fire and vegetation models 

(Venevsky et al., 2002, Lehsten et al., 2009, Yue et al., 2015). Results can be 

calibrated and validated against historical data. However, it is early days for this sort 

of modelling and analyses are localised and not available at the breadth and scale 

that forest stakeholders require. Furthermore, the ability to predict future risk is 

compounded by uncertainties in future climate projections of key variables such as 

precipitation and drought.  

 

A wide range of approaches are currently available to stakeholders to assess fire 

risk to supplement any project and regional historic datasets and there is already 

significant uptake within the sector. Insurers clearly must assess fire risk when 

pricing insurance, but the availability of approaches explains why over 80% of all 

non-insurance stakeholders assess fire risk prior to new projects Figure 2.4, and 

suggests that demand for new and enhanced approaches will be high in future.  
 

2.5.3.3 Approaches used to assess pest and disease risk (Figure 2.8) 
 

Historic loss data from regional and project sources are the most common means of 

assessment used by around two-thirds of non-insurance respondents where 

available. However, estimating pest and disease risk is a compound risk made up of 

the individual threat posed by each pest and disease (Davies et al., 2017). In 

addition, new pests and diseases continue to be identified, and existing ones spread 

to new regions making it difficult to forecast future impacts with certainty (FAO, 

2009, Freer-Smith and Webber, 2017). Outbreaks can also be cyclical, for example 
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bark beetle outbreaks after a storm when the amount of damaged timber increases, 

or correlated with other natural disturbance events such as drought, which weaken 

trees and make them more susceptible to infestation and infection (Seidl et al., 

2011b). Statistics on incidence rely on reporting which may be sensitive (FAO, 

2009), and natural forests may also have a lower degree of monitoring than planted 

forests. Even where historical trends can be established, they do not necessarily 

assist in predicting future losses which may come from newly introduced species not 

captured in historic figures – for example, Ash dieback’s arrival in the UK which is 

currently devasting the nation’s ash trees (Mitchell et al., 2014). 

 

For these reasons, respondents primarily relied on regional/national authorities to 

provide information upon which to assess pest and disease risks – such as the 

Regional Plant Protection Organisations established under the International Plant 

Protection Convention, which provide lists and information on current known threats 

(IPPC, 2015) . Aside from this, historic loss data from actual projects are used, but 

empirical and mechanistic models are used by less than a third of respondents. 

Insurers show a low take-up of approaches, however, this is primarily as pest and 

disease insurance is the least common type of insurance provided (Figure 2.6) and 

consequently infrequently purchased (Figure 2.5).  

 

Given that pest and disease risk is the most commonly assessed disturbance risk, 

assessed by almost all non-insurance stakeholders, this suggests high demand for 

new approaches to assess pest and disease risk.  

 

One promising new area in identifying pest and disease risk is remote sensing. 

There are calls for satellite monitoring of deforestation including pest and disease 

infestations, however, such large-scale initiatives are in the early stages (Lynch et 

al., 2013). However, new research is emerging that is identifying ways of measuring 

pest and disease risk via remote sensing by detecting stress factors such as 

changes in foliage and temperature. This includes approaches that identify 

individual pest and diseases from spectral signatures (Riggins et al., 2011, Li et al., 

2014, Lin et al., 2014). Airborne thermal systems have been used to detect changes 

in canopy temperature as an indicator of red band needle blight (Smigaj et al., 

2019), and airborne Lidar has been used to detect diseased larch stands infected by 

Phytophthora ramorum (Barnes et al., 2017), however as yet such approaches have 
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not been applied at temporal or spatial scales, or breadth of pest and disease 

coverage to be widely used by the sector (Stone and Mohammed, 2017). Given the 

rapid turn-around times required for risk assessment, real or near-real time analyses 

are not possible. Pre-processed datasets of trends associated with decision support 

tools would be needed, in the way that such tools have made remotely sensed fire 

data available to the commercial sector (Stone and Mohammed, 2017). Interviews 

during the risk network projects and subsequent Fellowship, indicated that whilst the 

sector, particularly insurers, were aware of these developments they were not yet 

being used – as such this approach was not included in the survey options. 

 

2.5.3.4 Approaches used to assess wind risk (Figure 2.8) 
 

Where available, datasets on historic losses from storms at project and/or regional 

level are widely used by stakeholders. As with fire, all insurers use project data as 

this is part of the pricing process for insurance premiums. Reliance is also high on 

local weather data, and again particularly amongst insurers – all of whom use such 

data. Future climate projections to predict occurrence of windstorms are also used 

by around half of all stakeholders and three-quarters of insurers. This latter finding is 

surprising, given that there is limited ability at present to predict the return intervals 

of future storms according to research (Seneviratne et al., 2012, Lindner et al., 

2014) 

 

Amongst non-insurers, externally developed empirical models are more widely used 

than internally developed empirical models – unlike fire and pest and diseases 

assessment where the reverse is true. However, insurers strongly prefer internally 

developed empirical models. This is primarily due to the fact that insurers have 

access to internal data across a range of projects that they have insured from which 

to develop their own models (various insurers in confidence, pers. comm.). 

Empirical models to estimate wind risk are developed through the analysis of 

existing wind events in specific locales. Such models do factor in vulnerability, but 

their development is conditional on large datasets being available recording a range 

of parameters for damaged and undamaged trees following the wind event. Such 

key parameters include the species of tree, tree height (and height/diameter ratio), 

age, crown properties, stand edges, thinning regimes, root properties, topography 

and soil properties (Hanewinkel et al., 2011, Mitchell, 2013). Tree height is generally 
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agreed to be the most important variable governing susceptibility, but the relative 

importance of other factors varies according to the study/model/location (Gardiner et 

al., 2011). Conifers are generally more susceptible than broadleaves but variations 

in locale, species and adaptation make it difficult to generalise (Gardiner et al., 

2011). 

 

A large volume of external empirical studies are available for different forest types 

and geographical locations (e.g. (Valinger and Fridman, 1999, Albrecht et al., 2012, 

Hanewinkel et al., 2014b), however they are often only usable in the area in which 

the data was gathered (Gardiner and Welten, 2013) and so unless a study has been 

done for the specific forest project being developed they are unlikely to be of much 

use to stakeholders. In addition, risk assessments require significant data gathering 

and input which may not be feasible and may take too long given risk assessment 

turn-around time requirements. Furthermore, many studies are only available in 

peer-reviewed, subscription-based journals which will be inaccessible to many. This 

explains why usage by non-insurance respondents of internal and externally 

developed empirical models is relatively low (less than 40%) compared to other 

approaches. 

 

An alternative approach to assessing wind risk is to use mechanistic or process-

based models which are developed by identifying the causal factors or processes 

that lead to tree overturning and breakage (e.g. tree height, species etc as above) 

and then identifying the presence of these factors in a given forest project. An 

advantage of these models is that since they rely on causal factors they do not 

require historic datasets on losses, although elements of these models may be 

derived from empirical analyses. They therefore have particular potential in locations 

for new projects where no, or insufficient, data on historical wind losses are 

available. They do however require local climate data. 

 

The two most widely used models of this type are ForestGALES (Gardiner and 

Quine, 2000) and HWIND (Peltola et al., 1999), however, other models do exist 

such as WINDA (Blennow and Sallnas, 2004) and FOREOLE/CAPSIS (Ancelin et 

al., 2004). As an example of such models, ForestGALES typically requires data to 

be input from field measurements or yield models on a range of tree and stand 

characteristics as well as upwind edge effects, however, tree height, stem diameter, 
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spacing, and species are the most important of these variables (Nicoll et al., 2015). 

Provided these data are available for a given investment, together with provided ‘a’ 

and ‘k’ values for Weibull distributions of local windspeed, a reasonable estimation 

of risk can be provided using default values for the other factors (Nicoll et al., 2015). 

ForestGALES identifies the critical wind speeds at which trees are subject to 

uprooting or stem breakage, and provides the expected return period of such winds 

i.e. average number of years between wind speeds exceeding the critical level 

(Nicoll et al., 2015). However, it only provides the probability of an average tree 

being damaged within a stand, but not the proportion of the stand that is likely to be 

damaged (Nicoll et al., 2015). As such, it provides insurers and forest managers 

information on the likelihood and return interval of wind losses but not how much of 

the stands might be damaged which affects likely salvage rates. Such small-scale 

wind damage models are now being linked to earth system models, such as the 

large scale land surface model ORCHIDEE-CAN, delivering the potential for 

regional and even global scale estimates of wind damage (Chen et al., 2018).  

 

The responses suggest that the approaches discussed are widely available and 

utilised by the sector, however, information could be improved by the provision of 

vulnerability and impact factors into mechanistic wind models, and predictions of the 

return intervals of storms under future climates.  

 

2.5.3.5 Approaches used to assess drought risk 
 

The preparatory phase of interviews prior to the survey, indicated that fire, wind and 

pests and diseases were the biggest concerns to forest stakeholders and hence the 

survey asked additional detailed questions about how these risks were assessed. It 

is however clear from the results that drought is also a significant concern, and was 

identified as the fourth largest perceived risk to global forests and cause of losses to 

respondent’s own projects. Although losses have not been increasing appreciably in 

recent years, most feel that losses in future will increase significantly. As such, 

questions should have been asked about approaches to assessing this risk and 

should be included in any future surveys. 

 

A further issue identified post survey during a subsequent project is that drought 

loss should have been split between losses in yield (rate of growth) and mortality – 
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both of which are of concern to forest stakeholders, and again this should be 

rectified in any future surveys. Prolonged drought may cause significant yield 

reduction in both carbon and timber terms, and extreme drought can cause large 

scale die-offs (McDowell et al., 2011, Anderegg et al., 2015). The susceptibility of 

trees to drought depends not only on the ecological characteristics of the tree 

species but also on the soils present. The ability of soils to store and also to release 

water to plants is affected by a number of factors including soil (and rooting) depth, 

permeability, sand/silt and organic matter content, capillarity etc. The impact of 

drought can be lessened where the available water content of the soils is higher and 

the level of the water table is high enough to allow root access.  

 

As well as the considerable uncertainties mentioned earlier in relation to predicting 

the future likelihood of drought (Marengo et al., 2011, Seneviratne et al., 2012, 

Bugmann et al., 2019), there are also currently considerable uncertainties in 

modelling the impacts of drought, especially mortality (McDowell et al., 2011). 

DGVMs link changes in vegetation to climate factors and are key tools in predicting 

forest loss due to drought, however, it is early days for this technique and further 

testing and experimentation is needed before they can become accurate tools for 

prediction (Meir and Woodward, 2010, McDowell et al., 2011). At present there is 

considerable variability in the outputs of digital vegetation models especially in 

relation to mortality (Bugmann et al., 2019). MOSES-TRIFFID is one example of a 

DGVM being used for this purpose but considerable uncertainties still exist in its 

application (Huntingford et al., 2013). However, such models require specialist 

operation and are not yet suitable for use by non-expert forest stakeholders.  

 

Remote sensing is bringing new capability to measure the extent and severity of 

drought events using a variety of indices developed from tailored algorithms using 

sensed data (Zhang et al., 2013). For example, a recent analysis used sensors to 

compare the ‘greenness’ of forests to vegetation indices to indicate drought 

sensitivity and compare them with precipitation indices to assess drought impacts. It 

estimated that 46% of the Brazilian Amazon biome was under severe to extreme 

drought in 2015/2016 compared to 8% and 16% for the 2005 and 2010 droughts, 

respectively (Anderson et al., 2018). Such techniques can provide indications of 

stress and are beginning to assess damage levels that can impact on yield, but 

there are limitations in relation to timescales, and technical constraints such as 
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precision/resolution and differences between indices, to be used for commercial 

assessment (Zhang et al., 2013). Global datasets derived from such techniques with 

calculated impacts and return intervals of the kind needed to support risk analyses 

required by forest stakeholder and underpin insurance may prove possible in future. 

 

2.5.4 Information underpinning risk management and insurance 
 

It has been shown that perception of risk may not always lead to adaptive action to 

mitigate and reduce risk (Marzano et al., 2013, Bissonnette et al., 2017), forest 

owners/managers may, for example, choose to accept risk instead (Gardiner and 

Welten, 2013, Marzano et al., 2013). However, an absence in such awareness 

would likely lead to inaction. The survey results show clearly that lack of awareness 

is not limiting action by the commercial forest sector. 

 

The survey is focused on awareness of risk and whether gaps in information are a 

barrier to adaptive action, however, it did not investigate whether awareness or 

information had resulted in adaptive management by participants. However, since 

the commercial forest stakeholders were defined to include insurers/reinsurers it did 

investigate the use and availability of insurance, which is a tool for risk 

management. Information on the frequency and severity of loss is vital to insurers in 

order to calculate the correct premium (Welten et al., 2015), and underpins the 

insurance market. The same information is used to underpin risk management by 

the wider commercial sector and therefore the results of this investigation also 

provide further insight into the gaps in information for the wider sector.  

 

Insurance industry estimates indicate that take-up of insurance against disturbances 

is low within the sector (Welten et al., 2015). Some respondents, particularly larger 

multinationals, stated that they preferred to spread risk by location, age and species 

as they could ‘self-insure’ in this way more cheaply than purchasing comprehensive 

cover across their assets. Also, catastrophic disturbance tends to be a low 

frequency, high severity event, and a lack of prior experience of loss, was felt to be 

a reason why many organisations that experienced losses from windstorms 

between 1990 and 2009 in Europe were not insured (Gardiner and Welten, 2013). 

Similarly, when storm Gudrun hit Sweden in 2005 – only 40% of forest owners were 

insured against loss of income (Marzano et al., 2013). Our survey results concurred 
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with these findings in that only around half of non-insurers always took out 

insurance against fire and only a fifth against wind – although additional 

respondents said they ‘sometimes’ took out insurance (Figure 2.5). Only around 

10% or less of respondents said that they took out insurance against other 

disturbances (Figure 2.5). 

 

A lack of experience of loss, however, was not found to be the sole reason why 

respondents did not take out insurance. Around two-thirds of those who did not take 

out insurance against fire, wind or pests and diseases also reported these 

disturbances as amongst the highest causes of loss (ranked 1-3) to their projects in 

recent years, and also a high proportion (56%) of those who did not take out drought 

insurance (Table 2.4). Fire and wind insurance are by far the most commonly 

offered types of insurance in terms of business volumes and insurers face high 

demand for these products . Despite the widespread availability of fire and wind 

insurance products, reasons that could account for some of the lack of uptake by 

those who have experienced high losses identified by the survey include the 

following: 

• Self-insurance: - it could be due to the aforementioned tendency amongst 

larger players to ‘self-insure’. 

• Competitive pricing: Only 7% of respondents said that fire insurance was not 

available to them and 5% wind insurance. However, these respondents 

referred to insurance available at ‘the right price’ as opposed to not available 

at all i.e. premiums are seen to be too expensive, perhaps because of 

location in high-risk areas. 

• Missing wind information (1): When asked about gaps in information, 18% of 

respondents requested better information on wind risks. In particular they 

cited a lack of vulnerability functions i.e. how much damage different wind 

strengths cause; as well as more information on the characteristics of 

damaged trees e.g. age, species and so forth; alongside better probability 

and return interval information. 

• Missing wind information (2): there is an absence of globally collated and 

standardised historic datasets on losses from wind, whereas such data is 

available from remote sensing and statistical record in the case of fire. 

However, mechanistic models, such as ForestGales can be used to estimate 

wind risk where such historic data is absent (Nicoll et al., 2015).  
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Despite these issues, however, the provision of approaches to estimate fire and 

wind risk is generally sufficient to underpin a robust insurance market. In addition, 

insurers possess their own datasets of losses derived from projects that they have 

insured against these disturbances and so have additional resources from which to 

develop internal models.  

 

There are, however, different issues explaining the lack of availability and take-up of 

pest and disease and drought insurance.  

 

Only a quarter of insurers reported high demand for pest and disease insurance and 

none a medium level of demand (Figure 2.6), which contrasts with the 42% of non-

insurance respondents who when asked what kind of insurance they would like but 

which was not available – cited pest and disease insurance. There would therefore 

appear to be a mismatch between insurers’ perceived demands for these products 

and the actual demands of the sector. However, when asked what type of insurance 

they would like to offer but did not, the most common answer by 42% of insurers 

was pest and disease insurance, and all of these cited inadequate unreliable data 

as the reason that they could not. This lack of information presents an opportunity 

for the research sector to develop new approaches to assessing this risk to address 

the information gaps. It also explains why pest and disease insurance has the 

lowest volume of insurance provision of any disturbance type (Figure 2.6). Insurers 

are therefore keen to provide pest and disease insurance, despite the possibility that 

their current perception of demand is lower than the actual level. Since pest and 

disease risk is perceived to be the second highest risk to global forests (Figure 2.1) 

and the second highest cause of losses to the commercial forest sector (Figure 2.3), 

and since losses are expected to increase significantly in future (Figure 2.1), this 

suggests that demand for such insurance will only increase. When all stakeholders 

were asked the open-ended question as to what information they lacked for risk 

assessments, the most common reply (by 21% of respondents) was better 

information on pests and diseases. This suggests an audience for such information 

amongst the wider commercial sector and not just insurers. In addition to 

information on frequency and severity of outbreaks, stakeholders requested 

information on the current location of pests and diseases. Insurers specified 

additional concerns around how to identify whether pests and diseases were 
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present prior to the project being insured and also how to determine when a ‘loss’ 

has ended. 

 

The possible mismatch between insurers’ perception of demand and actual demand 

is heightened in respect of drought insurance. No insurer reported high demand for 

drought and only 17% medium demand (Figure 2.6), but this contrasts with drought 

insurance being the second highest insurance type that non-insurance stakeholders 

said they would like but could not access. Drought is not, however, perceived to be 

as high a risk to global forests (Figure 2.1) or been as high a cause of loss to 

existing commercial projects as pests and diseases (Figure 2.3), ranking fourth in 

both instances. However, it was expected to be the disturbance that would increase 

the most in future and therefore move up the rankings. Unlike pest and disease risk, 

however, insurers did not specify a lack of information as the reason why insurance 

was not offered; and only 5% of respondents requested better information on 

drought when asked an open-ended question about information requirements. Since 

current and historic weather and climate data are widely available, this is not 

surprising, as the frequency of historic drought is easy to derive. The ability to 

predict drought risk in future is less certain as previously outlined. However, it is the 

lack of information on the relationship between severity of drought and impact on 

yield and mortality rates that is missing for traditional insurance provision.  

 

However, a recent development in the insurance market has partially offset this 

requirement. This is the rise of weather derivative type insurance or parametric 

insurance for crop insurance (Markovic et al., 2015, Shi and Jiang, 2016). Rather 

than quantifying loss, such insurance products pay out a fixed amount if certain 

weather conditions are met – often assessed by an appropriately constructed index. 

For example, a project developer could ask for a fixed amount of insurance payout if 

rainfall is below a certain level in the spring months. Drought indices showing the 

level of risk of forest fire are already widely used in forestry (Petros et al., 2011), 

however, as yet we are not aware of such a product being developed for 

commercial forest projects in relation to the risk of mortality or yield reduction. If 

suitable parameters can be established for an index, then one multinational 

reinsurer has already confirmed (confidential, pers. comm) that there is no reason 

why such a product could not be developed for commercial forestry. Development of 
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appropriate parameter triggers for forest projects could therefore be an area of 

research of benefit to the industry. 

 

 

2.6 Conclusion 
 

In conclusion, the survey has provided significant insight into the perception and 

experience of forest loss by commercial forest stakeholders; the degree to which 

they currently assess natural disturbance risks; as well as the approaches that are 

used and their adequacy in providing information on probability and impact – the two 

key components of risk. The results have shown that, in order of importance: fire, 

pest and disease, wind, and drought risks are perceived to be the greatest cause of 

loss to global forests by the commercial forest sector; but have also revealed for the 

first time that these are the greatest causes of loss to commercial projects in recent 

years.  

 

There is a lack of standardised global information on natural disturbance risks to 

forests. Current information on natural disturbance risks is most widely available for 

fire and wind, which helps underpin a buoyant forest insurance market. However, 

information on pests and diseases and drought is inadequate to support 

comprehensive risk assessment and thereby adaptive management in forestry, and 

the development of insurance products which is of limited availability for these risks. 

As a consequence, pests and disease and drought are of the greatest concern to 

forest owners and investors – precisely because the threat from these sources is 

perceived and experienced to be high but losses can rarely be insured against. 

Whilst the incidence of fire and wind loss and the volume of associated insurance 

mean that better information on these risks will have an audience, the findings 

suggest that better information on pest and disease and drought risk is of the most 

immediate concern and should be a focus of new research to support risk 

management and mitigation.  
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3 A new approach to assessing the risk to woodland 
from pest and diseases 

 

3.1 Preface 
 

Having identified high demand for better information on pest and disease risks, this 

chapter focuses on the development of such a new risk assessment. It presents a 

new approach to aggregate the risk from individual pest and diseases into 

assessments of the risks to specific tree species and woodland portfolios through 

the adaptation of capital adequacy techniques used in the finance sector. The work 

in this chapter is entirely my own aside from expert opinion on pest and disease 

metrics, as referred to in the text at the appropriate point.  

 

Sections 3.2 onwards in this chapter, were published as an open-access peer-

reviewed paper in Forestry Journal in 2017 (Davies et al., 2017). The text is 

therefore mostly as published, aside from edits to ensure consistency of style 

throughout the thesis e.g. the tables and references have been reformatted and 

renumbered, and minor corrections following the PhD viva. The text refers to 

‘supplementary data’, which relates to an excel spreadsheet. This can be 

downloaded from the following link: 

https://academic.oup.com/forestry/article/90/3/319/2958338 (accessed December 

2018). 

 

 

3.2 Introduction 
 

Pest and diseases (P&D) represent a major threat to the world’s forests (Flower and 

Gonzalez-Meler, 2015, Wingfield et al., 2015) yet there is a paucity of information on 

statistical trends on the impact and rate of forest loss caused by P&D (Petrokofsky 

et al., 2013). Furthermore, the threat is rising: increasing connectivity between 

markets through growth in international trade, increases the volume of shipping and 

air transport that can act as vectors for the transmission of P&D between countries, 

and is leading to increasing introductions of exotic P&D (Lovett et al., 2006, 
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Wingfield et al., 2015). P&D can also be transmitted via infected saplings or other 

genetic resources (Brasier, 2008, Garnas et al., 2012). 

 

Ecologists, foresters, forest owners, asset managers, policymakers and investors 

need to assess and quantify the potential risks to woodlands, including P&D risk, to 

improve operational management of risk and to factor risk into business, investment 

and policy decisions (Guy, 2006, Forestry Commission, 2011, Defra, 2014a, FIM, 

2015). Risk management decisions are traditionally based on worst-case 

assessments of potential losses rather than forecasts of expected losses: for 

example, quantifying the level of loss that will not be exceeded to a 99 per cent level 

of confidence, as opposed to quantifying the average expected loss (Hopkin, 2014). 

Such comparable assessments of the threat to individual tree species could 

contribute to decisions on the risk vs return of planting different species for carbon 

and timber purposes. Comparisons of the threat from individual P&D could help 

prioritize research and target resources efficiently at preventative measures. These 

assessments could also help forest carbon standards, such as the Verified Carbon 

Standard and the UK’s Woodland Carbon Code, define procedures for determining 

how much sequestered carbon should be set aside against future losses (Verified 

Carbon Standard, 2012, Forestry Commission, 2014). Current assessments are 

inadequate to provide analyses at the woodland, tree species and P&D level, to 

support such practices as explained below. 

 

3.2.1 Limitations of existing information 
 

In terms of providing the context to this threat, significant qualitative information on 

P&D exists at national and regional scales, but little comprehensive quantitative 

information is available at a global scale that does not focus on individual P&D 

(FAO, 2009, van Lierop et al., 2015). The 2010 Global Forest Resources 

Assessment by the FAO estimated that in 2005, 1.6 per cent of the world’s forests 

were affected by insects and 0.2 per cent were affected by diseases (FAO, 2010). 

However, in the most recent assessment (FAO, 2014), countries were asked to 

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

to report on the area of forest affected by P&D or severe weather (van Lierop et al., 

2015). In these countries, P&D and severe weather damaged 141.6 million hectares 
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of forest, or 5 per cent of the total forest area (van Lierop et al., 2015). Of this, 98.0 

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

 

A recent analysis found that between 1950 and 2000, living organisms accounted 

for 16 per cent of the total wood damaged by natural disturbances in Europe, and 

half of this (8%) was attributed to bark beetles alone (Schelhaas et al., 2003). Whilst 

this was the first comprehensive quantitative assessment of the overall historic rate 

of loss caused by natural disturbances (including P&D) in Europe, it does not 

provide breakdowns of losses from individual P&D species, or the impact on 

individual tree species. 

 

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

Forestry Commission monitored changes in forest condition through surveys, which 

included damage from insect and fungi (Forestry Commission, 1987-2006). The 

information provided related to the current state of the crown condition from 

cumulative attack and did not provide information on mortality. The 2010 UK 

submission to the FAO’s Global Forest Resources Assessment (FAO, 2010) 

estimated impact using a threshold of ‘cause mortality or such severe dieback that 

the forest ecosystem changes’. Using this criterion around 1000 hectares per year 

was estimated to be newly affected by disturbance from insects and less for other 

diseases, equating to significantly less than 1 per cent of the forest area lost per 

year. However, the Forestry Commission’s most recent submission for the UK did 

not quantify losses at all. It provided a list of recent outbreaks and insects and 

diseases affecting UK trees but stated that ‘estimates of areas affected are not 

directly available’ (FAO, 2014). 

 

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

recommendation of the independent Task Force on Tree Health and Plant 

Biosecurity (Defra, 2013), provides a register of key threats to UK crops, trees, 

gardens and countryside. The pests listed are primarily regulated pests listed in the 

EU Plant Health Directive (European Council, 2000) and threats identified by the 

European and Mediterranean Plant Protection Organization (Defra, 2014b), or for 

which Pest Risk Assessments are available. It focuses on P&D threats not yet 

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

as Dutch elm disease (Ophiostoma novoulmi) are not included. Information listed for 
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each P&D on the register includes a score from 1 (low) to 5 (high) for each of the 

following factors: the likelihood of arrival and establishment; rate of spread; and 

impact broken down into economic, environmental and social elements. However, 

no quantification is provided relating to these scores that could be used for a 

quantified risk assessment. For example, it is not possible to determine from the 

annual likelihood of arrival score, what the annual per cent likelihood or expected 

year of arrival is; how fast each of the scores for the rates of spread relate to; or 

what each of the impact scores represent. In addition, it does not provide summary 

scores or quantifications of the threat to individual tree species from all P&D that 

might impact it. Whilst the Register is a significant and important source of 

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

basis for a systematic and quantified risk assessment. 

 

A large volume of academic research has been dedicated to the biology, 

management and control of individual P&D, the majority of which do not attempt to 

quantify the threat that they pose (Inward et al., 2012, Mitchell et al., 2014). Many 

quantified assessments do exist for individual P&D (Evans et al., 2008, Taylor and 

MacLean, 2008, Harwood et al., 2009, Brasier and Webber, 2010, Chadfield and 

Pautasso, 2012, Stadelmann et al., 2013, Straw et al., 2013, Pukkala et al., 2014, 

Green et al., 2015) but each study uses different methodologies and timeframes and 

so cannot be aggregated to tree species or woodland level analyses. A range of 

techniques can be used to assess losses at the woodland resource level, but do not 

provide breakdowns of the risks to individual tree species or identify all of the 

constituent individual P&D threats. These include techniques assessing crown 

condition (Blum et al., 2015, Morin et al., 2015) linking forest scenario models to 

climate and bark beetle outbreaks (Seidl et al., 2009); frameworks for modelling 

P&D impacts using tree ecophysiology (Dietze and Matthes, 2014); and models 

linking net primary production, physiology and pests (Pinkard et al., 2011). 

 

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

rather than historical losses. Any risk assessment based only on historical trends 

will fail to take account of future threats. In Britain, for instance, such an approach 

would have been blind to the arrival of Dutch elm disease (Ophiostoma novo-ulmi) 

in the 1970s which is estimated to have killed 30 million trees, including over half of 

the local population in many areas of Southern Britain (Potter et al., 2011), or more 
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recently ash dieback (Hymenoscyphus pseudoalbidus/ Chalara fraxinea) first 

reported in 2012 and detected in 639 locations across the UK by March 2014 

(Heuch, 2014). Historical trends would also underestimate the risk from those P&D 

that have not yet reached their full ranges. Here, the fungus, Phytophthora 

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

larch (Larix spp.) and by 2010, 1900 hectares were estimated to be showing 

symptoms representing ~0.5 million trees (Brasier and Webber, 2010). Likewise, the 

threat from P&D for which historical data has not been gathered for long enough to 

capture cyclical outbreaks or maximum possible losses would be underestimated. 

 

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

Protection Organizations (RPPOs), established under the International Plant 

Protection Convention and spanning the continents. These include for example, the 

European and Mediterranean, Asia and Pacific and North American Plant Protection 

Organizations (IPPC, 2015). The regional organizations coordinate the National 

Plant Protection Organizations within their region and provide standardized Pest 

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

wealth of information on the ecology of P&Ds, such as life cycle, dispersal ability, 

previous outbreak history, characteristics, pathways of establishment, susceptibility 

of hosts and treatment. However, they rarely provide quantification of factors such 

as the likelihood of mortality or rate of dispersal, which are needed for quantified risk 

assessments. The PRATIQUE project, funded by the European Commission’s 

Seventh Framework Programme for Research and Technological Development, is 

seeking to address such known limitations in Pest Risk Assessments in future (The 

Food and Environment Research Agency, 2015). 

 

3.2.2 Concept behind the P&D methodology 
 

To address these gaps, we present a novel methodology that derives a single 

measure of the threat to woodland resources, and to its constituent tree species, 

from the consolidation of standardized evaluations of individual P&Ds threats. 

Standardization ensures that P&Ds are assessed over the same time period and by 

the same approach so that assessments can be compared and aggregated. Our 

approach was adapted from methods used in the finance sector for risk 

management and insurance purposes. The parallel drawn here is as follows: 
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regulators in the banking sector must ensure that banks have sufficient capital set 

aside in reserve, to cover unexpected losses and to prevent institutional failure. All 

bank assets – whether mortgages, loans, trading positions or other – are risk-

weighted and aggregated to determine the amount to set aside against overall 

losses (Hull, 2012, Crouhy et al., 2014). This is known as capital adequacy. This 

standardised approach provided the inspiration for us to develop our P&D 

methodology. 

 

The use of a standardised methodology for assessing the risk from individual assets 

by the finance sector allows rapid assessment in the timescales necessary for policy 

and business decisions to be made. It is separate from, but in addition to, the more 

detailed assessments made by bank employees when setting up financial 

transactions with customers. Similarly, the P&D methodology described here uses a 

standardized approach for rapid assessment of overall threats to woodland, but 

should be used in addition to the more detailed and nuanced assessments of 

individual P&D risks such as Pest Risk Assessments. 

 

 

3.3 Methods 
 

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

 

‘the combination of the probability of an event and its consequence. 
Consequences range from positive to negative’. 

 

Similarly, risk-weighted assets (RWA) (the assets of a financial institution weighted 

by risk and used to determine the amount of capital that must be set aside against 

potential losses for capital adequacy purposes) are determined by summing the risk 

of individual positions, each of which is calculated by multiplying the probability of a 

risk event occurring by an estimate of its financial consequence, expressed as a 

proportion of loss, which would be the worst-case loss. For example, credit risk (or 

the risk of default) for a mortgage position, would be calculated from the estimated 

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

occur if the mortgage defaulted. These risk values are then aggregated according to 

the level of assessment, e.g. departmental or bank level, and used to determine the 

amount of capital to set aside against losses (Hull, 2012, Crouhy et al., 2014). 
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The detailed calculations for estimating probability and consequence for credit, 

market and operational financial risks are different. Our approach to quantifying 

P&D risk is described here by comparison to the calculation of credit risk. RWA for 

Credit risk are calculated for each financial exposure of the bank (such as a 

mortgage or loan) and aggregated as per the following equation [3.1] (Crouhy et al., 

2014): 

 

 RWA = Σi EADi × LGDi × PDi [3.1] 

 

Where: 

EADi exposure at default (expressed in £);  

LGDi loss given default (expressed as a proportion);  

PDi probability of default (%); i, the ith financial exposure. 

 

e.g. credit risk RWA for a mortgage position would be calculated by multiplying the 

outstanding mortgage balance at default (EAD) by the proportion of that balance 

that would be lost in the event of a default i.e. balance minus estimated asset 

recovery from property sale and costs (LGD), and the probability of the counterparty 

defaulting (PD). 

 

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

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

• Standardized risk-weighted assessments, defined as risk factors, of the threat 

from each individual P&D for each tree species in a woodland. 

• Aggregated risk factors for each individual tree species from all P&D that 

threaten them. 

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

 

The P&D risk factors identify which P&Ds pose the biggest threats from the 

hundreds of known P&D threats. Risk factors at the tree species level provide a 

comparison of the relative threat to different tree species, and can assist in analyses 

of the risk vs return of planting different species. The final woodland resource risk 

factor provides an assessment of how much woodland is at risk. 
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It is important to note that risk-weighting P&D for risk management purposes is 

fundamentally different to forecasting the expected loss from each P&D. Risk factors 

for individual P&D are not expected to cover the potential loss from that individual 

P&D, in the same way that premiums for a single household insurance policy will not 

cover the cost of rebuilding that house if it burns down. However, the sum of all 

household premiums, are intended to cover the potential claims from all insured 

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

can help determine how much might be lost at the forest scale from all P&D. Risk 

factors at P&D level do however provide a means of comparing the relative risk from 

different P&D, in the same way that higher premiums relate to a higher assessment 

of insurance risk.  

 

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

catastrophic loss) for potential loss as opposed to the most likely or expected one. 

For wind risk to trees, for example, this would be the difference between average 

annual windthrow and the kind of devastation caused by a severe storm. Definitions 

of worst-case are set according to the confidence level sought but are close to 100 

per cent. For example, in finance, the market risk assessment provides a value that 

should not be exceeded to a 99 per cent degree of confidence. 

 

The adapted P&D methodology is presented below and then demonstrated by a 

case study of forest carbon projects certified under the UK WCC (Forestry 

Commission, 2014), and a sample of known P&D threats to British forests. 

 

3.3.1 Calculation of individual P&D risk factors 
 

The P&D risk factor calculation is adapted from equation (3.1). For credit risk, the 

‘probability of an event’ as per Hopkin’s definition, is the PD in equation (3.1). For 

P&D, this relates to the likelihood of arrival and establishment. Similarly, for credit 

risk, Hopkin’s ‘consequence’ or impact is the LGD in equation (3.1). For P&D, this is 

the worst-case loss that could occur within the range of the P&D. The EAD in 

equation (3.1) is not required as we express the final risk factors as a proportion of 

tree species or woodland at risk rather than a financial value. P&D risk factors are 

estimated for each P&D/tree species combination for a given time period (t) and 
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geographical area (g). The risk factor (RiskFac) for a P&D: p1, affecting tree species: 

t1, is therefore estimated as follows: 

 

 RiskFacp1t1 = ProbArrp1 × ProbMaxp1 × ProbLossp1t1 [3.2] 

 

Where: 

ProbArrp1, Annual probability of arrival and establishment of p1 in 

geographical area (g) during time period (t) expressed as a per cent;  

ProbMaxp1, Maximum possible proportion of geographical area (g) that p1 

could impact;  

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. 

 

3.3.1.1 Calculation of ProbArr 
 

For endemic established pests this value is set to 100 per cent as the P&D is 

already established. Otherwise for P&D threats yet to arrive in geographical area (g) 

the percentage is estimated by the equation: 

 

 100 [3.3] 

 estimated earliest year of arrival of PD in geographical area (g) 

 

For example, if a P&D is estimated to arrive by year 20 then the annual probability 

of arrival (ProbArr) would be 100/20 = 5 per cent. 

 

3.3.1.2 Calculation of ProbMax 
 

ProbMax is required as unlike financial transactions there is a geographic element 

to the worst-case loss from potential P&D, as the climate may not be suitable for the 

P&D within the area being assessed. ProbMax is an estimate of the proportion of 

the geographical area (g) that each P&D could inhabit if a suitable host tree species 

were present across the area, i.e. the full potential range of the P&D, expressed as 

a proportion of the geographical area (g) being assessed. 
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3.3.1.3 Calculation of ProbLoss 
 

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

• the year of arrival of the P&D; 

• the fastest rate that the P&D could spread across the geographical area (g) 

being assessed, during the remaining period of assessment (i.e. assuming that 

the P&D arrives in the area (g) at the fastest possible point of dispersion); 

• the age of trees that it affects; and  

• the amount that can be recovered during the remaining time period by 

replanting. 

 

The calculation of ProbLoss therefore requires a different approach to 

estimation for each practical application of this methodology, i.e. depending on the 

time period being assessed, age distribution of the tree species, definition of loss 

(e.g. yield reduction or mortality), and replanting options. However, the information 

on the fastest rate of spread of the P&D to its full range, the age of trees that it 

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

application, and so this information need only be estimated once and can then be 

used in other applications of the method. 

 

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

to be estimated for each application. This is done by estimating the potential loss 

that could occur if the P&D arrived in each year during the time period (t), and then 

expanded at its fastest rate during the remaining time period, allowing for replanting, 

and taking into account the age distribution of the woodland resource being 

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

demonstrate an example of this in the WCC case study, using possible years of 

arrival at 5-year intervals. 

 

3.3.1.4 Calculation of individual tree species risk factors 
 

In the credit risk example in equation [3.1], the risk-weighted assets for individual 

positions are summed to give the overall risk for an entity, e.g. department or bank 

as each exposure is mutually exclusive. However, the consequences or impacts of 
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each P&D are not mutually exclusive as they affect the same woodland resource. 

More than one P&D could attack the same tree at the same time, however, P&D 

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

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

P&D have attacked. For example, if P&D (p1) has caused a loss of 5 per cent of a 

given tree species, and P&D (p2) is estimated to cause a 10 per cent loss of trees, 

then p2 can only affect the remaining 95 per cent of trees. Therefore, p1 would cause 

a loss of 5 per cent of the tree species, leaving 95 per cent of the trees, and p2 

would cause a loss of 10 per cent of this remaining 95 per cent, i.e. 9.5 per cent. 

The total loss would therefore be 5 per cent + 9.5 per cent = 14.5 per cent. 

 

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

sequentially applying the risk factors for each individual P&D threat rather than 

summing them. The process of aggregating the P&D risk factors for a specific tree 

species is outlined in the sequential equations shown in [3.[3.4]. This example 

aggregates all the P&D risk factors that affect a given tree species (t1). It includes 

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

The variables z(1 to n) are used to denote the interim values as each P&D risk factor 

has been aggregated, and which form an input to the next aggregation: 

 

 RiskFac p1t1 = 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: [3.4] 

 Aggregation of RiskFacpnt1 = z(n-1) + (RiskFacpnt1 x 100% - z(n-1)) 

 = Overall Risk Factor for tree species t1 = RiskFact1 

 

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

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

 

3.3.1.5 Calculation of overall risk factor for the woodland resource 
 

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

by weighting the risk factors for each tree species by the proportion of that tree 
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species across the woodland resource. So if there were three tree species (t1, t2 and 

t3) with risk factors of RiskFact1, RiskFact2 and RiskFact3 and concentrations (c) in 

the woodland of c1, c2 and c3 (expressed as a proportion of the total woodland 

occupied by the tree species), then the overall risk factor for the woodland resource 

(RiskFacWood) is calculated by: 

 

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

 [3.5] 

 

3.3.2 Application of the P&D methodology to the WCC case study 
 

3.3.2.1 Introduction to the WCC 
 

The WCC, launched in 2011, is the UK standard for forest carbon projects (Forestry 

Commission, 2014). Under this standard, new woodland projects are created to 

sequester carbon that can be sold as credits in the voluntary carbon market. The 

amount of carbon, sequestered as carbon stock, is measured periodically and 

verified by an independent third party. However, not all of the carbon is sold due to 

concerns over permanence. Permanence relates to the risk of reversibility caused 

by the premature release of carbon stored in forest biomass prior to project 

completion. A portion of the carbon from each project is set aside into a pooled 

buffer (reserve) to provide compensation against future losses. The size of this 

buffer must be determined at the project outset. Under the current version of the 

Code (Forestry Commission, 2014), this entails a percentage potential loss 

assessment over the project duration for a specified list of risks, which includes 

P&Ds. The project developer carries out an assessment for each type of risk, which 

must fall within specified ranges. Table 3.1 shows the risks and ranges for the 

current version of the Code. The amounts for each type of risk are then summed to 

give the proportion that must be set aside as a reserve in the buffer. The developer 

submits their methodology at verification for approval by an independent assessor. 

The current amount that can be set aside for P&D ranges from 3 to 10 per cent 

(Table 3.1). 
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Table 3.1 - Buffer ranges for the WCC. 

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 

 

 

3.3.2.2 General points of application 
 

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

under the WCC from a sample of P&Ds, to demonstrate the application of our 

approach, and how it might verify whether this range is likely to be adequate to 

cover future losses. The results will be used to demonstrate how the outputs can be 

used to support species selection, identification of priority P&D threats, and to 

support policy decisions such as whether the current buffer range is likely to be 

adequate against future losses. 

 

The time period (t) was defined as 100 years – as this was the most common 

duration (53 per cent) of WCC projects at the time of assessment, as determined 

through an analysis of project documentation. The geographical area (g), was 

defined as Great Britain: the area over which the WCC projects are distributed. It 

was decided to perform the assessment for the main tree species in the portfolio, 

defined as those constituting more than 2 per cent of the total area of all projects, 

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

• Calculation of the concentration of different tree species within the WCC project 

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

woodland resource used in equation [3.5] and to identify those species to be 

assessed, constituting over 2 per cent of the project area; 

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

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

• Calculation of ProbArr and ProbMax in equation [3.2] for each P&D; 
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• Development of a simple spreadsheet to calculate ProbLoss in equation [3.2] for 

each P&D/tree species combination under the WCC scenario; 

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

 

3.3.2.3 Calculation of the concentration of different tree species within the 
WCC 

 

Each project under the WCC must create a Project Design Document (PDD) at the 

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

were available for 60 of the 63 projects (which were either active or under validation 

as of January 2014). In total, these cover 2733 hectare. The PDDs were analysed to 

derive a list of all of the species representing over 2 per cent by area of the WCC 

projects.  

 

For some small areas, PDDs did not provide species breakdowns but gave total 

hectares defined as, e.g. ‘mixed shrubs’, ‘mixed broadleaves’ along with a list of 

species. In these instances, the listed species were assumed to constitute an equal 

portion. Two of the project PDDs gave total hectares of ‘SAB’ (sycamore-ash-birch) 

woodland not broken down into constituent species and in these instances, the 

proportions were equally split between the three species. These breakdowns 

accounted for 3 per cent of the total 2733 hectare. 

 

This method of selection takes no account of density of planting (i.e. number of 

trees per hectare). Forest Carbon Limited has been the main project developer to 

date under the WCC, and developed 47 of the 60 projects analysed. They provided 

a database of the total number of trees planted of each species for their projects (J. 

Hepburne-Scott, personal communication, 2014). This was used as a cross-check 

to verify if density of planting would identify significantly different proportions of tree 

species constituting over 2 per cent as opposed to using area. 

 

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

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

compiled. Existing well-established endemic P&D were identified through interviews 

with experts working for Forest Research (see Acknowledgements) and a literature 
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review. P&D threats not yet present in Britain were identified using the UK Plant 

Health Risk Register (Defra, 2014b). A list of the P&D affecting a tree species can 

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

Whilst this list may not be comprehensive it should contain the major known current 

threats. Once operational, the approach can be periodically updated with new P&D 

as they are identified. 

 

3.3.2.5 Choice of a sample of P&D 
 

A sample of 47 P&D (23 per cent of the 204 identified) was used to demonstrate the 

P&D risk methodology. The sample was chosen by first ranking the P&D according 

to the impact scores on the Plant Health Risk Register. The Register, however, 

evaluates the threat subjectively based on a range of impacts including impacts on 

the economy, human health and timber industry, whereas in this case study, we 

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

Research covering the top 30 P&D threats according to these impact scores. These 

experts were asked to highlight any additional P&Ds not identified in the top 30 

using the Register scores that might lead to significant mortality. This included 

endemic pests at their full range, which are not included in the Register. Some P&D 

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

were included to provide a broader demonstration of the approach. This led to a 

final sample size of 47.  

 

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

metrics required to calculate ProbLoss. Metrics estimated in this way are highlighted 

under the sections below as applicable. 

 

3.3.2.6 Calculation of ProbArr and ProbMax in equation (3.2) for each 
identified P&D 

 

As per equation [3.2], ProbArr is the ‘probability of arrival and establishment’ of each 

of the sample P&D in Great Britain in the next 100 years expressed as a 

percentage. For endemic P&D ProbArr was set to 100 per cent as the P&D is 

already established. 

 



 

84 

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

Plant Health Risk Register. The Register contains a metric for per cent likelihood of 

arrival and establishment that is a Likert scale from 1 to 5. Estimates of the year of 

arrival of each P&D were not available from the Register or Pest Risk Assessments 

and so conservative default values were used. Fewer than 25 major pests arrived in 

the UK between 1900 and 2010 (Defra, 2013), i.e. less than 1 every 4 years. It is not 

possible to quantitatively derive an estimate for individual P&D from this historic rate 

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

shipping and other channels of arrival such as imported saplings suggest that this 

rate may increase in the future (Eschen et al., 2015). Default values were therefore 

set as 1–5 per cent, which conveniently corresponds to the 1–5 Likert Scale values 

from the Register. In the 100-year time horizon assumed for the WCC projects, this 

therefore implies an expected arrival of year 100 for the least likely (Likert Scale 1) 

and year 20 for the most likely (Likert Scale 5). All P&D are therefore assumed to 

arrive at some point within the time horizon of the project. Whilst subjective, these 

values are conservative and this was verified by the experts consulted. During the 

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

values based on expert knowledge. 

 

ProbMax is the maximum possible proportion of the geographic area (g) that each 

P&D could impact. For this case study, g is Great Britain and so experts were asked 

to estimate the maximum proportion of Britain by land area that the P&D range 

could expand to if a host tree species was present, e.g. the colder northern climate 

may limit some P&D that would not survive in this region. 

 

3.3.2.7 Calculation of ProbLoss in equation [3.2] for each identified P&D/tree 
species combination 

 

As per equation [3.2], ProbLoss is defined as the worst-case loss for a specific tree 

species/P&D combination that could occur in the next 100 years across Great 

Britain expressed as a proportion. For this specific case study, we created a 

spreadsheet-based Scenario Tool to estimate these values [available as 

Supplementary Data via the online journal]. We defined the worst-case loss as the 

worst-case loss of carbon that could occur in a 100- year project expressed as a 

proportion. Loss relates to mortality as if the host tree dies, the tree would be 
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removed from the project. When this occurs the WCC, in line with most major forest 

carbon standards, requires that any carbon credits associated with these trees must 

be cancelled and replaced with credits set aside in the buffer (Forestry Commission, 

2018). A P&D that diminished the yield would result in less carbon being 

sequestered (and sold) than originally forecasted, but not a loss of verified 

sequestered carbon. When mortality occurs, it is assumed that the project will 

replant trees such that some of the lost carbon will be replaced by that sequestered 

in the new trees. 

 

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

species combination that could occur in 100 years, by calculating the potential loss 

that would occur if the P&D arrived in each 5-year interval up to 100 years, factoring 

in mortality rates, the age of trees affected, rate of spread, year of arrival of the P&D 

and time available for replanting and regrowth. The worst-case loss is then the 

highest of these potential losses. 

 

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

the expert consultation: 

• Age affected – ‘Affected’ means causing mortality. 

• Current range in Britain – proportion of Britain by area currently impacted by the 

P&D. Note this is not always the same as geographic spread. For example, the 

range for a soil fungus located in isolated foci throughout Britain would equate to 

the percentage of soil estimated to be infected. 

• Possible range in 100 years – proportion of Britain that the P&D could cover in 

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

assuming that the P&D arrives in year 1. 

• Years to full potential range – the length of time the P&D is estimated to take to 

reach its full range. If the possible range in 100 years is less than the full range 

then this value is estimated assuming a linear rate of spread. For example, black 

stain root disease (Grosmannia wageneriis) is only expected to achieve a 

proportion of 0.10 of its range in 100 years. 

• Mortality by species – the worst-case mortality caused by the P&D across its 

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

should be estimated based on the worst known loss that has been caused by 

the P&D being assessed to date. Mortality rate has to relate to the defined 
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range. In the black stain root disease example, the soil range infected is in 

isolated foci and the associated mortality proportion would relate to the mortality 

rate for trees on infected soil. So in a hypothetical area where infected soil was 

evenly scattered across a 100 km square covering a proportion of 0.10 of the 

area the range would be 0.10. Mortality could occur in a proportion of 0.9 of 

trees on infected soil only. However, for insects such as bark beetles, the range 

would be the geographic range of the beetle but not all trees within the area 

would be infected, so the range could be 100 km square but the mortality rate 

within that range would relate to the proportional mortality rate of tree species in 

the geographic range of the beetle. The combination of range and mortality 

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

that P&D outbreaks often coincide with other natural events such as bark beetle 

outbreaks after a storm. The worst-case mortality would cover these possibilities 

as it is the worst possible case. Worst-case relates to the level of loss over the 

total British range so whilst losses may be high in locations with severe wind 

damage the mortality estimate will be lower at the national scale. 

 

If a P&D is sublethal and does not cause mortality then ProbLoss is 0. For endemic 

species that are at their full range, ProbLoss is determined from the estimated 

mortality rate. For newly arrived P&D, the Scenario Tool is used to estimate 

ProbLoss for each P&D and tree species combination. For P&D already present, but 

not yet at their full range, the Scenario Tool estimates the loss for the spread to the 

remaining possible range only. ProbLoss is then the sum of the mortality rate 

weighted by the current range, and the loss factor weighted by the remaining range, 

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

 

The Scenario tool spreadsheet is based on a series of 20 tables. Each table 

assumes that the P&D arrives in a different year, and the tables represent different 

5-year intervals from 0 to 95 years. In each table, an estimate of the loss that would 

occur by the end of the project if the P&D arrived at the beginning of that 5-year 

period is calculated. The worst-case loss is the highest loss from these 20 

calculations. Range metrics are used to determine the rate of spread in 100 years 

and assumes a constant rate of spread. It is assumed that new trees would be 

planted to replace the lost trees in each of these years. The tool also factors in age 

susceptibility. For example, if trees are resistant to a particular P&D beyond age 20, 
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then no losses would be calculated for the tables where the trees are beyond age 

20 when the P&D arrives. 

 

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

carbon sequestration values from look-up tables provided by the Forestry 

Commission (Forestry Commission, 2012a) as specified in the associated WCC 

guidance (West and Matthews, 2012). These values are used to set base carbon 

levels at 5-year intervals up to 100 years. Some species do not have estimated 

sequestration value tables. For these, the default tables specified in the Guidelines 

are used. Of the species analysed, Scots pine (Pinus sylvestris L.), Sitka spruce 

(Picea sitchensis (Bong.) Carr.) and oak (Quercus spp.) have specific carbon look 

up tables, whereas the remaining broadleaves use the SAB (Sycamore (Acer 

pseudoplatanus L.), Ash (Fraxinus spp.), Birch (Betula spp.) woodland) default 

table. Tables vary according to site productivity as measured by General Yield Class 

(GYC) (Matthews and Mackie, 2006). 

 

Since GYC varies by project and the approach is providing an estimate for the 

whole WCC, the Guideline default recommendations of GYC4 for mixed native 

woodlands were used (West and Matthews, 2012), except for Sitka spruce where 

GYC6 was used as the look-up tables do not have a GYC4 table for Sitka (note that 

the GYC for Sitka spruce planted under the WCC is typically lower than that planted 

for timber alone, however, since we estimate the proportion of carbon lost by 

species not the volume, the shape of the yield curve is important rather than the 

yield class). An initial plant density of 2500 trees per hectare and no thinning was 

assumed. 

 

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

replacement carbon sequestration. Since it is not known which species would be 

planted, the Tool uses the sequestration rates for generic SAB woodland as it is the 

only mixed woodland carbon sequestration estimate and is the default in the 

Guidelines for many species without individual tables. 

 

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

yearly arrival period. The worst-case loss ProbLoss is therefore the worst value 
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(highest proportional loss) of these 20 values. This assessment is performed for 

each of the P&D and tree species combinations. 

 

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

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

way, individual P&D risk factors for each P&D/tree species combination were 

calculated using equation [3.2]. They were then aggregated into tree species risk 

factors using the sequential application of equation [3.4] and then aggregated into 

an overall estimated risk factor for the woodland resource of the WCC using 

equation [3.5]. 

 

 

3.4 Results 
 

3.4.1 The main tree species selected for the WCC case study 
 

Table 3.2 shows the results of the analyses of tree species composition in the WCC 

projects from the two approaches: firstly the analysis of total hectares planted using 

PDDs, and secondly the cross-check using the number of trees planted on projects 

developed by Forest Carbon Limited.  

 

The results show that these two approaches produced similar results in terms of 

identifying the main 11 tree species: using the number of hectares planted instead 

of the number of trees is therefore not unduly biased. As a result, we used the 

hectare analysis from the PDDs to determine the sample of tree species for the 

case study as it covers all of the WCC projects (whereas Forest Carbon Limited 

projects only cover 47 of the 60 projects). All species constituting over 2 per cent 

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

menziesii) is the only species not included, that would have been included if the 

Forest Carbon Limited data had been used instead as it constitutes over 2 per cent 

of the number of trees but not over 2 per cent of the number of hectares. 
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Table 3.2 - Breakdown of tree species for the WCC. 

 

 

Species 

% of total 

WCC from 

PDD (area 

analysis) 

 

Cumulative  

% of ha 

% of total 

WCC for FC 

projects (no. 

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 acuparia L.) 4.2 71.5 6.0 

7. Alder (Alnus spp.) 3.9 75.4 3.9 

8. Sycamore (Acer psuedoplatanus 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 (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 

 

3.4.2 P&D threats to the main tree species 
 

The analysis identified 204 P&D threats to the 11 tree species selected for 

assessment. Of these, 66 are already present in Britain, 137 are not present and the 

presence of bacterial blight of hazelnut (Xanthomonas arboricola pv. corylina) is 

unknown. The sample of 47 P&D therefore represented 23 per cent of this total. 

 

3.4.3 Individual P&D risk factors 
 

The key risk metrics and a demonstration of the calculation of individual P&D risk 

factors (equation 3.2) for a sample of assessed P&Ds is shown in Table 3.3. 

 

The mulberry longhorn beetle (Apriona germariiis) provides an example of where 

the final risk factor is adjusted to account for the fact that it would never cover all of 

Britain, i.e. multiplied by the maximum range of 0.5. Table 3.3 also shows how the  
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Table 3.3 - Key risk metrics and sample P&D risk factor calculations (equation 3.2) 

 Present 
in 

Britain? 

Likelihood of 
arrival & 

establishment 
(%) ProbArr 

Age 
affected 

Current 
range in 

Britain 
(proportion) 

Max potential 
range 

(proportion) 
ProbMax 

Worst-case 
mortality in 
range 
(proportion) 

Worst-case loss 
calculated in Scenario 
Tool (proportion) 
ProbLoss 

% risk factor 
ProbArr x Prob 
Max x ProbLoss 
RiskFacP&D/tree 

Ash dieback (Hymeno-

scyphus 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 to the published article. 3From the case study: Sycamore, Alder, Birch, Hazel, 

Willow, Ash, Wild Cherry, Rowan but not Oak. 
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risk factor varies significantly for P&Ds with similar metrics but where one is present 

and one is yet to arrive. ProbLoss is 0.89 for ash dieback (H. pseudoalbidus) and 

because the disease is already here the final risk factor is 89.3 per cent. However, 

whilst ProbLoss for the bronze birch borer (Agrilus anxius) is also 0.89, because it 

has not yet arrived the final risk factor for this insect is 3.6 per cent. 

 

3.4.4 Tree species risk factors 
 

Table 3.4 demonstrates how the risk factors for each P&D that affect a given tree 

species are aggregated to determine the overall risk factor for that tree species, 

using birch and the P&Ds that affect it from the sample assessed. The P&D risk 

factors provide a comparison of the relative impact on carbon sequestration due to 

mortality for each P&D threat for birch. 

 
Table 3.4 - Aggregation of P&D risk factors to a tree species risk factor: Betula (equation [3.4). 

 
Birch (Betula) 

 
% risk factor 

Cumulative risk factor 

(equation [3.4) (%) 

Bronze birch borer (A. anxius) 3.6 3.6 
Anisogramma virgultorum 0.3 3.9 

Citrus longhorn beetle (A.chinensis) 2.3 6.1 

Asian longhorn beetle (A. glabripennis) 2.9 8.9 
Honey fungus, Root rot (Armillaria mellea) 0.3 9.1 

Discula betulina 0.0 9.1 

Melamsporidium betulinum 0.3 9.4 
Oak pinhole borer (Platypus cylindrus) 0.0 9.4 

….. Additional P&D not yet assessed…   

Tree species risk factor (for sample of P&D 
assessed to date). RiskFacBetula 

 9.4 

 

 

3.4.5 Woodland resource risk factor 
 

Table 3.5 presents the aggregation of the individual tree species risk factors into an 

overall assessment of the risk factor to the WCC projects (RiskFacWood). 

RiskFacWood is 12.1 per cent, i.e. the P&Ds assessed in the sample present a 

threat of loss of 12.1 per cent of the carbon in the WCC in a worst-case scenario.  
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Table 3.5 - Aggregation of tree species risk factors for the WCC based on a sample of 23% of 
identified P&Ds (equation 3.5). 

Tree species Risk factors 
(RiskFactree) (%) 

WCC species 
breakdown 

(proportion) 

Weighted risk 
factors (%) 

Sycamore (A. pseudoplatanus) 5.4 0.03 0.2 
Alder (Alnus) 5.4 0.04 0.2 

Birch (Betula) 9.4 0.27 2.5 

Hazel (Corylus) 5.4 0.02 0.1 
Ash (Fraxinus) 90.1 0.09 7.7 

Sitka spruce (P. sitchensis) 6.4 0.05 0.3 

Scots pine (P. sylvestris) 2.5 0.11 0.3 
Wild cherry (P. avium) 3.2 0.02 0.1 

Oak (Quercus) 2.5 0.16 0.4 

Willow (Salix) 5.4 0.03 0.2 

Rowan (Sorbus) 3.2 0.04 0.1 

Total:  0.87 RiskFacWood: 12.1 

 

 

3.5 Discussion 
 

Since only a sample of P&D that threaten the tree species in the WCC were 

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

for the WCC and it has not been possible to carry out any form of sensitivity 

analysis. However, the results do demonstrate how the approach works and the 

applicability of its findings. We are not aware of any other methods in the scientific 

literature that take such a holistic approach to assessing the future risk of P&D to 

woodlands. 

 

3.5.1 Overall risk assessment at the woodland level 
 

The woodland resource risk factor, RiskFacWood, provides an assessment of the 

worst-case loss to the woodland for the defined application. For the case study of 

certified projects under the WCC this value is 12.1 per cent. This represents an 

estimate of the potential worst-case loss of sequestered carbon sequestration from 

the P&D assessed in the sample. 
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RiskFacWood can be used to factor potential woodland loss into risk management 

decisions. Since this represents a worst-case loss as opposed to a forecast, the 

amount of loss factored into analyses can be varied according to the risk appetite of 

management. The more conservative the approach to risk, the greater the 

proportion of this risk factor used for analyses. 

 

The case study of the WCC provides an example of this application. A key risk 

management decision application is whether the buffers (reserves) set aside by 

forest projects to cover P&D risk are likely to be adequate. Table 3.1 shows that the 

current buffer range for assessments of P&D risk for the WCC is 3–10 per cent. If 

the buffer was inadequate and claims exceeded the carbon credits in it, the carbon 

market would be undermined, as credits that have been sold would have to be 

recalled to cover any shortfall in the buffer. The woodland risk factor of 12.1 per cent 

suggests that the buffer might not be adequate against future losses if the most 

conservative approach to risk (i.e. use of 100 per cent of this risk factor) is applied. 

 

However, Table 3.5 also shows that 7.7 per cent of this total comes from the threat 

to ash which constitutes a proportion of 0.09 of the woodland and faces a significant 

mortality risk from both ash dieback (H. pseudoalbidus/C. fraxinea), which arrived in 

Britain in 2012, and the emerald ash borer (Agrilus planipennis), which may arrive in 

future. Since projects are in their first few years, management could decide, for 

example, to replant alternative species now, exclude sales of sequestered carbon 

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

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

RiskFacWood. 

 

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

threats on the woodland resource and supports policy and management decisions 

to reduce this risk. 

 

3.5.2 Tree species concentration risk 
 

Table 3.5 also shows how the approach can identify concentration risk whereby a 

high degree of risk is concentrated in a few species. The analysis shows that the top 

5 species (birch, oak, ash, Scots pine, Sitka spruce) account for a proportion of 0.67 
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of the WCC, which is therefore highly exposed to significant mortality to any of these 

species. Birch alone constitutes a proportion of 0.27 of the woodland certified under 

the Code and has the second highest risk factor. 

 

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

by comparing the P&D risk factors in the tree species risk factor calculations as 

demonstrated in Table 3.4. Comparison of the tree species risk factor calculations 

revealed that the risk factor for birch is higher than other broadleaves as, whilst they 

share key threats such as the citrus and longhorn beetles, birch faces an additional 

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

of the application as the comparison only relates to the P&D assessed. Once all 

P&D risk factors have been assessed and aggregated this relative risk is likely to 

change. 

 

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

have been assessed this poses questions as to whether such reliance on birch as a 

pioneer species within the WCC should remain and whether there should be greater 

species diversification. 

 

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

The approach helps identify which P&D are of most concern through a comparison 

of the risk factors for individual P&D. In addition, it identifies the characteristics of 

P&D that exhibit the highest potential threat for a specific application. 

 

The WCC case study revealed that the later in the project cycle a P&D affects a 

woodland, the worse the carbon impact, as there is less time to replant and regrow 

lost carbon. The highest risk factors are for those P&D that affect mature trees and 

could spread rapidly across the country. The bronze birch borer (A. anxius) is yet to 

arrive in the country but has a high-risk factor of 3.6 per cent because it is estimated 

to take only 15 years to cover Britain, and could cause a proportional mortality rate 

as high as 0.9, partly caused by a judgement that birch in the UK may have a lower 

resistance than birch species in North America. The worst scenario is that it arrives 

in year 80 of a 100-year project and spreads across Britain by year 95, leaving only 



 

95 

5 years to replant and regrow carbon. Mature trees with high levels of carbon 

sequestration would be lost with minimal carbon replaced by any replanted saplings. 

 

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

small amounts of carbon are lost and there is time to replant and regrow given the 

long timescale. The large brown pine weevil (Hylobius abietis), for example, is well 

established throughout Britain but despite a potential proportional mortality rate of 

0.25 it only affects trees up to age 8, so has a risk factor of only 0.40 per cent. 

 

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

risk to forest carbon projects and warrant further research and management action. 

From the sample, these include the Asian longhorn beetle (Anoplophora 

glabripennis) and citrus longhorn beetle (Anoplophora chinensis); as well as the 

bronze birch borer with risk factors of 2.91, 2.33 and 3.57 per cent, respectively. The 

risk factors for the longhorn beetles are less than that for the borer as they are 

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

 

3.5.4 Different risk assessments needed for different applications 
 

The case study demonstrates that the determination of the worst-case impact from 

P&D varies according to whether it is assessed for timber, carbon or other 

applications. For carbon, the worst-case relates to mortality. The calculation of 

ProbLoss for other applications will vary as the following examples illustrate: 

 

• The oak processionary moth (Thaumetopoea processionea) has a high impact 

score in the Risk Register: as caterpillar hairs can cause severe irritation to 

humans; however, this has little implication for timber or carbon purposes. 

• Ash dieback (H. pseudoalbidus/C. fraxinea) may have less of an impact on the 

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

still be used in some markets for timber. Slow mortality does not assist carbon 

projects as later loss of more mature trees reduces the time for replanting and if 

trees are removed from carbon projects then all of the associated carbon credits 

must be cancelled under current policy. 

• Timescales differ. Timber rotations are generally of shorter duration than carbon 

projects as trees are harvested at optimal rotation lengths to maximise income, 
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whereas the aim of carbon sequestration is to sequester carbon for as long as 

possible e.g. the most common length for WCC projects was 100 years. 

ProbLoss for timber projects will therefore need to be estimated based on a 

shorter timescale than the case study. 

• Some P&D damage timber quality rather than inducing mortality. The oak 

pinhole borer (Platypus cylindrus) is such an example. It stains timber and can 

therefore impact on timber revenues but does not cause high mortality so it has 

little impact on carbon projects. 

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

scale (Pulvinaria regalis). It causes foliar spots. Others may only affect the fruit, 

which impacts on amenity and commercial value but not on carbon. 

 

The ProbLoss calculation therefore needs to be adapted according to application 

and how loss is defined. 

 

3.5.5 Identification of unique risk characteristics 
 

The approach can reveal hitherto unrecognized risks or indeed factors that reduce 

risk. The case study revealed that for tree species that demonstrate the slower rates 

of carbon sequestration, early attack from a P&D could result in an overall net gain 

of carbon by the end of the project if a faster growing replacement species is 

planted. This partially accounts for the relatively low-risk factor for Scots pine 

compared with other species in the example, as it had the slowest carbon 

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

conifers (G. wageneri), causes proportional mortality of around 0.5 in infected Scots 

pine trees of 10–20 years in age. As the methodology assumes replacement 

planting with mixed broadleaved woodland, the results showed a positive P&D Risk 

Factor over the project. In these instances, the P&D Risk Factor was set to 0 per 

cent. 

 

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

 

The approach does not replace the need for detailed individual Pest Risk 

Assessments, or detailed loss estimates for significant P&D threats; however, such 
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tailored individual modelling cannot realistically be consolidated and regularly 

updated for over 200 individual P&D risks within the timeframes required for 

management and policy decisions. The use of a standard calculation based on a 

small range of key metrics has the potential to support more rapid consolidated risk 

assessment for individual tree species and woodland resources. It also helps isolate 

which P&D are likely to be the highest threats and warrant focused research. 

 

3.5.7 Information requirements and future research needs 
 

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

and existing individual P&D but the case study revealed that they lack standardized 

quantified information on key metrics such as per cent likelihoods of arrival and 

establishment; mortality rates; and rates of spread. It is highly recommended that 

these metrics are added to future Pest Risk Assessments. Inclusion of these metrics 

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

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

minimum, however, likely range under future climate scenarios within the country 

being assessed would also enhance the ability to develop quantified risk 

assessments under future climates. Yield reduction figures that would be required 

for an analysis of risk to timber projects are also rarely included. 

 

Accurate estimates of growth and sequestration rates for carbon and timber 

purposes are also required for quantified risk assessments in the countries being 

assessed. The case study demonstrated that more tables are required for risk 

assessments in Britain as many key species are not covered in the existing 

information. This is particularly true as the mixed broadleaved woodland (sycamore-

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

sequestration up to 200 years of age, however many of the species which use this 

as a default – including birch, rowan (Sorbus aucuparia L.), alder (Alnus spp.), 

willow (Salix spp.), hazel (Corylus avellana L.) and wild cherry (Prunus avium L.) – 

do not typically live for 100 years. 
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3.5.8 Sequential P&D attack vs combined attack 
 

The methodology assumes that P&D attack the woodland resource sequentially, i.e. 

a second P&D attacks the remaining trees that are left after mortality caused by the 

first P&D is complete. In reality, a second P&D attack may occur at the same time 

as the first, which could result in a different mortality outcome. Depending on the 

P&D combination this could be higher or lower than the impact of sequential attack. 

This is not factored into the current methodology. 

 

Similarly we do not currently factor in subsequent P&D attacks on any replacement 

planting. This is because we do not know what species would be planted as 

replacements, and use SAB as a generic estimate of the amount of carbon 

sequestered by any such planting. However, without knowledge of the actual 

species planted, we cannot estimate the threat of additional P&D.  

 

 

3.6 Conclusion 
 

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

risk assessment of future P&D threats. It does not rely on historical trends to predict 

future losses, but proposes the systematic quantification of all future threats from 

known P&D and their aggregation to derive assessments of the threats to individual 

trees species and to woodland resources. 

 

As the case study demonstrates, P&D risk factors for individual P&Ds allow 

identification of those, which pose the greatest threat and warrant increased 

attention. The approach helps eliminate those P&D that cause minimal loss, only 

affect young trees, are very slow spreading, or are only ever likely to cover a small 

range. The approach could therefore be used to narrow down the somewhat 

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

significant threat. This could help prioritization of scarce resources for more detailed 

Pest Risk Assessments, or preventative action. 
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Tree species risk factors can support management decisions on species selection, 

as they can be factored into risk vs reward analyses, for example, whether to plant 

Sitka spruce (P. sitchensis) or Scots pine (P. sylvestris). The key issue is whether 

any higher rewards, such as the higher yield from Sitka, offset any higher risks. The 

approach could be used to compare whether the risk to Sitka from P&D is higher 

than that for Scots pine, and if so whether the rate of growth is sufficient to offset 

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

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

 

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

woodland shows the impact that the loss of a given species might have. This could 

provide justification for policy decisions on whether to increase expenditure on 

preventative measures against P&D identified as a high threat. Overall woodland 

risk assessments can also be factored into broader management and policy-related 

decisions on the need to protect woodland resources. 

 

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

manner regardless of the state of information. The approach provides a framework 

for the risk calculations and utilizes the best available data for the metrics, which 

can be refined as better data becomes available. As an interactive tool, users can 

change parameters to see how actions might impact on risk, and to see how 

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

 

Risk assessments are never 100 per cent accurate as risk can never be forecast 

with certainty. The methodology is primarily a tool to help understand risk and take 

action. Risk measurement is not risk management. Measurement is passive; but 

without action there is no risk management and the threats remain. The approach 

represents a powerful tool to evaluate potential risks and direct action where it is 

most needed. 
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3.7 Addendum 
 

Further to the publication, a new assessment was done using the same 

methodology but updated figures on the proportion of different tree species present 

in 2016 in the WCC portfolio (Table 3.6). 

 

The assessment was also done for a 50-year rotation as well as a 100-year rotation. 

The same ProbLoss values were used for all assessments, but new RiskFacP&D/tree 

values were calculated. More specifically, while the estimated metrics on mortality 

rates, rates of spread, probabilities of arrival and so forth remained unchanged for 

each pest and disease/tree species combination, the worst-case loss over a 50-year 

period had to be re-assessed for each combination, as there is a shorter time period 

for the pest and disease to spread and for any replanting/regrowth. This new 

assessment was performed by excluding the tables for 60-100 years from the 

original Scenario Tool spreadsheet, and taking the worst-case loss from 

assessments of potential losses if the pest or disease arrived in years 0, 10, 20, 30, 

or 40 only. The results in Table 3.6 include the original results from 2014 (Table 

3.5), alongside the new analyses for a 50-year rotation and the tree proportions in 

2016.  

 

Comparing the 2016 to the 2014 results, shows how the results can be updated 

regularly to explore whether a given action has reduced risk. Given the threat from 

ash dieback identified in the original assessment, the new results show that the 

proportion of ash in the WCC portfolio has fallen from 8.5% to 6.5%, which explains 

why the overall risk to the portfolio fell from 12.1% to 10.0%. Similarly, the 

proportion of birch has been reduced (26.9% to 24.4%). This has also contributed to 

the fall, albeit a smaller one. Moving from a 100 to a 50 year timeline created 

adjustments in the RiskFactree values. The risk to some tree species increased, 

whereas the risk to others decreased. Where the result increased this relates to tree 

species being affected more in the earlier years with less time for regrowth. 

However, weighting by the proportions of tree species, resulted in similar (to one 

decimal place) portfolio risk factors (RiskFacWoods) for both the 50 and 100 year 

projects in both years (12.1% for 2014 and 10.0% for 2016). This suggests that 

there was no increased risk for the longer project length.  
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Table 3.6 - Aggregation of tree species risk factors for the WCC comparing 2014 and 2016 tree species breakdowns and 50 versus 100 year project lengths, 
based on a sample of 23% of identified P&Ds (equation 3.5) 

 Risk factors  2014  2016 
 (RiskFactree) (%)  Tree species Weighted risk factors (%)  Tree species Weighted risk factors (%) 
 50 year  100 year   proportion (%) 50 year 100 year  proportion (%) 50 year 100 year 
Sycamore (Acer pseudoplatanus) 4.0 5.4  3.4 0.1 0.2  0.9 0.0 0.0 
Alder (Alnus) 4.0 5.4  3.9 0.2 0.2  4.6 0.2 0.3 

Birch (Betula) 10.5 9.4  26.9 2.8 2.5  24.4 2.6 2.3 

Hazel (Corylus) 4.0 5.4  2.4 0.1 0.1  2.1 0.1 0.1 
Ash (Fraxinus) 88.9 90.1  8.5 7.6 7.7  6.5 5.8 5.9 

Sitka Spruce (Picea sitchensis) 6.0 6.4  5.4 0.3 0.3  4.5 0.3 0.3 

Scots Pine (Pinus sylvestris) 2.3 2.5  10.9 0.3 0.3  9.1 0.2 0.2 

Wild Cherry (Prunus avium) 2.4 3.2  2.0 0.0 0.1  1.8 0.0 0.1 
Oak (Quercus) 2.6 2.5  15.9 0.4 0.4  19.9 0.5 0.5 

Willow (Salix) 4.1 5.4  3.1 0.1 0.2  3.5 0.1 0.2 

Rowan (Sorbus) 2.4 3.2  4.2 0.1 0.1  4.4 0.1 0.1 

Total (*RiskFacWood): n/a n/a  86.5 12.1* 12.1*  81.8 10.0* 10.0* 
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Although the portfolio risk was unchanged, the RiskFactree values allow 

management to determine which tree species are likely to be of lower risk for 

shorter versus longer project lengths. This new analysis therefore demonstrates the 

usefulness and applicability of this new approach to risk assessment. 
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4 Chapter 4 - Drought risk for timber production – 
does the return cover the risk? 

 

4.1 Preface 
 

Having identified via the survey that there was a lack of information on drought risk 

as well as pest and diseases, I now turned my attention to adapting a RAPM 

approach to the specific purposes of comparing the performance of alternative 

timber species according to their susceptibility to drought risk. This assessment 

aggregates risk across each 100km2 grid square of the British National Grid within 

Scotland. 

 

The work presented in this chapter is intended to be submitted for publication shortly 

after PhD submission. It is written as a stand-alone publication, aside from 

formatting to ensure consistency with the rest of the thesis (e.g. formatting and 

numbering of tables and figures). The work presented is my own (including 

introduction of RAPM approach, analyses and write-up), but adjustments to the 

approach to factor in different soil types, and how best to calculate expected yields 

were determined along with co-authors. Co-authors provided input data consisting 

of moisture deficit datasets, moisture deficit thresholds and average yields per tree 

species per 100km2 grid square in Scotland. Feedback on the original draft of the 

paper was received from co-authors and Dr. James Morrison of Forest Research. 

 

 

4.2 Introduction 
 

Climate change will alter regional precipitation patterns across the globe (IPCC, 

2014) and lead to changes in the disturbance dynamics that impact on forests (Bolte 

et al., 2009, Allen et al., 2010, Lindner et al., 2014, Landmann et al., 2015, Seidl et 

al., 2017), of which drought is an important abiotic disturbance. This could create 

challenges for forest managers responsible for maintaining viable economic yields 

from commercial timber species that are susceptible to such variabilities in climate. 

New methods are needed to support forest managers in developing species 

selection strategies that factor in the risk to forest productivity that could be posed in 
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areas where changes in the seasonality of precipitation increase the probability of 

drought at a level of severity that could impact on key commercial timber species.  

In this context, we define risk according to the Institute of Risk Management 

(Hopkin, 2014): 

 

“Risk is the combination of the probability of an event and its consequence.  
Consequences range from positive to negative.”  [4.1] 

 

Risks can be further divided into hazard (or pure) risks, control (or uncertainty) risks; 

and opportunity (or speculative risks). A feature of hazard risks, however, is that 

they only have a negative outcome (Hopkin, 2014), and drought risk would come 

under this category.  

 

In order to initiate and support effective risk management, information on risk needs 

to be presented in a way that supports decision making according to the perceptions 

and requirements of the intended audience (Blennow et al., 2014). Forest managers 

operating commercial timber projects need quantified information on the probability 

of climate related events and their consequences for yield in order to make informed 

management decisions about any climate risk (Brown et al., 2016). One such 

climate risk is an increase in the frequency and severity of drought. Risk 

assessment, focused on identifying the impact on yields of unexpected/worst-case 

levels of drought to alternative timber species, will allow forest managers to make 

informed decisions on whether to accept any risk (and choose high-yielding tree 

species that are more susceptible to drought), or to reduce exposure (by planting 

lower-yielding but more drought-tolerant alternatives). 

 

Research to date on drought has formed part of broader studies of climate change 

and disturbance impacts on forests that suggest it will be a factor in increased 

mortality in some regions of the world (van Lierop et al., 2015, Seidl et al., 2017, 

McDowell et al., 2018), including the United Kingdom (Brown et al., 2016). Many 

studies have focused on investigating the mechanisms driving drought-induced 

mortality, for example whether hydraulic failure or carbon starvation is the 

predominant cause of mortality (Rowland et al., 2015, Adams et al., 2017, McDowell 

et al., 2018). Such studies provide insights into how drought leads to mortality but 

do not inform action on how to reduce risk to commercial forests e.g. through 

alternative planting strategies. 
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Adaptation of silvicultural practice through diversification has been identified as a 

means of reducing the risk from natural disturbances including drought (Knoke, 

2008, Jactel et al., 2017, Anderegg et al., 2018). This can be done through thinning 

(Sohn et al., 2016), or planting separate stands of different species or mixed stands 

(Mason et al., 2012, Cameron, 2015), but to do this requires specific information on 

which species to use. Assessment of the relative risk to alternative timber species 

from drought can help inform such practice.  

 

This paper focuses on a drought risk assessment for alternative timber species in 

Scotland. Some studies of this region, have looked at how timber growth rates might 

change in future decades as the climate suitability for particular species alters at a 

catchment scale (Mason et al., 2012) or if the return interval of drought events 

changes (Meason and Mason, 2014, Petr et al., 2014b). Generic assessments with 

little species-specific information (Brown et al., 2016), or for only a limited number of 

species (Petr et al., 2014b), are of limited use to determine alternatives in locations 

where future drought risk is high. Similarly, analyses that are restricted to one 

location do not provide the breadth of coverage required to support broader policy at 

the national scale (Mason et al., 2012, Meason and Mason, 2014). Studies to date 

also lack a specific comparison of how end-of-rotation timber volumes might vary 

between different species planted in the next decade, as the impacts of climate 

change increase over the course of the rotation, as opposed to assessments looking 

at how volume would vary under future possible climates applied to the full rotation. 

For example, assessments by Mason et al. (2012), Meason and Mason (2014), and 

Petr et al. (2014b) compare tree species in terms of suitability and yield according to 

the conditions projected to occur in the 2050s and the conditions in the 2080s.  

 

For strategic regional climate change risk mapping and adaptation planning where 

safeguarding commercial volume return is a primary objective, the issue is therefore 

not just around selection/avoidance of drought tolerant/intolerant species, but also 

when such action needs to occur. Despite the length of the forest cycle (typically 40-

50 years for more productive commercial conifer species under British conditions), 

species with higher yields but lower drought tolerance might still produce higher 

volume and return on investment than other more drought tolerant species, if a 

significant increase in drought occurrence and impact is decades away. Where 
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climate change increases the instance of drought, further insight is needed into 

whether such change will occur at a rate that warrants immediate change to species 

choice and management (Mason et al., 2012). This is especially significant for 

Britain where over the next few decades, substantial areas in both the national and 

private forest estates will be ready for harvest and restocking (Forestry Commission, 

2016b, Forest Enterprise Scotland, 2017).  

 

In Scotland the forest sector is highly dependent on Sitka spruce (Picea sitchensis 

(Bong.) Carr.). The 2012 National Forest Inventory estimated that around half of the 

standing timber volume in coniferous forests in Great Britain was from Sitka spruce, 

including around 523.3 of the 906.2 thousand hectares (58%) of the stocked area 

across both the private sector and the public sector in Scotland (Forestry 

Commission, 2012b). Sitka spruce is often favoured as a commercial softwood 

timber species as it is well-suited to current climate conditions across a range of 

locations and site types within Scotland, is relatively easy to establish, and typically 

has a higher yield volume than other species, with timber that is suited to a range of 

applications (Mason and Perks, 2011, Wilson, 2011, Cameron, 2015). Sitka spruce 

originates from a temperate oceanic climate and is not therefore generally 

recommended for planting where soil moisture deficits are likely to occur, 

particularly during the growing season, as productivity will be impacted by its 

sensitivity to drought (Cameron, 2015, Ray et al., 2016, Grant et al., 2018). Aside 

from the exceptional heatwave and drought affecting Europe in 2003, which caused 

some mortality of Sitka spruce in North East Scotland (Green et al., 2008), 

variations in MD across and between years have not been identified as a major 

cause of mortality to date in Scotland, though under future climate projections, 

drought is expected to become an important factor impacting on tree health in 

Britain, particularly in the East of the country and including areas of Scotland (Petr 

et al., 2014b, Ray et al., 2016). 

 

The UK Climate Projections 2009 (UKCP09) predict that summers will become 

hotter and drier in some Scottish regions with autumn and winter becoming milder 

and wetter (Met Office, 2009, The Scottish Government, 2014). Therefore, whilst 

Sitka spruce currently dominates the Scottish timber sector, it may become less 

productive than more drought-tolerant species where summer droughts increase as 
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a consequence of climate change (Wilson, 2011, Petr et al., 2014b, Cameron, 2015, 

Ray et al., 2016). 

 

In this paper we seek to address the question: in the event of a ‘worst-case’ 

instance of drought (projected under a high emission climate change scenario), 

would alternative species to Sitka spruce become more viable? By viable, we mean 

whether the higher exposure of Sitka spruce to drought ‘risk’, curtails its generally  

higher ‘return’ (as quantified by its higher yield volume), to a point where other 

softwood species become competitive alternatives?  

 

We therefore propose a method to quantify the ‘risk’ versus ‘return’ of different 

softwood timber species projected by a high emission climate change scenario. It is 

worth stressing that this is a risk assessment rather than a forecast. The results will 

support management in determining whether the risk, should a worst case scenario 

materialise, is acceptable. If not, then species selection strategies should be 

devised to increase resilience against such a scenario. We use Scotland as a case 

study and compare a diverse suite of timber species to the currently dominant Sitka 

spruce.  

 

The modelling approach outlined could easily be used to assess alternative timber 

species in other regions of the world, where comparable data on species suitability, 

forecast yield and future drought risk probabilities are available. 

 

 

4.3 Methods 
 

In this study, we adapt a generic risk management concept commonly used in the 

finance industry, known as ‘risk adjusted performance measurement’ (RAPM). 

Return, usually measured by potential profit, is adjusted for the potential loss (risk) 

that could occur. RAPM can be used to ensure that returns cover potential losses, 

and to provide a means of assessing performance. For example, if two business 

areas generate the same amount of profit from the same amount of capital, this 

could suggest equality of performance. However, RAPM may show that one area 

exposed the organisation to significantly higher potential losses than the other. 

Whilst this loss did not occur, the less risky activity should be favoured in future to 
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provide more secure long-term returns. However, a business area utilising the same 

amount of capital, but operating in a higher risk area than the others may still be 

preferable if it achieves higher returns that more than compensate for higher 

potential losses. The question is whether the return is covering the risk?  

 

RAPM is a concept but there is no standard methodology for a number of reasons, 

including differences in the types of products offered by different financial 

institutions, available data, and the level of investment in risk management tools. 

However each approach seeks in some way to risk adjust returns through an 

assessment of unexpected loss i.e. a level of loss that exceeds expectation as 

opposed to an ‘expected’ or average loss of capital employed (Hull, 2012, Crouhy et 

al., 2014). Unexpected loss is also referred to as worst-case loss and is typically 

calculated to a high level of certainty – usually around 99% i.e. we are 99% certain 

that this loss will not be exceeded. It is therefore not a forecast, but an assessment 

that investigates the resilience of the forest sector against worst-case losses. It is 

intended to be used alongside forecasts and other analyses.  

 

In this study, we therefore define a new RAPM approach to compare the risk versus 

return of alternative timber species in relation to their potential growth adjusted for 

future drought risk under a high emission (worst-case) climate change scenario. We 

present an example of this approach, to support species-selection strategies of the 

commercial forest sector in Scotland. The approach adjusts returns based on 

predicted volume of timber production (yield) by the risk of unexpected loss from 

drought. We define measures of risk, return and how we propose to risk-adjust the 

return below. 

 

4.3.1 General points of application 
4.3.1.1 Time period 
 

We first need to define a time horizon over which to assess risk. In finance, risk is 

typically calculated over a 1-year time horizon (Hull, 2012). However, to quantify 

drought risk we need to extend this to cover the rotation length of a commercial 

conifer plantation. To be directly comparable the same rotation length needs to be 

applied to each species. However, one of the reasons that Sitka spruce is favoured 

in Scotland is because its rotation length is typically shorter than that for other 
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species i.e. typically around 40-45 years as opposed to around 50-60 years for most 

other commercial conifer species (Wilson, 2011). Using a rotation length of 40 years 

would therefore penalise the slower growing species, whereas using 60 years 

(allowing for 20 years into a new Sitka spruce rotation) would penalise Sitka spruce. 

We therefore applied a rotation length of 50 years as a means of comparison 

although this is an extended rotation length for most sites growing Sitka spruce in 

Scotland, due primarily to wind climate constraints to forest stability: windthrow risk 

increasing with stand age (Read et al., 2009, Peltola et al., 2013). We will therefore 

compare the total volume production at the end of a 50-year rotation. This will be 

adjusted for the drought risk under a high emission scenario as it changes over the 

course of the rotation.  

 

4.3.1.2 Tree species assessed & area of assessment 
 

We included all softwood commercial timber species commonly planted in 

productive forests in Scotland. Forestry Commission Scotland provided a list of the 

main commercial timber species planted on the National Forest Estate (NFE). This 

was supplemented with reference to commercial timber species assessed within the 

Ecological Site Classification tool (ESC) (Pyatt et al., 2001) which is widely used by 

the UK forest sector. The list was also supplemented with species likely to be 

considered in future (Wilson, 2011) and further consultation with Forest Research 

experts. This gave rise to a list of 20 species (Table 4.1).  

 

To provide results of use to the forest sector across Scotland, we performed RAPM 

calculations for each 100km2 grid square of the British National Grid within Scotland. 

The grid square locations are shown in Figure 4.1. 

 

4.3.2 Calculation of Risk 
 

In order to risk-adjust the return we first need to quantify ‘Risk’ as per the definition 

[4.1] by quantifying the ‘probability’ and ‘consequence’ of drought risk. 

 

We use moisture deficit (MD), measured in millimetres, as a measure of drought 

risk. ESC contains estimates of the threshold MD, at which a site becomes 

unsuitable for each commercial timber species: defined as the threshold level of MD 
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above which the yield is expected to fall at least 30% from that predicted when 

moisture is not limiting (Pyatt et al., 2001). Yield relates to the volume growth of 

timber measured in cubic metres per hectare (m3 ha-1). The risk calculation is 

therefore the probability of a given threshold MD being exceeded with the 

consequence being a 30% fall in yield. 

 

As we are using threshold MD values from ESC, we used the ESC method to 

calculate MD by: 

 

“subtracting potential evaporation from actual rainfall on a monthly basis, and 

summing the monthly deficits to find the maximum potential deficit for the year.” 

(Pyatt et al., 2001). 

 

However, an additional factor in moisture availability is the ability of the soil to retain 

moisture i.e. the available water capacity (AWC). We therefore adjusted for high, 

medium and low AWC soils. Brown earth was chosen as a representative soil type 

for soil with a high AWC, and sandy ironpan for soil types with low AWC. Within 

ESC, brown earth has an adjustment factor of +144 mm in relation to suitable MD 

(Pyatt et al., 2001) i.e. it retains an estimated 144 mm of water, so 144 was added 

to the MD threshold for each species to define the threshold for drought risk on high 

AWC soils. Conversely, Sandy ironpan has a low AWC and an adjustment factor of  

- 21 mm (Pyatt et al., 2001) so this amount was subtracted from the MD threshold to 

provide a threshold for low AWC soils. This provided 3 species-specific MD 

thresholds for each assessed species e.g. the MD suitability threshold taken from 

ESC for Sitka spruce is 223 mm from which we derive 3 suitability thresholds for 

different AWCs: 202 mm for low AWC soils (-21), 223 mm for medium, and 367 mm 

for high AWC soils (+144). 

 

To determine the ‘probability’ of the three thresholds being exceeded for each 

species in each 100km2 grid square, we used an estimated MD dataset developed 

during a previous study that looked at the impacts on average yields of three tree 

species in Britain under future climate scenarios (Petr et al., 2014b). This study 

used the Met Office’s stochastic Weather Generator(Jones et al., 2010), with the 

UKCP09 climate projections (Met Office, 2009), to generate a dataset of 3,000 

equally likely annual MD values for each decade from the 2020s to the 2080s for 51 
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sites across Britain under different climate scenarios. The 51 sites were randomly 

selected: one upland and one lowland site per square (except where both land types 

did not exist in the same square in which case only one random sample of the land 

type present was selected). For further details on the derivation of the MD dataset 

see Petr et al. (2014b). In our study we used the sample MD data for the 23 sites 

located in Scotland. These sites and their locations are depicted in Figure 4.1. 

 
Figure 4.1 - Location of sample moisture deficit sites in Scotland1 and 2-letter codes for 100km2 
National Grid Squares. 

 
1Contains OS data © Crown copyright and database right (2018). Data: Boundary-Line - GB 

 

Since each MD value is equally likely, the probability of a given MD threshold being 

exceeded for a given decade within a given square was determined by calculating 

the proportion (%) of the 3,000 MD values over the threshold value. This calculation 

was repeated for each combination of species/decade/location/AWC-MD i.e. to 

provide a probability of yield falling by at least 30% (i.e. MD threshold exceeded) for 

each species in each decade in each location on each soil type. 
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As the RAPM calculation is performed for each square, the probabilities for the 

sample lowland and upland sites in each square are used as a proxy for determining 

risk-adjusted returns for lowland or upland sites across the whole 100km2 grid 

square in the subsequent calculations. The high processing capacity required to 

calculate MD from the weather generator and the volume of data generated 

prevented a finer resolution of MD estimates within grid squares during the Petr et 

al. (2014b) study.  

 

The Met Office typically uses the A1, A1B and A1FI climate scenarios, as defined by 

the International Panel on Climate Change (IPCC, 2000), to represent future low, 

medium and high emissions scenarios. The datasets from the Petr work which came 

from the Met Office’s weather generator, were available for each of these scenarios, 

plus a baseline series representing the current climate (calculated from actual data 

over the standard 1961–1990 climate baseline period). Since RAPM approaches 

require a worst-case loss, we used the data for the A1FI high emission scenario to 

generate the probabilities for future drought risk, and the baseline data to calculate 

probabilities under current conditions for comparison.  

 

4.3.3 Calculation of Return 
 

The main factor affecting the ‘return’ from a timber project is the volume of timber 

grown during a rotation which is sold to provide revenue. This can be estimated 

from the yield class, which is defined as: 

 
‘a measure of forest productivity based on the maximum mean annual 
increment of cumulative timber volume achieved by a given tree species 
growing on a given site and managed according to a standard management 
prescription. It is measured in units of cubic metres per hectare per year (m3 
ha−1 yr−1)’ (Forestry Commission, 2016a). 

 

The Forestry Commission of Great Britain provides yield models for application to 

even-age stands, broken down by tree species, yield class and management 

prescription (Matthews et al., 2016). Most commercial timber species have specific 

yield models, but some do not and are ‘mapped’ onto other species to be used as a 

close proxy. Given an estimated yield class value, ForestYield software (Forestry 
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Commission, 2016a) provides estimates of cumulative timber volume during the 

course of a rotation. 

 

To calculate the ‘return’ we therefore needed to identify an average yield class 

under the baseline scenario (i.e. assuming current conditions and no climate 

change) to use for each species within each 100km2 grid square. The ESC tool 

provides a Yield Index which estimates the best potential yield class for a given 

species in a given location, based on the suitability of the site for that species. 

Suitability is based on the most limiting site variables consisting of four climate 

variables (accumulated temperature, MD, continentality and DAMS - an exposure 

index integrating elevation and aspect), and two soil variables (soil moisture and 

nutrient regime) (Pyatt et al., 2001).  

 

ESC generates a suitability score for each species for each location. This is an 

index from 0 to 1, which can then be combined with yield class to give a percentage 

of the maximum achievable yield in British conditions. If this percentage is below 

60% then generally the site is considered to be sub-optimal for that species and it is 

unlikely to be planted there. ESC was run in batch mode to generate average yield 

classes for each species across all suitable locations in a grid square i.e. excluding 

sub-optimal locations (below 60%). The results are shown in Table 4.2. 

 

These average yield classes were then input to ForestYield to obtain decadal 

cumulative yield estimates (m3) for each species in each grid square from 10 to 50 

years of the rotation. These are used to provide the ‘return’ estimate to be risk-

adjusted. 

 

Results for both upland and lowland climate types (within each grid square) are 

presented. We use one value for average yield within a grid square for both 

calculations. It is not possible to derive separate average yield estimates for upland 

and lowland sites, from ESC. ESC yield class estimates are based on the next most 

limiting factor after temperature. In upland areas above 250m, resilience to wind 

becomes a significant limiting factor and would heavily skew the average results in 

favour of Sitka spruce, and reduce yield classes for other species. Here, we wish to 

isolate the impact of drought. Therefore, average yields were determined by 

constraining elevation to below 250m. This was done to better compare like-for-like 
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potential. The risk assessment should be used alongside additional site-specific 

assessments, such as those from ESC, which would exclude species in locations 

where wind was a significant factor. These average yields (m3 ha-1) for each species 

in each grid square are modified by climate by applying the separate MD 

probabilities for upland vs lowland site types outlined in section 4.3.2 as explained 

below. 

 

4.3.4 Risk Adjusted Return Calculation 
 

Using the risk and return values above as inputs, we derived a new approach to 

quantifying a ‘Risk Adjusted Performance Measure’. This enables the comparison of 

the risk-adjusted returns of planting timber species with different drought tolerances 

and yield potentials. We refer to this as ‘Drought Adjusted Yield’ (YDA). The 

approach assumes a 50-year rotation with the first decade of growth in the 2020s, 

and the final in the 2070s. 

 

We first defined a ‘Yield at Risk’ (YaR) value which quantifies the potential 

unexpected loss under the A1FI scenario. This is derived from the probability (P) in 

each decade that the MD threshold (MDT) is exceeded leading to a 30% loss in the 

expected decadal yield increment (ID) if moisture were not limiting, derived from the 

ForestYield models. This YaR is calculated for each species, for each low, medium 

and high AWC moisture deficit thresholds, for each 100km2 grid square as follows: 

 

 YaR = 2020S2070 P (MD> MDT) x ID x 30%  [4.2] 

 

Where 
2020S2070 = refers to the sum for each decade from the 2020s to 2070s to cover 
a 50-year rotation  

 

The final YDA, is quantified by subtracting YaR from the baseline potential yield 

under the current climate at the end of a 50-year rotation (YBP50).  

 

 YDA = YBP50 – YaR [4.3] 

 

The resulting YDA’s were then used to compare the performance of the 20 

commercial timber species on three different soil types in upland and lowland 
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locations in each 100km2 grid square in Scotland. Examples of this calculation are 

shown in Table 4.3 and discussed below. 

 

 

4.4 Results 
4.4.1 Tree species selected for assessment 
 

The twenty species that were selected for assessment as being productive 

commercial conifer timber species with broad ecological potential under UK 

conditions, together with the MD thresholds from ESC (medium AWC), are shown in 

Table 4.1. This shows that the pines have the highest level of drought tolerance and 

the larches are amongst the lowest. Western hemlock, Douglas fir, coast redwood, 

Norway spruce and red cedar also have high levels of tolerance, whereas Japanese 

cedar and noble fir are the most susceptible to drought. Sitka spruce is ranked 15th 

out of the 20 species in relation to drought tolerance. 
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Table 4.1 – Medium AWC moisture deficit thresholds (from ESC) by conifer species, above 
which yield is estimated to fall by at least 30%. 

Tree species in order of 
drought tolerance 

 

Latin name 
Medium AWC 

MD threshold (mm)A 

Macedonian pine Pinus peuce 339 

Corsican pine Pinus nigra var maritima 327 
Scots pine Pinus sylvestris 319 

Lodgepole pine Pinus contorta 303 

Western hemlock Tsuga heterophylla 272 
Douglas fir Pseudotsuga menziesii 271 

Coast redwood Sequoia sempervirens 268 

Norway spruce Picea abies 267 
Western red cedar Thuja plicata 265 

Lawsons cypress Chamaecyparis lawsoniana 257 

Leyland cypress Cupressocyparis leylandii 257 

European silver fir Abies alba 234 
Grand fir Abies grandis 230 

Pacific silver fir Abies amabilis 230 

Sitka spruce Picea sitchensis 223 
European larch Larix decidua 222 

Hybrid larch Larix x eurolepis 211 

Japanese larch Larix kaempferi 209 
Japanese cedar Cryptomeria japonica 206 

Noble fir Abies procera 173 
AHigh AWC MD threshold (mm) calculated as: Medium AWC threshold + 144 mm based on brown 
earth adjustment factor; Low AWC MD threshold (mm) calculated as Medium AWC threshold – 21 mm 
based on sandy ironpan adjustment factor. 
 

 

4.4.2 Average yield classes by tree species and grid square 
 

The average potential yield classes estimated for each commercial tree species on 

suitable sites across each 100km2 grid square in Scotland, prior to any risk 

adjustment are shown in Table 4.2, together with a rank by yield class for each 

species within each grid square.  
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Table 4.2 - Tree species ranked by average potential yield class on suitable sites (ESC score > 60%) in each 100km2 British National Grid Square in Scotland 

under current baseline conditions over a 50-year rotation. 

 100km2 British National Grid Square (see Figure 4.1 )  

 NC NG NH NJ NM NN NO NR NS NT NX NY Average 

Tree speciesB ESC predicted potential yield class (m3 ha-1 y-1)C | rank by yield class within grid squareD yield classE 

Sitka spruce 20|1A 21|1 21|1 22|1 22|1 21|1 23|1 22|1 23|1 22|1 23|1 23|1 21.8 

Grand fir 17|6 17|6 18|8 19|6 18|3 20|3 22|2 20|2 21|2 21|2 21|2 21|2 19.5 

Coast redwood 18|2A 19|2 19|3 19|7 19|2 20|4 20|8 19|3 20|4 20|4 20|4 20|3 19.4 

Noble fir 18|3 16|9 19|2 21|2 18|6 20|2 21|6 18|4 21|3 21|3 20|3 20|4 19.4 

Norway spruce 17|4 17|4 19|4 20|3 17|7 19|6 21|3 17|7 18|7 19|5 18|7 19|5 18.6 

Leyland cypress 17|5 17|3 19|6 20|5 18|5 19|7 21|5 18|6 19|6 19|7 18|6 19|6 18.6 

Douglas fir 16|8 17|5 19|7 18|8 18|4 20|5 21|7 18|5 19|5 19|6 18|5 19|7 18.5 

Western hemlock 17|7 17|7 19|5 20|4 17|8 19|8 21|4 17|8 18|8 19|8 17|8 19|8 18.2 

Western red cedar 16|9 16|8 18|9 18|9 16|9 18|9 20|9 16|9 17|9 18|9 17|10 18|10 17.3 

Pacific silver fir 15|10 15|10 17|10 17|10 16|10 17|10 19|10 15|12 16|11 17|11 16|11 17|11 16.5 

Japanese cedar 15|11 15|11 17|11 17|11 15|11 17|11 18|11 15|11 16|12 17|12 16|12 16|12 16.2 

Lawsons cypress 14|12 13|12 14|12 16|12 14|12 17|12 18|12 16|10 17|10 17|10 17|9 18|9 15.9 

European silver fir 12|13 13|13 13|13 13|14 13|13 14|13 14|14 14|13 14|13 15|13 15|14 15|14 13.7 

Corsican pine 12|14 11|15 12|15 12|19 11|16 13|14 14|15 12|14 14|14 14|14 15|13 15|13 13.0 

Hybrid larch 12|15 11|16 12|14 14|13 12|14 13|15 15|13 12|15 13|15 14|15 13|15 14|15 12.8 

Lodgepole pine 11|17 11|14 11|18 12|18 12|15 11|18 13|19 12|16 12|16 12|17 12|16 13|16 11.9 

Macedonian pine 11|16 10|17 11|17 13|15 11|17 11|19 13|16 11|17 12|17 12|16 12|17 13|17 11.8 

Scots pine 10|18 10|18 12|16 13|17 11|18 12|16 13|18 11|18 12|18 12|18 11|18 12|18 11.5 

Japanese larch 10|19 9|19 11|19 13|16 10|19 11|17 13|17 10|19 11|19 12|19 11|19 12|19 11.0 

European larch 7|20 8|20 7|20 9|20 7|20 8|20 10|20 7|20 8|20 9|20 9|20 9|20 8.2 

. 
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Table 4.2 Footnote: 

ExampleA in grid square NC, Sitka spruce ranks first with a potential yield class of 20 m3 ha-1 y-1, and 

coast redwood ranks 2nd with a potential yield class of 18 m3 ha-1. BOrdered by average yield class 

(last column). CAverage potential yield class (m3 ha-1 y-1) for all locations in each grid square where the 

suitability score from the Ecological Site Classification tool is greater than 60%. DFigure 4.1 shows the 

locations of the grid squares. EAverage yield class (m3 ha-1 y-1) across all grid squares in Scotland 

       

 

The results show that under current conditions, Sitka spruce has the highest 

average potential yield class in every grid square. Other high yielding species 

include grand fir, which is second to Sitka spruce in southern and south eastern 

areas of Scotland but performs less well in more northern and western areas. Coast 

redwood performs well in most locations except central and north eastern areas. 

Conversely the pines and larches are amongst the lowest yielding species in all 

areas. 

 

 

4.4.3 Example calculation: Table 4.3 

 

An example of the calculations for selected tree species for lowland sites in the 

south-eastern grid square NT, on soils of medium AWC under the A1FI scenario is 

given in Table 4.3. NT is chosen as it is an area where a substantial rise in MD is 

forecast. 

 

Under current baseline conditions, the annual probability of exceeding a MD of 223 

mm (the ESC medium MDT for Sitka spruce) is only 2%. However, the results in 

Table 4.3 show that by the 2030s under the high emission scenario, this probability 

has risen to approximately every 5 years (21%), and almost every other year (46%) 

by the 2060s. Adjusting for a 30% fall in yield with each decadal probability of 

exceeding the MD threshold, we estimate that Sitka spruce could still provide the 

highest potential yield of the species assessed with 971 m3 ha-1 at the end of the 

rotation in 2060. This is because a large volume accumulation occurs before the 

higher MD probabilities impact in the later decades. End of rotation yields for Sitka 

spruce under the baseline current climate (YBP50) and risk-adjusted A1FI scenario 

(YDA) are set as a baseline of 100% and the final column shows what proportion of 

these yields are achieved by the other species’ YBP50’s and YDA’s . 



 

119 

 
Table 4.3 - Example risk adjusted return calculations for selected species in lowland sites in 

grid square NT, on medium AWC soils under the high emissions scenario A1FI 

  
2020s 

 
2030s 

 
2040s 

 
2050s 

 
2060s 

% of Sitka 
spruce yieldA 

       

SITKA SPRUCEB (Baseline yield class 22.2 m3 ha-1 y-1, MD threshold 223mm) 

YBP50 (m3ha-1) 35 209 489 798 1084 100% 

ID (m3ha-1) 35 173 280 309 286  

PA1FI(MD>223) 16% 21% 27% 42% 46%  

YaR split by decade (m3ha-1) 2 11 22 39 39  

YaR (m3ha-1) 2 13 35 74 114  

YDA (m3ha-1) 34 196 454 724 971 100% 

       

DOUGLAS FIR: (Baseline yield class 19.2 m3 ha-1 y-1, MD threshold 271mm) 

YBP50 (m3ha-1) 35 194 440 704 943 87% 

ID (m3ha-1) 35 159 246 264 240  

PA1FI(MD>271) 4% 7% 10% 20% 23%  

YaR split by decade (m3ha-1) 0 3 7 16 17  

YaR (m3ha-1) 0 4 11 27 43  

YDA (m3ha-1) 35 191 429 677 900 93% 

       

NOBLE FIR: (Baseline yield class 20.6 m3 ha-1 y-1, MD threshold 173mm) 

YBP50 (m3ha-1) 40 195 436 713 991 91% 

ID (m3ha-1) 40 155 240 277 278  

PA1FI(MD>173) 45% 52% 58% 72% 74%  

YaR split by decade (m3ha-1) 5 24 42 60 61  

YaR (m3ha-1) 5 30 71 131 192  

YDA (m3ha-1) 35 165 364 582 798 82% 

       

SCOTS PINE: (Baseline yield class 12.1 m3 ha-1 y-1, MD threshold 319mm) 

YBP50 (m3ha-1) 17 88 208 354 508 47% 

ID (m3ha-1) 17 71 120 146 154  

PA1FI(MD>319) 1% 1% 3% 7% 9%  

YaR split by decade (m3ha-1) 0 0 1 3 4  

YaR (m3ha-1) 0 0 1 4 8  

YDA (m3ha-1) 17 88 206 350 500 52% 
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Table 4.3 Footnote: 
A This column shows the baseline yield and risk-adjusted yields as a percentage of Sitka spruce’s yield. 
Viable alternatives to Sitka spruce are defined as those achieving at least 90% of the yield of Sitka 
spruce. 
BCalculation for Sitka spruce (repeated for each tree species shown): 
• Top line information: ‘Baseline yield class 22.2’: the average baseline potential yield class for Sitka 

spruce calculated from ESC for all suitable sites within the grid square NT; ‘MDT 223’: MD value 
above which conditions become unsuitable for Sitka spruce on soils of average AWC.  

• YBP50 (Baseline potential yield) (m3 h-1): Entering the yield class of 22.2 for Sitka spruce into 
ForestYield provides the estimate of decadal cumulative yield shown in this line. 

• ID (m3 ha-1): predicted decadal increment in yield is calculated by subtracting the prior decade 
cumulative yield from the cumulative yield to date for each decade (e.g. decadal increment for 
2030s: 209 (cumulative yield in 2030s) – 35 (cumulative yield in 2020s)  = 173 m3 ha-1(rounded). 

• PA1FI(MD>223): probability of the MD exceeding 223 mm under the A1FI scenario for each decade 
calculated from the dataset in (Petr et al., 2014b) 

• YaR split by decade (m3 ha-1): yield at risk for each decade calculated by: ID x Prob(MD>223) x 
30%  

• YaR (m3 ha-1): cumulative value of the previous line 
• YDA (m3 ha-1): calculated from YBP50 –YaR.  
       

 

Douglas fir is an example of a species that is estimated to be much more drought 

tolerant (ESC medium MDT: 271 mm) than Sitka spruce. Its yield rose from 87% of 

Sitka’s yield to a drought-adjusted 93% in the 2060s, suggesting it could become a 

commercially viable alternative in this high drought risk area. Conversely, being 

estimated as much less drought tolerant (ESC medium MDT: 173 mm), noble fir 

presented a higher risk of a fall in yield and fell from 91% to 82% of Sitka spruce’s 

yield suggesting it may no longer be a commercially viable alternative to Sitka 

spruce in such drought prone areas. 

 

Despite a much higher estimated drought tolerance (ESC medium MDT: 339 mm), 

the projected YDA of Scots pine was only just over half the yield of Sitka spruce. The 

higher drought tolerance (lower risk) not being enough to compensate for the 

significantly lower baseline average yield classes (return) of 12 m3 ha-1 y-1 vs 22 m3 

ha-1 y-1 for Sitka spruce. 
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4.4.4 Viable alternatives to Sitka spruce (at 90% of Sitka spruce yield) 

 

The main findings of the risk-adjusted return analysis are presented here. We define 

viable alternative timber species as those reaching at least 90% of Sitka spruce’s 

YDA. A key finding is that none of the species modelled showed a higher yield than 

Sitka spruce in any location on any soil type despite the relatively low drought 

tolerance of Sitka spruce compared to some other species. 

 

A general pattern shown by the results is that the probability of future yield-

impacting drought is higher in central, eastern and southern areas of Scotland, than 

the west coast and northernmost Scotland where YDA’s showed little change from 

the baseline. In particular, cells NH, NJ and NT show the largest changes and the 

highest falls were in grid square NT lowland, on low AWC, where the Sitka spruce 

yield fell as much as 13.3%. We therefore split results into west coast/northern and 

central/eastern areas. 

 

4.4.5 Results for western coastal regions and the far North of Scotland: grid 

squares: NC,NG,NM,NR,NS,NX,NY. 

 

The results for the west coast of Scotland are shown in Table 4.4. Our analysis 

predicted that only coast redwood and grand fir came within or close to 90% of Sitka 

spruce’s YDA along the west coast of Scotland (where neither reached 90% we show 

the nearest to highlight the degree of dominance of Sitka spruce). In the most 

northern parts of the west coast (cells NC, NG and NM) coast redwood was the 

second highest yield to Sitka spruce but only reached 90% of its YDA on low-medium 

AWC soils on NC upland sites, reaching 89% elsewhere aside from grid square NM. 

In the latter, coast redwood only reached 83% of Sitka spruce’s YDA. However, the 

% fall figures are no higher than -0.1% in any of these grid squares, showing that 

Sitka spruce’s dominance is due to its higher YBP50 as there is a low probability of 

drought under the high emission scenario in these areas. 

 

Further south on the west coast, conditions for grand fir become more suitable and it 

takes over as the next highest yielding, however, in grid squares NR and NX it only 

reaches 88% of Sitka spruce’s YDA. Again, the low % fall indicates that projected 
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drought probabilities are low, and the results reflect the dominance of Sitka spruce 

under baseline climate conditions. 

 

However, cells NS and NY, despite being on the west coast are further east than 

NR and NX, where the probability of drought is higher and so the impact of drought 

adjustment starts to affect YDA’s, with falls as high as 7.6% for Sitka spruce in NS 

lowland on low AWC soils. Since grand fir is slightly more drought tolerant its YDA 

falls less than Sitka spruce and it reaches as high as 95% of Sitka spruce’s YDA in 

NY upland. Coast redwood, being of much higher drought tolerance sees much 

lower falls and begins to be a viable alternative to Sitka spruce on low-medium AWC 

soils. 
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Table 4.4 – YDA‘s of Sitka spruce and species within 90% (or next best) of this yield by AWC soil 
type for grid squares on the West coast of Scotland 

  Sitka spruce  Coast redwood  Grand fir 

 AWC YDA 

(m3)A 

% 

fallB 

 YDA 

(m3)A 

% of 

SSC 

% 

fallB 

 YDA 

(m3)A 

% of 

SSC 

% 

fallB 

NC - Upland High 

Medium 

Low 

941 

939 

937 

0.0% 

-0.2% 

-0.4% 

 842 

841 

841 

89% 

90% 

90% 

0.0% 

0.0% 

-0.1% 

    

NG – Lowland High 

Medium 

Low 

983 

981 

979 

0.0% 

-0.2% 

-0.4% 

 875 

875 

874 

89% 

89% 

89% 

0.0% 

0.0% 

-0.1% 

    

NG – Upland High 

Medium 

Low 

983 

983 

983 

0.0% 

0.0% 

0.0% 

 875 

875 

875 

89% 

89% 

89% 

0.0% 

0.0% 

0.0% 

    

NM – Lowland High 

Medium 

Low 

1,073 

1,072 

1,072 

0.0% 

0.0% 

0.0% 

 887 

887 

887 

83% 

83% 

83% 

0.0% 

0.0% 

0.0% 

    

NM - Upland High 

Medium 

Low 

1,073 

1,072 

1,072 

0.0% 

0.0% 

0.0% 

 887 

887 

887 

83% 

83% 

83% 

0.0% 

0.0% 

0.0% 

    

NR - Lowland High 

Medium 

Low 

1,071 

1,069 

1,067 

0.0% 

-0.2% 

-0.3% 

     937 

936 

934 

88% 

88% 

88% 

0.0% 

-0.1% 

-0.3% 

NR - Upland High 

Medium 

Low 

1,071 

1,070 

1,070 

0.0% 

0.0% 

0.0% 

     937 

937 

936 

88% 

88% 

88% 

0.0% 

0.0% 

0.0% 

NS – Lowland High 

Medium 

Low 

1,119 

1,058 

1,035 

-0.1% 

-5.6% 

-7.6% 

  

 

933 

 

 

90% 

 

 

-3.5% 

 1,016 

967 

944 

91% 

91% 

91% 

-0.1% 

-4.9% 

-7.2% 

NS - Upland High 

Medium 

Low 

1,120 

1,065 

1,041 

0.0% 

-4.9% 

-7.0% 

  

 

939 

 

 

90% 

 

 

-2.8% 

 1,016 

974 

950 

91% 

91% 

91% 

0.0% 

-4.3% 

-6.5% 

NX - Lowland High 

Medium 

Low 

1,142 

1,136 

1,130 

0.0% 

-0.6% 

-1.1% 

     1,001 

996 

991 

88% 

88% 

88% 

0.0% 

-0.5% 

-0.9% 

NX - Upland High 

Medium 

Low 

1,142 

1,138 

1,135 

0.0% 

-0.4% 

-0.6% 

     1,001 

998 

995 

88% 

88% 

88% 

0.0% 

-0.3% 

-0.6% 

NY - Lowland High 

Medium 

Low 

1,106 

1,091 

1,081 

0.0% 

-1.4% 

-2.3% 

  

 

967 

 

 

90% 

 

 

-0.7% 

 1,043 

1,030 

1,020 

94% 

94% 

94% 

0.0% 

-1.2% 

-2.1% 

NY - Upland High 

Medium 

Low 

1,106 

1,063 

1,045 

-0.1% 

-3.9% 

-5.5% 

  

960 

952 

 

90% 

91% 

 

-1.5% 

-2.3% 

 1,042 

1,007 

988 

94% 

95% 

95% 

0.0% 

-3.4% 

-5.2% 



 

124 

Table 4.4 Footnote: 
A YDA at end of rotation in 2060s (m3 ha-1) 
BPercentage fall of YDA from YBP50 
CProportion of Sitka spruce yield achieved post drought risk-adjustment 
       

 

 

4.4.6 Results for Central and Eastern Regions of Scotland: grid squares: 

NH,NJ,NN,NO,NT. 

 

A higher number of species meet the 90% threshold in central and eastern areas of 

Scotland than on the west coast as shown in Figure 4.2. This is due to the 

probability of drought being higher and reflect concomitant yield gains for more 

drought tolerant species. 

 

Conditions for noble fir are more favourable in the central/eastern regions where it is 

currently a viable alternative; however, its low drought tolerance means that its 

drought-adjusted yield falls substantially, and it only remains a viable alternative on 

high AWC soils across most central/eastern regions. The exception is grid square 

NJ in the north east, where it just retains viability at 90% on medium AWC, despite 

significant yield falls of 13.4% (lowland) and 14.8% (upland). 

 

Conditions do not suit coast redwoods in the most eastern NJ and NO regions 

where a higher drought tolerance is not enough to offset their relatively low YBP50 

and make them a viable alternative, aside from on low AWC soils in lowland NO. 

However, coast redwoods prove viable on low-medium AWC soils in most other grid 

squares in this region (aside from medium AWC soils in NT upland), where 

conditions are more suited, and they benefit from the relatively high drought 

tolerance. However, they are not competitive with other species on high AWC soils 

with the exception of the most central NN region where they are viable on all soils. 
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Figure 4.2 – Species achieving 90% of the YDA of Sitka spruce at the end of a 50-year rotation (A1FI high emission scenario) for central and eastern regions 

of Scotland (grid squares NH, NJ, NN, NO, NT). 
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Figure 4.2 (continued). 
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Western Hemlock is better suited to the northern and eastern areas of this region 

(NH, NJ, NO). Its high drought tolerance making it viable on most soils aside from 

the highest AWC in NH upland, where Sitka spruce and noble fir dominate. 

 

The most favourable baseline conditions for Norway spruce and Leyland cypress 

are found in the far eastern part of Scotland. Combining this with the higher 

probability of drought in these areas and their relatively high drought tolerance lead 

them to becoming viable alternatives in grid square NJ on low-medium AWC soils 

and all soil types in grid square NO. Leyland cypress also just reaches viability at 

90% in NH upland. 

 

As with the west coast, grand fir is less suited to conditions in the north and 

becomes more favourable in the more southern grid squares of the central and 

eastern region (NN, NO, NT) on all soil types. This is primarily due to high baseline 

yields, which like Sitka spruce, are sufficient to offset its lower drought tolerance 

than most of the species analysed. 

 

Under baseline conditions, Douglas fir is in the top third of species in all regions in 

relation to potential yield, although not amongst the top few species. However, its 

high drought tolerance, combined with the strong baseline yield, sees it becoming a 

viable alternative in all areas aside from high AWC soils in grid squares NH and NT, 

and medium AWC soils in NT upland. 

 

4.5 Discussion 
 

The analysis presented uses a RAPM framework to provide a new method for 

assessing and comparing the performance of alternative commercial timber species. 

The approach enables the assessment of their potential yield against their resilience 

to future drought risk under a worst-case high emission climate change scenario. It 

provides insight into where yield might be at risk on sites currently deemed ‘suitable’ 

for each species on account of changes in predicted future precipitation across 

different regions and indicative soil types. The results show whether currently high 

yielding species would be likely to remain the highest yielding under such conditions 

(after adjusting for their drought sensitivity), or whether other species with lower 
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baseline yields but higher drought tolerance may represent viable lower risk 

alternatives. The RAPM analysis is not a forecast. It compares returns measured by 

yield when adjusted for worst-case drought risk under a high emission scenario. It is 

not a prediction of ‘expected’ yield under this scenario, as it does not factor in the 

probability of any gains due to other factors that might prove beneficial such as a 

rise in temperature or extended growing season, but isolates the impact of drought 

risk. It provides information for forest managers from which to base decisions on 

whether to accept the risk posed by the threat of a high emission scenario in areas 

where this would lead to a high drought risk, or use species identified as viable 

alternatives in these areas to reduce their exposure should this scenario come to 

pass.  

 

We applied a minimum threshold requirement that alternative species should 

achieve 90% or more of the yield of Sitka spruce to be considered viable 

alternatives which would protect commercial volume production for the UK 

sawmilling industry. Mitigating drought risk to the Scottish forest sector, will help 

increase resilience in a sector worth almost £1 billion per year and which employs 

over 25,000 people (Scottish Government, 2018). 

 

Since the analysis operates at a 100km2 grid square scale with individual upland 

and lowland locations serving as proxies for predicting future MDs across the whole 

cell, it is primarily an analysis of spatial trends across Scotland and does not replace 

the need for location-specific species silvicultural establishment knowledge (Mason 

et al., 2012). In particular, when considering individual locations, ESC should be 

used to assess species suitability and site specific yield potentials (ESC DSS, 

2018). The % fall figures from the appropriate upland or lowland analysis for a given 

species in the grid square, can be used as a guide to how the yield forecasts at that 

specific site might change. 

 

Sitka spruce’s YBP50 averages were highest in all grid squares, which partly explains 

its current dominance as a commercial timber species in Scotland. A clear trend that 

emerges from the risk analysis, is that it is likely to continue this dominance across 

all regions in terms of volume production over the next rotation, even when adjusting 

for the drought risk possible under the high emission A1FI scenario, based on a 

30% yield impact threshold. This is because Sitka spruce’s YBP50 is high enough 
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compared to other species to cover any decline in yield due to its relatively low 

drought tolerance. However, a second rotation is likely to be sub-optimal in areas 

where rapidly increasing MD is predicted. At present, it is Sitka’s early volume 

accumulation in the decades before the probability of exceeding MDTs becomes too 

high in drought-prone areas that keeps it ahead of rivals assessed on this basis 

(Table 4.3). On current trends it seems unlikely that Sitka will stay ahead of more 

drought tolerant rivals for rotations beginning towards the latter half of the 21st 

century. Based on a clearfell restock practice now this analysis suggests continued 

commercial Sitka spruce volume production dominance for rotations ending before 

the 2070’s.  

 

Douglas fir, grand fir, western hemlock, coast redwood, Norway spruce and Leyland 

cypress – all have the potential to be more widely planted in locations where they 

currently have high potential baseline yields as they are more drought tolerant than 

Sitka spruce. However, some of the most drought tolerant species such as the 

pines: Macedonian pine, Corsican pine, Scots pine and lodgepole pine are unlikely 

to deliver adequate return measured purely by timber yield, as their relative 

resilience to drought is not enough to offset YBP50’s that are significantly lower than 

viable alternatives. However, they should be planted in the most drought prone 

areas, especially on low AWC soils, depending on the extent to which increased 

diversification, increasing landscape scale resilience (Lawrence and Nicoll, 2016), 

and enhanced biodiversity are seen as priorities across the sector (Scottish 

Executive, 2006, Grant et al., 2012).  

 

Diversification is seen as a way to spread and reduce the risks from biotic and 

abiotic sources such as wind, fire and pests and diseases, under climate change 

(Knoke, 2008, Kolstrom et al., 2011, Jactel et al., 2017, Anderegg et al., 2018), and 

has already been identified as a key strategy in diversifying forest species and 

structure in Scotland in response to climate change (Grant et al., 2012, Meason and 

Mason, 2014). Pests and diseases also present a risk, and overreliance on one 

species could lead to widespread loss in future if a pest or disease threatening that 

species arrives (Brown et al., 2016, Davies et al., 2017, Freer-Smith and Webber, 

2017). This lends further support to the consideration of alternative timber species 

despite Sitka spruce’s likely continued dominance, in terms of volume production, as 

an active adaptive management approach (Bolte et al., 2009). The preceding 
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analysis supports decisions on where diversification might take place that could 

simultaneously reduce drought risk. It is possible at the forest stand scale to 

increase resilience through planting of species mixtures in intimate or blocked 

designs (Mason et al., 2012, Cameron, 2015, Coll et al., 2018), though 

quantification of the benefits and management of productive mixtures has only 

recently received attention with benefits of spruce-pine mixtures noted (Mason and 

Connolly, 2014). The potential for Douglas-spruce and hemlock-spruce mixtures on 

lower AWC soils and drought prone regions warrants further experimentation 

(Cameron and Mason, 2013, Cameron, 2015). 

 

A number of existing studies have investigated how projected climates under 

different emissions scenarios will affect species suitability and volume production in 

the United Kingdom and Scotland. Our study differs from these in that such studies 

effectively apply a projected future climate to the whole rotation – often the 2050s 

and 2080s (Mason et al., 2012, Petr et al., 2014b, Brown et al., 2016). Our 

assessment presents a new approach that factors in the increasing probability of 

exceeding MDTs over the decades, and allows for higher volume growth to 

accumulate in the earlier years in areas projected to become increasingly drought 

prone, before volume growth is substantially impacted in later years. It assumes 

planting in the 2020s and therefore assesses risk to the next rotation rather than 

projecting how future rotations starting in later decades might be impacted. 

Furthermore, our assessment is a RAPM approach which compares returns in the 

context of how much risk forest managers could be exposed to, but is not a forecast. 

It focuses on potential loss and does not allow for any factors that might increase 

volume e.g. higher temperatures or increased CO2 fertilisation. 

 

Continued dominance of Sitka spruce has been previously reported for a south east 

Scotland forest landscape sub-region by Mason et al. (2012). However, this analysis 

assessed species suitability using the projected climate for the medium emission 

scenario (A1B) for the 2050s. The study also assessed the 90th percentile of 

extreme conditions for the climate of the 2050s under this scenario, and found that 

the probability of high moisture deficits led to Sitka spruce, Japanese larch and 

noble fir experiencing serious declines in suitability. However, both of these 

assessments effectively apply the same climate to the whole rotation. It also focuses 

only on suitability scores from ESC, and does not assess impacts on volume.  
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There are however limitations to the approach employed in this study. Firstly, it has 

sought to compare species purely in relation to drought risk, and only for predicted 

timber volumes. Other factors that could affect potential returns are not considered 

here (Meason and Mason, 2014). For example, drought may additionally impact on 

timber properties. Drought crack, for example, can occur in conifers (Grabner et al., 

2006) and will damage timber values and there is some evidence to suggest this 

may affect species such as grand fir and noble fir more than Sitka spruce (Cameron 

et al., 2017). In addition, the quality and properties of timber from different species 

will also factor into commercial decisions on planting depending on the intended 

application. For example, Norway spruce and western hemlock are viable 

alternatives from our analysis that meet the strength requirements necessary for use 

in construction (Gil-Moreno et al., 2016). The analysis presented here also relates to 

average potential yield of species, based on the yield models derived for species 

and provenances grown in the past. However genetic improvement and selection of 

provenances sub-families of species may also improve resilience to drought (Grant 

et al., 2018).  

 

In order to compare species on the same basis, our study assumes a fixed rotation 

of 50 years. However, the risk from a number of different disturbances can be 

reduced by shortening rotation length (Seidl, 2014, Jonsson et al., 2015). For 

example, tree height increases susceptibility to wind risk and so the risk of wind 

damage is much greater in longer rotations (Gardiner et al., 2011). If climate change 

progresses faster than anticipated, early felling can realise gains to date and reduce 

future exposure.  

 

It is also important to note that our analysis does not account for tree mortality. At 

present there is insufficient scientific understanding to reliably predict the levels of 

MD which might cause mortality to different species (Meir et al., 2015). Mortality of 

Sitka spruce did occur following the extended drought of 2003 in the Dee Valley in 

North East Scotland, averaging 22% across three affected sites (Green et al., 2008). 

This lends further support to the need to diversify with more drought tolerant species 

to reduce the risk of widespread loss from overreliance on Sitka spruce, especially 

in future drought prone regions, to prevent such mortality occurring at a larger scale.  
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In the UK, some species are currently under a planting moratorium due to their 

susceptibility to disease, or considerable newly emerging threats which would likely 

exclude their selection at present. The online decision support system for ESC 

identifies species subject to ‘pest/disease constraint’, which currently includes 

Corsican pine, lodgepole pine and hybrid/Japanese/European larch (ESC DSS, 

2018). Different types of natural disturbance risk also interact, and drought stress 

may also weaken the resilience of trees against other risks such as susceptibility to 

pest and disease attack or windthrow (Green, 2006, Csillery et al., 2017, Seidl et al., 

2017). 

 

The approach is currently based on the probability of exceeding suitability 

thresholds (MDT) defined as the point at which yield falls by 30%. As knowledge on 

yield responses to higher extremes of MD improves, the approach could be refined 

to more accurately factor in responses to higher levels of MD.  

 

Finally, the analysis predicts MD probabilities using the UKCP09 dataset. A revised 

dataset, UKCP18 was published at the end of 2018 but was not available during this 

project. The analyses could be updated in future with the new datasets (Met Office, 

2018) and at a higher resolution.  

 

However, these additional considerations notwithstanding, the analysis provides 

valuable insight to underpin policy and species selection strategies in future. 

 

4.6 Conclusion 
 

We present a new approach to assisting commercial forest managers in selecting 

appropriate species for planting in the next rotation by risk adjusting softwood 

volume production by yield at risk from drought under a future high emission climate 

scenario. Whilst predictions are at a coarse resolution the approach nevertheless 

provides underpinning knowledge and important insight into how future yield might 

be impacted by drought. The derived risk management approach does not currently 

account for mortality. 

 

The analysis shows that there are viable alternative species for Scotland that could 

achieve timber yield returns similar to that of Sitka spruce and are at significantly 
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lower risk of drought impacts. Conversely, some of the most drought tolerant 

species are unlikely to provide commercial volume returns but their planting could 

assist with strategies to reduce pest and disease risk and enhance biodiversity 

through species diversification. 
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5 Summary and Conclusions 
 

5.1 Introduction 
 

In this thesis, I set out to examine whether risk management of natural disturbances 

in the forest sector could benefit from the innovative use of approaches developed 

in the finance sector to quantify and manage risk. The management of risk occurs at 

three levels or ‘tiers’ within the finance sector: the ‘lower’ tier transaction level; 

‘middle’ tier aggregated or business unit level (where the risk management 

department normally sits); and at the ‘higher tier’ regulatory level.  

 

Adaptive, risk and resilience management to prevent and minimise the impact of 

disturbances in the forest sector typically takes place at the forest/stand level. This 

has parallels with lower tier risk management in finance, and is the level at which 

‘expected loss’ should be assumed and priced into project returns. 

 

In this thesis I adapt finance approaches used by the ‘middle’ risk management tier, 

which focus on assessing ‘unexpected’ losses at the aggregated/business unit level. 

These approaches include using estimates of ‘unexpected’ loss to determine how 

much ‘capital’ to set aside against such losses for internal and regulatory purposes 

(capital adequacy), and to assess performance in relation to how much capital is at 

risk (RAPM). To date, management of ‘unexpected’ loss in the forest sector has 

largely consisted of using similar measures to those for ‘expected’ loss, 

supplemented by contingency plans for extreme impacts, and where available, 

insurance to provide financial compensation against losses. The new approaches 

developed here focus on adapting capital adequacy and RAPM techniques to 

applications at the aggregated level across the forest sector. These approaches are 

intended to be used alongside existing measures, to assist forest managers and 

regulatory authorities in developing strategies that could prevent systemic risk being 

built up across the forest sector through collective over-exposure to individual tree 

species that are at high risk from disturbances in future.  
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The novel contributions from the thesis are: 

• The first assessment showing that the natural disturbance risks perceived to 

be causing the greatest losses to the commercial forest sector, in 

descending order of priority are fire, pests and diseases, wind and drought.  

• Evidence that of these four, insurance provision for pests and diseases and 

drought is lowest, but demand for this insurance is high. The lack of 

provision is due to inadequate information from which insurers can 

determine premiums, creating opportunities for new research.  

• A unique new method of quantifying the overall risk from pests and diseases 

to individual tree species and woodland that has provided new insight for 

managing pest and disease risks on the Woodland Carbon Code.  

• A unique new method of comparing the performance of alternative timber 

species in Scotland by adjusting their potential yield by the amount of yield 

that would be at risk under a high emission climate change scenario.  

 

Key findings and insights relating to these contributions, are outlined in sections 5.2-

5.4 below. Each section is further complemented by a summary of the limitations of 

the current approaches and how they might be developed in future. The final section 

offers some further reflections on areas requiring more research to support the 

development of improved risk assessments for the commercial forest sector. 

 

5.2 New understanding of how natural disturbance risks affect the 
commercial forest sector 

 

The survey of the global commercial forest sector investigated relationships 

between this sector and natural disturbance risk. This is the first known attempt of a 

global survey of this kind. Previous surveys have focused on private sector forest 

managers in one, or a few countries but not at the global scale and did not 

encompass the views of additional stakeholders with financial interest including 

investors, fund managers, land owners, consultants/advisers, and the insurance 

sector (Blennow et al., 2012, Eriksson, 2014, Petr et al., 2014a).  
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5.2.1 Key findings 
 
Finding 1: Fire, pests and diseases, wind and drought are the disturbances 
perceived to be causing most losses on commercial forest projects 
The survey is the first to discover which natural disturbances appear to have caused 

the biggest losses to the commercial forest sector in recent years and which risks 

the community perceive to be the biggest emerging threats in the future. In both of 

these cases in descending order of priority the disturbances causing the biggest risk 

of loss to projects are: fire > pests and diseases > wind > drought > flood > snow/ice 

> earthquake/seismic (Figure 2.1 and Figure 2.3). The survey revealed that 

commercial forest owners have seen losses from natural disturbances increasing in 

recent years– especially from fire, pests and diseases, wind and drought - with 

losses from pests and diseases seeing the highest increase (Figure 2.3). They 

expect these losses to continue to increase in future (Figure 2.1).  

 

Finding 2: There is only limited use of insurance to mitigate against 
disturbance risk 
The sector regularly assesses the risk from natural disturbances prior to 

involvement in new projects (Figure 2.4), but use of insurance to mitigate 

disturbance risk is not widespread (Figure 2.5). Insurance is primarily used to 

mitigate fire and wind risk but, less than half of the sector consistently takes out this 

kind of insurance (Figure 2.5). This could be due in part to a preference by larger 

players to self-insure (i.e. spread the risk across location, age or species, on the 

assumption that it is cheaper to self-fund any losses than pay premiums for all 

locations) and also the lower perceived risk from other types of disturbance.  

 

Finding 3. A lack of approaches to quantify risk to support the calculation of 
insurance premiums is the main reason for insurance not being widely 
available against losses from pests and diseases and drought. 
However, investigating the availability of (Figure 2.6) and demand for insurance 

against different types of disturbance risk, and the types of approach available to 

assess risk (Figure 2.8), reveals that a lack of approaches to adequately quantify 

risk to support the calculation of insurance premiums is the main reason for 

insurance not being widely available for pest and disease and drought risk. The 
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survey revealed high demand for these two types of insurance but a lack of 

provision. As a consequence, new approaches to assess and manage the risk from 

pest and disease and drought would be of most benefit to the sector. These are the 

two highest risks to projects for which insurance is not widely available. These 

results reveal new unique insights into the risk assessment and management issues 

facing the commercial forest sector, hitherto unmeasured across such a diverse 

range of stakeholders. 

 

5.2.2 Limitations of the research and further research directions 
 

Regular repetition of this survey – perhaps every five years – would allow ongoing 

assessment of trends and changes in the patterns of perceived losses from such 

disturbances by this sector, and also provide information useful to researchers on 

whether information gaps persist. However, the survey was limited in its ability to 

provide regional perspectives, as given limited resources and time, it was targeted 

primarily at multinationals, supplemented by regional players. A survey requiring 

global players to split their responses according to regional differences would be too 

long and would likely lead to a reduced response rate (Galesic and Bosnjak, 2009). 

Complementing the survey with country specific questionnaires translated into local 

languages, would provide regional perspectives, however, I recognise that the 

identification of survey targets and the related translation costs would be restrictive. 

Segmentation could help in this regard: if repeated in its current form, effort could be 

focused upon Asia and Russia, given the large commercial activities found in these 

regions and their underrepresentation in the survey.  

 

Respondents were also reluctant to reveal details of actual loss rates from natural 

disturbances, preferring to rank disturbances in order of impact on their projects. A 

separate shorter benchmarking type survey could prove more effective. In this 

instance, survey participants know that their results will be kept confidential and they 

will only get to see how their results compare to others. They would only be given 

key characteristics of participant organisations but would not get to see individual 

results or know who else took part.  
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Finally, the survey did not ask about current approaches to managing risk. Adding a 

section on ‘if’ and ‘how’ the main risks are currently managed would provide further 

additional insight into risk, adaptive and resilience management. 

 

5.3 Capital adequacy concept used to develop new approach to assessing 
the aggregated risk from pest and diseases  

 

Following the survey, I investigated how financial risk approaches to capital 

adequacy and performance measurement might be used to enhance risk 

assessment and management in the forest sector, with a focus on pest and disease 

and drought risk. Pest and disease risk assessment is primarily based on historical 

loss data from the project and regional or national authorities where available, 

supplemented by information on the latest threats from Regional Plant Protection 

Organisations and national bodies (Figure 2.8). However, there are particular 

problems in relying on historic trends to project future risk from pests and diseases. 

In particular, large losses are often the result of new pests and diseases entering 

the country that have not hitherto been present and are therefore not captured in 

historic data. For example both Dutch Elm disease (Potter et al., 2011) and Ash 

Dieback (Heuch, 2014, Mitchell et al., 2014) in the UK which have devastated ash 

and elm populations. Reliance on historic loss data on elms or ash would not have 

foreseen future losses. Furthermore, pest and disease risk is not one risk but the 

aggregation of risk from hundreds of individual pest and disease threats. It was 

therefore seen to have parallels with the approach to capital adequacy in the finance 

sector, which is built upon the aggregation of risk calculated at the individual 

transaction level. Unexpected losses to a given degree of confidence are 

determined for each transaction, netted where losses balance each other, and 

aggregated, as part of the process to determine the amount of economic and 

regulatory capital that should be set aside against losses. Similarly, the way that 

economic capital is set aside against losses in the finance sector was seen to have 

parallels with the way that forest carbon projects set aside carbon credits into 

pooled buffers to offset any loss on individual projects. However, forest carbon 

buffers are currently assessed primarily by using historical rates of loss to predict 

future losses or from the use of fixed buffers (Verified Carbon Standard, 2017, 

Forestry Commission, 2018, Gold Standard, 2018). A new approach could help 

create a new way to assess set-aside amounts for such projects, and could also 
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assist in the development of new insurance products. The resultant method was 

developed using the UK’s Woodland Carbon Code (WCC) as a case study, as 

presented in Chapter Three. Although, the case study only used a sample of 47 

pests and diseases (23% of the 204 identified at the time of the project), it provided 

an example of how the approach works and provided new insights to support risk 

management decisions.  

 

5.3.1 Key findings 
 

Finding 4 – longevity not considered in default carbon-lookup tables used by 
the Woodland Carbon Code scheme 
A first unexpected result arose during the consultation with pest and disease experts 

at Forest Research. They were asked to estimate the worst-case mortality rate that 

specific pests and diseases could cause to specific tree species over a 100-year 

period. At this point several experts pointed out that some of the tree species in the 

portfolio do not live beyond 100 years. Many broadleaved species do not have 

specific carbon lookup tables covering their expected sequestration rates and use 

defaults in the official carbon lookup tables used by the WCC (Forestry Commission, 

2012a). These defaults assume all trees live up to 200 years. This led to a 

subsequent meeting with the authors of the yield tables who concluded that ‘in 

hindsight it was clear that longevity had not been taken into account in creating the 

yield tables’ (Robert Matthews, Forest Research, pers. comm.). The WCC 

Committee that oversees the code have been made aware of this issue but as yet 

this has not been resolved.  

 

Finding 5: Not enough being set aside in current WCC buffer to cover 
mortality from pests and diseases 
A key question that the WCC Committee wanted to resolve, was whether or not the 

current buffer range of 3-10% would be sufficient to cover pest and disease losses 

in future. The new approach was able to answer this question. Analysis of project 

design documentation showed that most projects set aside 3-4% against pest and 

disease losses, within this range. But the results (Table 3.5) show that this is 

insufficient to cover current loss estimates – even without full assessment. Ash 

represented 9% of the portfolio and with a weighted risk factor of 7.7%, this alone 
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indicates that losses are likely to be higher than the 3-4% average set-aside within 

the scheme buffer.  

 

Finding 6: The WCC buffer is at risk from a significant pest or disease arriving 
that affects birch as it constitutes over a quarter of the WCC portfolio 
The methodology also necessitated the first assessment of the species composition 

of the WCC portfolio, which revealed that birch constituted 27% of the portfolio. This 

highlighted a significant concentration risk should a significant pest or disease arrive 

threatening birch, which would likely lead to losses exceeding the capacity of the 

buffer. The study highlighted that the birch borer represented such a threat. The 

results therefore provide support for future WCC Committee policy decisions on 

whether action should be taken to recommend reduction of the concentrations of 

ash and birch in the portfolio to reduce potential future losses. 

 

Finding 7: If pest and disease impacts are low in the early years of the WCC, 
credits should not be released from the carbon buffer as credits may be 
needed to cover higher losses in later years 
The new approach also identified that the pest and diseases causing the biggest 

threat to the WCC projects were those that arrived late in the project duration, 

spread rapidly and caused high mortality as mature trees storing large amounts of 

carbon would be affected and there was less time to replant and regrow. This 

answered another key question from the WCC Committee as to whether or not if 

after a period of low losses, carbon credits from the buffer should be released if 

there is a surplus. The conclusion was no, as losses could be higher later in the 

project, so the buffer should not be depleted.  

 

5.3.2 Limitations of the research and further research directions 
 

Even in its current form with only a sample of pests and diseases having been 

assessed, the approach has therefore provided new information on which to base 

risk management decisions for the WCC. At present, much of the input metrics are 

based on the best estimates of experts as actual data on mortality rates, rates of 

spread, and the range of pests and diseases is lacking. This is due to absence of 

comprehensive data on these metrics. In keeping with risk management practice, 

ideally worst-case mortality rates would equate to a loss rate that we would be 
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around 99% certain would not be exceeded, however, this is dependent on sufficient 

information from which to estimate this value. In reality, there may only be a few 

examples of losses for a given pest or disease and in some cases none, hence, the 

reliance on expert opinion. However, the approach represents a framework for the 

assessment, and as better information becomes available this can be used to 

update the metrics and repeat the assessment. If better information becomes 

available on rates and patterns of spread, the approach itself could need some 

adjustment. At present a linear rate of spread is assumed, however, if information 

on e.g. whether spread was exponential or linear or episodic etc, then a new more 

refined Scenario Tool could be created.  

 

The main priority for enhancing the results and their applicability in Britain should be 

to complete the assessment for all current known threats as identified on the Plant 

Health Risk Register (Defra, 2014b). I presented the paper to the Forestry 

Commission with this as a key recommendation. This led to the development of a 

new project in collaboration with Forest Research (now underway) which aims to 

develop an enhanced version of my model. The project is due for completion by the 

end of 2019 and will focus on circa 200 pest and diseases identified from an 

updated version of the PHRR provided by Defra (Helen Anderson, pers. comm). 

The number of tree species being assessed is also being expanded to cover the 

main timber species as identified in the drought risk chapter (Table 4.1). The 

approach will then be used to provide a new assessment for the timber sector using 

a Scenario Tool with a flexible rotation period.  

 

5.4 Risk adjusted performance measurement applied to drought risk 
 

Given the success in adapting the capital adequacy approach for the quantification 

of pest and disease risk, I then focused on addressing the challenge presented by 

drought risk. I developed a new RAPM approach for assessing the performance of 

different timber species in the face of this disturbance. Drought probabilities were 

calculated under a high emission climate change scenario, to reflect a worst case 

scenario. RAPM requires the development of a risk assessment that adjusts reward 

for the risk that is undertaken. The reward in this instance was defined as the 

predicted volume of timber production over a 50-year rotation, and the risk as 

unexpected loss in yield due to drought over a 50-year rotation period under a high 
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emission climate scenario. The method was used to compare the risk adjusted 

performance of 20 alternative timber species at sample sites across Scotland. A 

new ‘yield at risk’ measure was defined as an aggregated function of the decadal 

probability of exceeding a level of MD causing a 30% reduction in yield, and the 

forecast increment in each decade. The total yield at risk over the rotation was 

subtracted from the predicted yield at rotation end to give a risk-adjusted return.  

 

5.4.1 Key findings 
 

Finding 8: Sitka retains its dominance when its performance (measured by 
yield m3 ha-1 y-1) is adjusted for drought risk under a high emission scenario. 
Alternative drought-tolerant species exist for areas at highest risk of drought. 
Planting these instead of Sitka would result in only small volume losses. 
The results showed that whilst Sitka spruce retained its dominance across Scotland 

in terms of predicted timber volume, in areas predicted to be under higher drought 

stress, more drought-tolerant timber species could provide less risky alternatives to 

Sitka with less than a 10% reduction in yield. Identifying drought-tolerant species 

alternatives suited to the conditions in each region (i.e. each 100km x 100km grid 

square on mainland Scotland) contributes to strategies to increase resilience 

against disturbances such as pest and diseases and drought by greater tree species 

diversification (Knoke, 2008, Jactel et al., 2017, Anderegg et al., 2018). Selection of 

drought tolerant alternatives can also reduce the risk of mortality in regions 

projected to be at risk of extreme drought. These results therefore support decisions 

specific to increasing the resilience of the Scottish timber sector, worth circa £1 

billion to the Scottish economy (Scottish Government, 2018).   

 

5.4.2 Limitations of the research and further research directions 
 

The soil moisture was modified using moisture deficit data (mm) derived from the 

climate analysis tool - UK Climate Projections – provided by the Met Office. I used 

the 2009 outputs (UKCP09). Since completing the work, a new 2018 tool - UKCP18 

- has been issued (Met Office, 2018). The analysis could be further enhanced with 

the latest projections and MD probabilities recalculated. In addition, the analysis 

could be enhanced by increasing the number of sample sites. UKCP18 information 

is available at the 12km scale for the UK. Results could therefore be provided at a 



 

143 

finer resolution, but require increased computational capability. Suitability and yield 

information is available from the ESC tool at 5km resolution, and therefore could 

support such finer resolution (Pyatt et al., 2001, ESC DSS, 2018). 

 

As summarised in the introduction, whilst there are a number of standard measures 

to calculate RAPM, there is no single fixed approach. Many institutions derive their 

own proprietary calculations. The most commonly used standard measure is 

RAROC, defined as: 

 

RAROC  = expected profit = return – expected loss - expenses 

  economic capital   economic capital 

 

I initially aimed to use this concept for the drought analyses. Unfortunately, a 

number of conceptual and data limitations prevented me from completing a full 

RAROC analysis:  

 

• The first item in the nominator from which to derive expected profit requires 

the calculation of expected ‘return’. RAROC in the finance sector is normally 

calculated over a 1-year time horizon, however, when considering a 50-year 

rotation in the face of climate change it is not clear what should constitute 

expected return. The yield tables estimate ‘expected’ return under current 

climate conditions, however, we know that climate change is already 

happening and so we do not ‘expect’ to achieve the yield in the tables. We 

do not know which climate change scenario will develop and thereby which 

scenario will be the ‘expected’ path. 

• Expected profit also requires the estimation of revenue from the 20 different 

types of timber and also information on the differing costs per hectare of 

maintaining different tree species. This information was not available. 

General information on softwood prices is available but is not generally 

available for different types of timber (Forest Research, 2018). Similarly, I 

could not obtain an estimate of costs per hectare for plantation operations 

specific to different timber species. Further investigation would be required to 

obtain this. A survey of timber producers and buyers could elicit this 

information. Furthermore, market risk associated with timber prices requires 

an estimation of worst-case timber prices at the end of the rotation. Given 
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the constraints and considerable uncertainties I used timber volume as a 

proxy for reward, but future development of the approach may need to 

enhance this measure with more detailed representation of rewards. 

• Economic capital requires an estimation of the unexpected loss to a high 

degree of confidence – usually around 99%. Yield curves linking MD to yield 

can be derived from ESC, however, responses to the highest MD levels are 

too uncertain as there is little experience of these conditions, so the curves 

are not used at extreme levels. For these reasons, I used the MDs 

calculated from the high emission climate scenario using the Met Office’s 

weather generator as the ‘worst-case’ climate change scenario from which to 

determine unexpected losses. The probability then extended to the 

probability of MD exceeding the level at which it causes a 30% fall in yield – 

this probability therefore includes the probability of all MDs above this 

threshold but applies a standard 30% fall to these. During the development 

of the approach, the co-authors discussed whether to use a fall higher than 

30% for MDs higher than a defined level about the threshold. However, 

given the lack of underpinning science on which to base estimates of what 

this level should be (or the degree of fall in yield that it would cause), it was 

decided to maintain the assumption of a 30% fall. This ensures that the 

results are intuitive. Given that the results are not a ‘forecast’ (but rather an 

indication of trend in relation to risk for decision-making), they show 

effectively that even with ‘only’ a 30% fall certain species prove a viable 

alternative to Sitka. If falls in yield are greater than this, then the trends will 

be even more marked. This approach enables the factoring in of potential 

‘extremes’ of MD in the absence of physiological science or empirical 

evidence on the impact on yield of these extremes. 

 

The approach is therefore a new measure of RAPM adapted to the timber sector, 

where timescales are much longer than the 1-year time horizon used to quantify risk 

in the finance sector. The approach further enables the ability to factor in the 

uncertainties around climate change and the limitations of available empirical 

evidence or knowledge. Should suitable data become available it could be adapted 

to include the impact of the most extreme MD falls on yield. Likewise, were timber 

price and cost information available, then the approach could be adapted into a full 

RAROC analysis – with assumptions on the expected scenario. In common with 
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other risk measures however, this tool should be used alongside other models to 

inform business decisions. It should not be used in isolation. 

 

Consideration could also be given in future to developing a RAPM analysis that 

compares alternative species according to carbon sequestration rates rather than 

timber yields. Species with denser timber sequester more carbon per tonne of 

timber which may increase their relative viability versus faster growing species with 

lower timber density. Such an analysis would support species selection on reducing 

the risk to carbon projects from future drought events. 

 

 

5.5 Additional reflections  
 

There is high demand for information on natural disturbance risks to forests from the 

commercial forest sector. The sector recognises that disturbances are likely to 

increase as climate change progresses creating increasing risk to a sector of 

considerable value to the global economy. Improved information is needed by the 

sector to enhance risk management in the face of this threat. Whilst the take-up of 

insurance is low, it is widely available against losses from wind and fire but not for 

pests and diseases and drought. If disturbances increase insurance adoption is 

likely to increase concurrently. However, if rates of occurrence become too high, 

then insurance could be withdrawn or may no longer be competitive. Then 

preventative management becomes of utmost importance.  

 

The work I presented here points to several gaps in knowledge. Below I present the 

key areas requiring attention for both the development of better risk assessments for 

management and to support new products from insurers in the face of these 

challenges. I note a need for: 

 

• Research on extremes – particularly on how the return intervals of severe 

events (including drought and storms) are likely to change under different 

climate change scenarios. 
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• Vulnerability functions for wind damage – i.e. not just whether winds will 

occur that are likely to cause uprooting or breakage in stands, but what 

proportion of the stands is likely to be damaged. 

 

• Information on the moisture deficit conditions causing mortality to different 

tree species – including duration and intensity. 

 

• Information on how yields will be impacted at higher temperature and 

moisture deficit extremes, which go beyond existing yield curves. 

• Research on key pest and disease threats – particularly how they might 

impact on yield and potential rates of mortality. Also information on rates of 

spread to assist in determining the likelihood of arrival in a given location.  

 

• Improvement in understanding of the impacts of climate change (moisture, 

temperature and CO2) to support further development of hybrid process-

based models to underpin future scenario-response analysis. This will in turn 

support development of improved decision support tools such as ESC. 

 

• Identification of hydraulic limitations to growth and survival which are key to 

the development of enhanced hybrid models. 

 

• New ways of assessing risk that factor in interactions between disturbances. 

For example, windstorms create large volumes of timber that can lead to 

mass outbreaks of bark beetles. Similarly drought can weaken trees and 

make them more susceptible to pests and diseases.  

 

Ensuring that forests keep providing a wealth of ecosystem services to underpin 

human well-being requires robust risk management approaches. Addressing the 

gaps listed above is therefore a matter of urgency, particularly given forest growth 

timescales. Decisions made now will have a long-lasting legacy in the creation of 

resilient global forest resources. There is therefore no time to spare.  

 

  



 

147 

 

5.6 Conclusion 
 

This thesis presents a unique investigation into the relationship between the 

commercial forest sector and natural disturbance risks. I present two novel 

approaches to assessing risk in the forest sector, using techniques adapted from the 

finance sector. These inform the forest sector on how best to manage the risks of 

drought and pests and diseases – key threats for which insurance is of limited 

availability. The approaches presented focus on how aggregated risk can build up at 

the regional scale across forest projects that could impact heavily on the forest 

sector. The approaches are demonstrated with UK case studies.  

 

Whilst the results support decisions at individual forest level, they are best applied at 

the regional scale. Regulatory authorities (‘higher tier’) cannot however currently 

dictate tree species planting decisions on private commercial forest owners to 

manage aggregated risk at the regional level. They can, however, use the results to 

encourage diversification and best practice. The creation of new regional scale 

authority to closely engage with stakeholders would greatly enhance the adoption of 

best practice, thereby reducing the threat of systemic risk and increasing the future 

resilience of the UK forest sector to natural disturbances. 
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Appendix A : Ethics compliance 
 

The survey was conducted in compliance with the University’s codes for ethical 

research. Key elements of compliance are as follows: 

 

• Professional Conduct: I aimed to ensure full transparency on the approach and 

ensure that respondents were able to answer freely without influence. All survey 

respondents were provided with information that clearly set out the purpose of 

the survey and the use to which it was intended. Surveyed participants were free 

to determine whether they would like to participate and were not coerced in any 

way to take part.  

• Research integrity - To the best of my ability I sought to process results to avoid 

confirmation bias and to seek genuine understanding. No results were altered or 

amended. There were no conflicts of interest between me and respondents. 

• Confidentiality - The first part of the survey contained a declaration that only 

summary results would be presented in any publication and no responses would 

be attributed to named individuals or companies unless they gave permission to 

do so. This was adhered to throughout this thesis and the summary of results 

that was sent to participants. Although a small number of participants indicated 

that they were happy to be quoted, I took the decision not to name any 

individuals or companies. In performing the analyses, I took care to ensure that 

results were not presented in any way that the audience would be able to 

identify participants. 

• Feedback – prior to inclusion in the thesis, respondents were sent a summary of 

the results and invited to respond with any comments. No issues or concerns 

were raised. 

• Data Protection - Respondents were assured that all results would remain 

confidential. I have the only copy of the individual responses which are stored 

securely on a password protected computer. No-one, not even the supervisors, 

has been or will be given access to the individual responses.  

• Harm, Discomfort or Stress to Human Participants – No vulnerable subjects 

were approached to participate in this survey. Survey questions did not ask 

personal questions of respondents. 

• Effects on Environment – not applicable.  
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Appendix B : Survey: Non-insurance stakeholders  
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Appendix C : Survey: Insurance stakeholders 
Note: The insurance survey was the same as the survey to non-insurers shown in Appendix B apart 

from the introductory questions and Section C: questions 20-23 - shown below. 

 

Survey: Natural disturbances to forests (I)
This survey is being conducted by Susan Davies - a NERC Knowledge Exchange Fellow at the 
University of Edinburgh. A free summary of results will be made available to all participants. 
Individual responses will be treated in confidence and will not be attributable back to named 
individuals/organisations unless permission is expressly granted below. 

* Required

1. Email address *

2. Name *

3. Organisation *

4. Position *

5. Under what main categories does your business operate (you may tick more than one):
*
Check all that apply.

 Insurance

 Reinsurance

 Broker

 Underwriter

 Other: 

6. PLEASE NOTE: All responses will be treated in strictest confidence. Only summary
results will be written up into any reports or publications. Any comments published will
NOT be attributable to named individuals or companies. If however, you are happy to
have your responses made public then please indicate below
Check all that apply.

 YES. I am happy for my comments and responses to be attributed back to our
organisation

 Other: 

A) General perception of natural disturbance risk
NB: This section is about your current perception. Please do not refer to statistics for this section. 
We are interested in what the audience ‘think’ the risk is
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Appendix D : Respondents to survey 
 

List of respondents to survey: 
 
Allianz Natural Capital Partners 

Asset Chile New Forests 

Bidwells Independent Forestry Consultant 

Buccleuch Olympic Resource Mgmt/Pope Resources 

Cairngorms National Park Authority PanAmerican Woods 

Carbon Forestry Ltd Pardus 

Catella Real Estate Partner Re 

CMPC - Celulose riograndense QBE 

Crown Estate Scotland Risk Management Solutions 

Eamonn Wall & Co SAC Consulting 

Egger Forestry Sappi 

Enviromarket Ltd Scientific Forestry Services Ltd 

Equinox Underwriting Scottish Woodlands Ltd (finance) 

FIM Services Ltd Scottish Woodlands Ltd (insurance) 

Floresteca SiyaQhubeka Forests 

Forest Carbon Ltd South Pole Group 

Forest Enterprise (Forestry Commission) Stellar Asset Management 

Forest Enterprises Ltd Strutt & Parker 

Fountains Forestry (Finance) Sustainable Forestry SCIO 

Fountains Forestry (Insurance) Swiss Reinsurance Company Ltd.  

Fractal Forest Africa Terra Global 

Global Environment Fund The Forest Company 

Global Forest Partners LP The Lyme Timber Company 

Global Surface Intelligence Timberland Investment Resources 

Golding Forestry Towers Watson 

GreenWood Resources UNIQUE 

Gresham House Forestry Ushay Forestal SRL 

Hans Merensky Holdings VBI Timberland 

International General Insurance Group Veon (consultancy) 

IWC Veon (investment) 

John Clegg Consulting Ltd Watston Forestry Ltd 
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Kangaroo Island Plantation Timbers Ltd Wenita Forest Products Ltd 

Lake Taupo Forest Trust Willis Group 

Lockhart Garratt Woodland Trust 

MASISA S.A. WoodlandCover Limited 

Munich Reinsurance Company World Bank 
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Appendix E : Prior publications, conferences and 
events at which work presented 
 
Prior publications: 
 

DAVIES, S. 1995. Mergers and Acquisitions in European Financial Services, FT 

Financial Publishing. 

 

MOFFAT, A. J., DAVIES, S. & FINER, L. 2008. Reporting the results of forest 

monitoring-an evaluation of the European forest monitoring programme. Forestry, 

81, 75-90. 

 

DAVIES, S. & PATENAUDE, G. 2011. Addressing the forest science versus 

investments nexus: can a more holistic understanding of risks bridge the gap? 

Carbon Management, 2, 613-616. 

 

DAVIES, S., PATENAUDE, G. & SNOWDON, P. 2017. A new approach to 

assessing the risk to woodland from pest and diseases. Forestry, 90, 319-331. 

(Davies et al., 2017). (Chapter Three of this thesis). 

 

LOCATELLI, T., DAVIES, S. A., NICOLL, B. & BEAUCHAMP, K. 2018. Lessons on 

risk management from the finance sector for climate change adaptation in 

Scotland’s forestry sector. Published by Forest Research on behalf of 

ClimateXChange. Edinburgh.* 

*I was commissioned by Forest Research to provide a consultancy report containing 

an overview of risk management in the finance sector. This was 5 days of work only. 

They then used this as the basis for this report. All of the content relating to finance 

risk is my work. Co-authors added additional content in relation to the management 

of risk in the forest sector. 
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Conferences/Events at which I have presented the contents of this thesis  
 

A new approach to assessing the risk to woodland from pest and diseases 
(Chapter Three). 
 

This work has been presented at the following conferences/meetings: 

 

22-23rd April, 2015: Tree Health, Resilience and Sustainability (Annual National 

Conference of the Institute of Chartered Foresters).  

This was attended by c250 ICF members. I was invited to present my work in a 

session on ‘Perspectives on Risk’ chaired by Professor James Pendlebury (MICFor, 

Chief Executive, Forest Research), alongside presentations from Professor David 

Ball (Director of the Centre for Decision Analysis & Risk Management, Middlesex 

University), Phil Cottle (Head of Agriculture, Pardus Underwriting Ltd), and Matt 

Hommel (MICFor, Managing Director, Christie-Elite Nurseries). At the end of the 

session, the four of us sat on an expert panel to take questions from the audience.  

Post conference, the Conference Chair wrote to say “I am writing to thank you once 

more for giving such an excellent paper during our session on risk at our 

Conference last week. It was pitched at exactly the right level for our audience and I 

have since had a great deal of first-class feedback from delegates. Having had 

some involvement in the gestation of the Woodland Carbon Code I was really 

interested to get an update on progress, as well being highly impressed by your 

approach to handling risk.” (David Henderson-Howat FICFor, pers. comm.). 

 

1 September, 2015: Woodland Carbon Code: Advisory Board Meeting, Edinburgh, 

Silvan House.  

The findings were presented and discussed with the advisory board that oversees 

the Woodland Carbon Code at the Head Office of the Forestry Commission in 

Edinburgh.  

 

4 August, 2016: Technical presentation: Forest Research, Alice Holt. 

I was invited to provide a lecture on the pest and disease work to Forest Research 

staff as part of their technical seminar series. 
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30 June, 2016: Presentation to the South East England Regional Group of the 

Institute of Chartered Foresters, Hucking Estate (Woodland Trust), Kent. 

This was a special event on pest and diseases at Hucking Estate where provenance 

trials for resistance to ash dieback are being conducted. I was invited following the 

ICF conference to present my work at this regional event. 

 

27 February, 2018: ‘Risk to the Forest Resource in Scotland’ working group of 

Forestry Commission Scotland (FCS) 

I was invited to attend their meeting and present my work on risk. This included the 

pest and disease and drought work. Following the meeting, FCS have provided 

funding to Forest Research to assist in further developing the pest and disease 

model by providing expert input into the metrics on up to 200 pests and diseases 

(i.e. worst case mortality rates, age of trees affected and so forth). The aim is to 

complete the assessment for broadleaves including all of the main pest and disease 

threats. In addition, a new analysis will determine the pest and disease risk for the 

20 conifer species assessed in the drought work. This analysis will involve adapting 

the Scenario Tool to address shorter rotations appropriate to the timber sector. 

 

6-8th June, 2018: Communicating Risks in Decision Support Systems: from basic 

research to advanced decision support tools. International Union of Forest Research 

Organisations (IUFRO). Barcelona. 

This was the biennial conference of the global IUFRO working group on risk – held 

in a different country every two years. Abstracts had to be pre-submitted and mine 

was selected for presentation. The work on pests and diseases and drought was 

presented – although the drought work was still in progress. Subsequent to this 

event I successfully led a bid for the University of Edinburgh to host the next event 

in 2020. 
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Drought risk for timber production – does the return cover the risk? (Chapter 
Four). 
 

This work has been presented at the following conferences/meetings: 

 

27 February, 2018: ‘Risk to the Forest Resource in Scotland’ working group of 

Forestry Commission Scotland 

and 

6-8th June, 2018: Communicating Risks in Decision Support Systems: from basic 

research to advanced decision support tools. IUFRO, Barcelona. 

As above – both pest and disease and drought work presented. 

 

20th March, 2019: Drought and Water Scarcity: addressing current and future 

challenges, University of Oxford (sponsored by the Research Councils). 

My work was selected for presentation at this event following the submission of 

Abstracts. The conference organisers are intending to work with a prestigious 

journal to create a special edition on drought containing selected works presented at 

the conference. I have indicated interest in submitting our publication to this special 

edition if it is ready to accept this summer. 
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